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Stable Anode-Free All-Solid-State Lithium Battery through
Tuned Metal Wetting on the Copper Current Collector

Yixian Wang, Yijie Liu,* Mai Nguyen, Jaeyoung Cho, Naman Katyal, Bairav S. Vishnugopi,
Hongchang Hao, Ruyi Fang, Nan Wu, Pengcheng Liu, Partha P. Mukherjee, Jagjit Nanda,

Graeme Henkelman, John Watt, and David Mitlin*

A stable anode-free all-solid-state battery (AF-ASSB) with sulfide-based
solid-electrolyte (SE) (argyrodite LigPSsCl) is achieved by tuning wetting of
lithium metal on “empty” copper current-collector. Lithiophilic 1 um Li,Te is
synthesized by exposing the collector to tellurium vapor, followed by in situ Li
activation during the first charge. The Li,Te significantly reduces the electro-
deposition/electrodissolution overpotentials and improves Coulombic effi-
ciency (CE). During continuous electrodeposition experiments using half-cells
(1 mA cm~?), the accumulated thickness of electrodeposited Li on Li,Te-Cu

is more than 70 um, which is the thickness of the Li foil counter-electrode.
Full AF-ASSB with NMC811 cathode delivers an initial CE of 83% at 0.2C,
with a cycling CE above 99%. Cryogenic focused ion beam (Cryo-FIB) sec-
tioning demonstrates uniform electrodeposited metal microstructure, with no
signs of voids or dendrites at the collector-SE interface. Electrodissolution is
uniform and complete, with Li,Te remaining structurally stable and adherent.
By contrast, an unmodified Cu current-collector promotes inhomogeneous

Li electrodeposition/electrodissolution, electrochemically inactive “dead
metal,” dendrites that extend into SE, and thick non-uniform solid electrolyte
interphase (SEI) interspersed with pores. Density functional theory (DFT) and
mesoscale calculations provide complementary insight regarding nucleation-
growth behavior. Unlike conventional liquid-electrolyte metal batteries, the
role of current collector/support lithiophilicity has not been explored for
emerging AF-ASSBs.

The higher capacity of Li versus graphite
(3861 mAh g vs 372 mAh g) com-
bined with high voltage cathodes results
in an over 50% increase in the specific
energy versus conventional ion-insertion
anodes. Employing solid-state electro-
Iytes (SEs) is a path toward greater battery
safety since most inorganic SEs are non-
flammable or have much higher ignition
temperatures than organic-based electro-
lytes.'-191 All-solid-state batteries (ASSBs)
can achieve the sought-after high ener-
gies when employing cathodes such as
LiNiygMng,Co,,0, (NMC811) and LiNigs
Mn; 50,1 Having the SEs be as thin as
practically possible maximizes the energy
density of the cells by both reducing
the total weight and achieving voltage
window closer to the theoretical value
due to reduced impedance.'®! Likewise, a
thin metal anode is sought-after since it
reduces the cell weight as well as the risk
associated with accidental ignition of the
metal.

It is known that sulfide SEs display
highly promising ionic conductivities with
the possibility of reaching 400 Wh kg™ at
the cell-level.7-24 State-of-the-art sulfide
SEs are drawing interest including thio-

1. Introduction

Lithium (Li) metal-based batteries employ a Li-metal anode
coupled with a conventional high voltage ceramic cathode.

LISICON (Li;pGeP,S1,),2>% LigPSsX (X = Cl, Br, 1),77-3U and
binary Li,S-P,Ss.32l These sulfide electrolytes typically display
a bulk room-temperature Li-ion conductivity above 1073 S cm™.
However, ASSBs using these sulfide SEs still suffer from
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several major shortcomings.’33¢1 One key issue is the reac-
tivity between the sulfides and both electrodes, which leads to
an impedance rise associated with the formation of a mixed
conducting interphase (MCI).2*¥#] The interface between
the metal anode and the SE should be either thermodynami-
cally stable or be passivated to be kinetically stable. Sulfide
SEs are not thermodynamically stable at 0 V versus Li/Li",
forming either MCI or a (partially) kinetically stabilized solid
electrolyte interphase (SEI). For example, thio-LISICON type
electrolyte Li;,GeP,S;; has an excellent conductivity around
1072 S cm™ but displays an unstable MCI due to the reduction
of Ge*" to Ge?* and Ge® upon contact with Li metal.l’~*] Binary
Li,S-P,Ss also displays such an instability.>%>

Argyrodite SEs such as LigPS;Cl (LPSCl) and LigPSsBr
(LPSBr) form terminal decomposition products such as Li;P
and Li,S at the metal anode. However, it is the presence of
halide-based decomposition products such as LiCl that kineti-
cally stabilizes the interface.’?>4 For example, substantially
improved ASSB performance has been achieved with “sand-
wich” structures such as LPSCl/LGPS/LPSCLM The lithium
halide phases formed at the interface may also be effective
in reducing the extent of dendrite growth in such systems.
Research efforts with argyrodites have focused on introducing
thin film protective interlayers between the metal anode and
the SE, or constructing hybrid cell architectures.>>>8 In poly-
mer-based Li-SSBs, interlayers based on Li-Pt alloys®! and
Lil® have been demonstrated to be highly effective. Without
such interface modification strategies, both Li electrodeposition
and electrodissolution processes display critical current density
(for dendrites and/or voids) that is too low. Sizable voids will
form above the critical current density, indicating that Li elec-
trodissolution at the Li-SE interface is faster than Li diffusion
and creep for replenishment. Researchers have also employed
alloy anodes to reduce SE decomposition to suppress dendrite
growth.[®462] While alloy anodes improve the cell’s interfacial
stability, the cell voltage is subsequently decreased (e.g., Li-In
~0.6 V vs Li/Li*, Li-Al = 0.4 V, and Li-Si = 0.3 V).[03-%6] The
external stack pressure also plays a critical albeit complex role
in determining the critical currents. The critical stack pressure
for ASSBs is closely related to the current density, area capacity,
and temperature. When area capacity and temperature are
constant, a stack pressure in the 10 MPa range is required to
prevent voids formation and hence enable battery cycling. For
example, Bruce et al. estimated a pressure over 7 MPa is needed
for Li cycling at 1 mA cm™ or higher.”]

For most ASSB architectures, a relatively thick metallurgi-
cally rolled lithium is employed with the capacity of the metal
anode far exceeding the capacity of the cathode.>%¥ Limiting
the amount of lithium is essential to achieving ASSBs with the
targeted energy density.®72 For example, anode-free Li bat-
teries can deliver a 30% higher specific energy density than
identical cells with three times excess Li.”37¥ Scheme S1, Sup-
porting Information, illustrates the key differences for a Li-ion
ASSB (LI-ASSB) with graphite-based ion storing anode (left),
an Li-metal ASSB (LM-ASSB) with conventional thick lithium
metal anode (center), and anode-free ASSB (AF-ASSB) (right)
with an “empty” current collector. The differences concern
the cell architecture, the achievable specific energy, and the
ion storage mechanisms. Working backwards from the estab-
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lished energy values for an LI-ASSB, it may be observed that
the AF-ASSB configuration offers significantly higher energy
density. An AF-ASSB also should have lower cost and less crit-
ical supply constraints due to the absence of surplus Li metal
or of ion storing materials such as graphite. However, electro-
depositing/electrodissolving Li directly onto a blank current Cu
collector (AF-ASSB) involves a series of challenges not encoun-
tered when a Li foil is employed as the support (LM-ASSB).
These hurdles will be discussed in detail throughout this
manuscript in the context of experimental and simulation
results. Existing anode-free studies focus on liquid electrolyte-
based batteries, with the concept receiving much less attention
for ASSBs. Pioneering development of AF-ASSBs were first
reported in thin-film solid-state batteries using Li phosphorus
oxynitride (LiPON).”’! The LiPON electrolyte is stable with
Li and is straightforward to deposit using magnetron sput-
tering."®”1 However its low ionic conductivity (=10° S cm™)
precludes its use as the primary electrolyte for thicker/larger
cells. In related work, Sakamoto et al. studied the feasibility of
garnet solid electrolyte Li;La;Zr,0q, (LLZO) for AF-ASSBs.®!
Achieving stable cycling behavior in an AF-ASSB remains a
challenge due to the ongoing loss of lithium that reacts with SE.
To date, there have not been reports of anode-free sulfide-based
ASSB configurations. In this study, we demonstrate that a dif-
ference in the solid-state wetting of lithium on an anode current
collector is a key determinant for AF-ASSB stability. We employ
a Li-activated tellurium coating (transformed to 1 um Li,Te) on
standard planar copper current collector coupled with an argy-
rodite SE (LPSCI) to enable uniform lithium metal electrodepo-
sition and electrodissolution, while the baseline uncoated foil is
inhomogeneously wetted. This leads to tremendous differences
in the electrochemical performance and associated microstruc-
ture of the AF-ASSB cells. The rationale for choosing Li,Te
was a combination of factors: We sought a kinetically and/or
thermodynamically stable structure that was lithiophilic. It also
should have been straightforward to fabricate and would be
potentially scalable, for example not requiring advanced high
vacuum deposition methods that are incompatible with prac-
tical battery manufacturing. Through a combination of elec-
troanalysis and density functional theory (DFT) simulation, we
converged on the electrochemically irreversible (at test condi-
tions) reaction of 2Li* + 2e” + Cu,Te => Li,Te + 2Cu, the dense
interspersion of the two terminal phases being both lithiophilic
and electrically conductive. The initial tellurization process of
a standard copper foil surface could be accurately performed
using a standard low-temperature furnace with a molten Te
crucible in an argon atmosphere. The electrochemical sta-
bility of the Li,Te is a critical aspect of the design approach and
makes this methodology distinct from the reversible alloying
approaches previously employed to guide electrodeposition
in ASSBs. Employing reversible alloy anodes such as Li-Mg,
Li-Sn, Li-In, and Na-Sn alloys, and passivating the metal
anode surface with electronically insulating layers have been
shown to be effective with conventional ASSBs where there is
a relatively thick metal anode that serves as an ion reservoir to
make up for the CE losses.[?679-81 By contrast, the electrochemi-
cally stable Li;Te + Cu approach eliminates the volumetric
expansion—contraction associated with reversible alloying—de-
alloying of elements such as Al, Mg, In, Ga, and Sn, as well as
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intercalation—deintercalation volume changes associated with
carbon-based supports.#234 The repeated volume changes at
the anode are known to promote SEI growth, something that
would be unacceptable with anode-free architectures due to the
cathode-limited supply of Li. Unlike the oxide and hydride pas-
sivation approaches, an electrically conductive interface to the
current collector is maintained, aiding rate capability—power
of the battery.

The role of metal wetting in dendrite growth has been
studied for liquid-electrolyte-based metal batteries. With liquid-
electrolyte metal batteries, support surface chemistry will affect
the metal electrodeposition—electrodissolution kinetics and
consequently dendrite growth.®>2l However, to our knowl-
edge, such knowledge does not exist for emerging all-solid-
state-batteries (ASSBs) or anode-free all solid-state-batteries
(AF-ASSBs). In fact, within the energy storage community
there is little agreement regarding commonalities and differ-
ences for liquid electrolytes versus ASSBs and AF-ASSBs. The
latter two are based on fundamentally different architectures
than liquid cells, with distinct issues related to mechanical
compatibility of the non-flowing SE and the volume-changing
anode/cathode.l?>%°0931 With ASSBs and AF-ASSBs, the role of
metal wetting on the anode-free current collector is also distinct
from the thick metal anode—SE compatibility affects detailed
for garnet-based electrolytes."*%?l Therefore, elucidating the
role of current collector lithiophilicity in the electrochemical
stability of AF-ASSBs represents a new advance that should
significantly influence next-generation materials and system
design.

2. Results and Discussion

The tellurium-coated copper current collector (Te-Cu) was pre-
pared using a one-step tellurization process. In summary, a
section of cleaned battery-grade Cu foil was placed on top of
a crucible containing a set amount of Te powder, which was
transferred to a programmed furnace and annealed at 600 °C
for 1 h under continuous Ar flow. During this process, the Cu
surface reacts with the evaporated Te to form a uniform layer
of copper telluride (Cu,Te) intermetallic crystallites. The calcu-
lated mass loading of Cu,Te is 0.4 mg cm™2. Figure Sla, Sup-
porting Information, shows X-ray diffraction (XRD) analysis
of the as-synthesized coating. Baseline Cu foil belongs to the
Fm-3m space group (a = 0.3613 nm) and exhibits three char-
acteristic peaks at 43.3°, 50.4°, and 74.1°, corresponding to the
111, 200, and 220 reflections. After tellurization, four additional
diffraction peaks at 12.1°, 24.4°, 272°, and 44.8° are present.
These are associated with the 001, 100, 101, and 103 reflections
of the Cu,Te structure belonging to the P6/mmm space group
(@ = 0.4237 nm, ¢ = 0.7274 nm). X-ray photoelectron spectros-
copy (XPS) was performed to investigate the bonding of the
layer. Figure S1b, Supporting Information, displays the high-
resolution XPS spectrum of Te 3d. The Te*” 3ds), (572.5 eV)
and Te’” 3d;, (5829 eV) can be observed along with Cu
LMM Auger. The high-resolution Cu 2p spectrum is shown in
Figure Slc, Supporting Information, where peaks at 932.4 and
952.2 eV can be assigned to Cu®/Cu* 2p;;, and Cu®/Cu* 2py),,
while the peaks at 934.2 and 954.0 eV are ascribed to Cu’*
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2p3 and Cu®* 2p;),. The XRD and XPS results confirm the for-
mation of Cu,Te on the copper surface after the tellurization
process. The surface morphology of the Cu,Te layer was char-
acterized by scanning electron microscopy (SEM). As shown
in Figure S1d,e, Supporting Information, the Cu,Te crystallites
uniformly grow on the Cu surface. Figure S1f-h, Supporting
Information, shows the focused ion beam (FIB) cross-sectional
SEM image along with the associated energy-dispersive X-ray
spectroscopy (EDXS) elemental maps. The thickness of the
Cu,Te layer is about 1 pm, with the images further highlighting
the geometrically uniform distribution of the crystallites on foil
surface.

Electrochemical tests were carried out using poly(aryl-ether-
ether-ketone) (PEEK) mold cells in a two-electrode configuration
shown in Figure S2, Supporting Information. Tellurium-
modified or (baseline) unmodified cupper current collectors
were employed as the working electrodes. Pure Li metal foil
served as the reference and counter electrode. An argyrodite-
type LPSCI SE was used as the separator, without any modifica-
tions or additional interlayers. To standardize the test, all cells
were tested under a pressure of =13 MPa at room temperature.
It should be pointed out that an external pressure of 13 MPa
is well within the range reported in prior ASSB studies when
employing either a Li foil reservoir or an ion anode such as
silicon.”?l In fact, the reported pressures needed for achieving
sufficient interfacial contact while avoiding electrical shorting
at open circuit are as high as 50-250,' 40,7} and 50 MPa.l'Z
In situ lithium activation of the Cu,Te intermetallic was
employed to fabricate the final Li,Te coating layer directly on
the collector. The electrochemical measurements were carried
out in an asymmetric Li counter electrode-SE—current collector
(Li|SE|CC) configuration in the PEEK cell. For the remaining of
the discussion this configuration will be referred to as a “half-
cell.” For AF-ASSBs, a configuration representative of current
collector-SE-NMC811 (CC|SEINMC) was employed. As will
be demonstrated, the formation of Li,Te is irreversible under
the tested electrochemical conditions, meaning there is no Li
source on the anode current collector.

Figure 1a shows the single galvanostatic discharge/charge
profile of the Cu,Te-coated foil employed for Li activation, tested
at 0.1 mA cm™2. The activation process entails a conversion
reaction where Cu,Te reacts with Li to form Li,Te and Cu. The
zoomed-in voltage—capacity curve is shown in Figure 1b. Two
plateaus at =1.5 and 1.3 V can be observed, corresponding to the
stepped lithiation of Cu,Te.l”®! From the two figures it may be
observed that to reverse this conversion reaction requires volt-
ages substantially higher than the 1 V anodic limit used for the
electrochemical experiments. According to Figure 1la, once the
electrodeposited Li is electrodissolved there is negligible addi-
tional capacity. This important point is examined in more detail
in Figure S3, Supporting Information. It may be observed that
the Li,Te-coated electrode delivered negligible capacity during
the first delithiation process as well as in the sequent cycles,
indicating that the conversion reaction is irreversible within
an anodic voltage of 1 V. Therefore, the Li,Te layer does not
serve as a source of Li during subsequent testing. Lithium alloy
anodes such as Mg, Al Si, In, and Sn will reversibly de-alloy at
relatively low anodic voltages (=0.2 V for Mg,**1% ~0.4 V for
ALI30 =03 V for Si,[%1921 =0.6 V for In,l% and =0.2 V for
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Figure 1. a) Galvanostatic discharge and charge profile of the Li|SE|Li,Te~Cu cell at 0.1 mA cm™2 at cycle 1. b) Amplified discharge profile of the activa-
tion process. c) XRD pattern and d,e) XPS spectra of the Te—Cu electrode after activation. f~k) Schematic diagrams and top-down/cross-sectional SEM
images of the Li|SE|Li,Te—Cu cell after f,i) activation, g,j) electrodeposition T mAh cm™2 Li, and h,k) electrodissolution to 1.0 V.

Snl'%). By contrast, Li,Te requires an anodic voltage of 1.8 V to
undergo a lithium-ion disapprobation conversion reaction.!*
In symmetric cells and in full battery cells the anodic voltage
will never reach such a high value.'®'%l In asymmetric half-
cells, a standard anodic cut-off limit of 1 V is also sufficient.
Since Li,Te does not decompose upon cycling, it is fundamen-
tally different from alloy anodes as mentioned above.

The morphology and chemistry of the coating layer after
the activation process were investigated using SEM, XRD, and
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XPS. As shown in Figure S4, Supporting Information, the elec-
trochemical reaction of Cu,Te with Li to form Li,Te leads to
morphological changes in the film, although the layer remains
=1 um thick, per Figure 1i. The Te signal is correlated with S,
P, and CI signals. This is due to some decomposition of the
argyrodite SE near 0 V versus Li/Li* and the formation of S-,
P-, and Cl-containing SEI. In addition, Cu is uniformly distrib-
uted throughout the interface, being a remnant of 2Li* + 2e™ +
Cu,Te => Li,Te + 2Cu. Per Figure 1c, characteristic peaks of

© 2022 Wiley-VCH GmbH
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Cu,Te vanished after activation. Instead, the diffraction peaks
appearing at 23.6°, 27.3°, 39.1°, 46.2°, 48.3°, and 62.0° are
assigned to Li,Te (JCPDS#23-0370). Figure 1d,e provides the
high-resolution Te 3d and Cu 2p XPS spectra of the activated
sample. The relative intensity of Cu®/Cu* versus Cu?* increases
significantly as compared to that of the non-activated Cu,Te
layer (Figure S1, Supporting Information). This indicates that
Li activation converts much of the Cu back to its metallic form.
The Te remains in its reduced state with two peaks at 5275
and 582.9 eV, respectively. As will be discussed throughout
the manuscript, the resulting surface layer becomes an elec-
trochemically stable mixture of these two interspersed phases.
Upon lithium metal electrodissolution, it does not undergo a
reversible conversion back to Cu,Te but remains structurally
stable both in the half-cells and in the full AF-ASSBs with an
NMC cathode.

Following in situ Li activation, the PEEK half-cell is tested in
a standard manner described in the experimental section and in
the results below. The process is represented schematically in
Figure 1f-h, with corresponding cross-sectional cryo-FIB-SEM
images shown in Figure 1i-k. Per Figure 1i-k, the morphologi-
cally stable lithiophilic Li,Te surface film facilitates Li wetting
and uniform Li electrodeposition/electrodissolution. This in-
turn has significant influence on the electrochemical perfor-
mance of the anode-free cells. The key properties of Li,Te-Cu
will be explored through combined experiments and modeling.

Galvanostatic electrodeposition/electrodissolution and EIS
measurements of Li|SE|Li,Te-Cu and baseline Li|SE|Cu half-
cells were performed to understand the role of the Li,Te cur-
rent collector coating on the electrochemical properties of the
cells. In all electrochemical tests conducted in this study an
external pressure of 13 MPa was employed. Per Figure S5a,
Supporting Information, tested at 0.5 mA cm2 the first-cycle
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Li electrodeposition nucleation potential is 18 mV for Li,Te-Cu
and 44 mV for the Cu baseline. Per Figure S5b, Supporting
Information, at 1 mA cm™?, the first-cycle nucleation poten-
tial for Li,Te-Cu is 25 mV, versus 58 mV for Cu. Figure S5¢,d,
Supporting Information, shows the galvanostatic electrodepo-
sition profiles of these two samples at high current densities
of 2 mA cm™ and above. With baseline Cu, during electrodep-
osition at 4 mA cm™ there is a sudden voltage drop prior to
reaching the targeted 1 mAh cm™2, indicating a short-circuit. At
5 mA cm™?, the baseline Cu cell short-circuited at a capacity of
only 0.2 mAh cm™. As will be demonstrated, incomplete wet-
ting of electrodeposited Li on the Cu surface leads to a range of
interfacial problems including current/electrical field focusing
in the wetted areas (the electrochemically active interfacial
area is lower than geometrical interfacial area), which leads to
dendrite growth and ultimately to the observed electrical short-
circuits. In contrast, the Li,Te-Cu cell displays stable electro-
deposition/electrodissolution profiles. The cells show no sign
of short-circuiting even at a very high rate of 8 mA cm™2, dem-
onstrating a significant enhancement in the critical current
density.

Figure 2a,b summarizes the nucleation (peak) overpotentials
and mean electrodissolution overpotentials for Li,Te-Cu and
the baseline Cu current collectors at different current densi-
ties. As compared to Li,Te-Cu, the baseline Cu provides a less
favorable surface for Li electrodeposition, as evidenced by the
higher nucleation potentials. With Li,Te-Cu the lower nuclea-
tion overpotentials at every tested current density is indicative
of its lithiophilicity. To further explore metal wetting behavior,
“classic” molten Li wetting experiments were perfumed with
the results being provided in Figure S6, Supporting Informa-
tion. To summarize the approach: Lithium foil was melted on
a stainless-steel plate inside the glovebox using a hotplate set
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Figure 2. a) Nucleation potential, b) electrodissolution potential, and c) initial Coulombic efficiency (ICE) of Li|SE|Li,Te—Cu and Li|SE|Cu cells at various
current densities. d) Nyquist plots after electrodepositing 1 mAh cm=2 Li at 0.5 mA cm™2. Galvanostatic discharge profiles of e,f) Li|SE|Li,Te~Cu and

g,h) Li|SE|Cu at 0.5 and 1 mA cm™2.
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to 260 °C. The Te—Cu and baseline Cu foils were then dipped
into the molten Li, the process being recorded with a camera.
The difference in the thermal wetting behavior was stark; the
molten Li uniformly wetted the surface of Te-Cu but poorly
wetted baseline Cu. Such distinct thermal wetting character-
istics may be correlated with electrochemical wetting as well.
The interfacial energetics leading to such differences will be
explored using atomic and mesoscale simulations, the results
being presented later in the manuscript.

Interestingly the collector surface chemistry has an influ-
ence on the mean electrodissolution overpotentials as well. As
will be demonstrated, the chemistry of the underlying support
influences the morphology of the electrodeposited metal and of
the SEI. These factors will in turn affect the kinetics at which
the complete electrodissolution process occurs at every cycle.
Figure 2c compares the initial Coulombic efficiency (ICE) of the
samples tested at different current densities with a fixed elec-
trodeposition capacity of 1 mAh cm™2. The Li,Te-Cu cells dis-
plays ICEs of 96%, 95%, 92%, 85%, 83%, and 82% at current
densities of 0.5, 1, 2, 4, 6, and 8 mA cm™. The baseline Cu cell
exhibits much lower ICEs of 91%, 88%, and 85% at 0.5, 1, and
2 mA cm™2, while the cells appear to short-circuit at higher rates.
Figure 2d displays the Nyquist plots of the two specimens after
electrodepositing a capacity of 1 mAh cm™ Li at 0.5 mA cm™.
Both plots are fitted by an equivalent circuit composed of a
bulk resistance R, and SEI resistance Rgg; (higher frequency)
in series with a parallel connection of a constant phase ele-
ment CPE1 and a charge transfer resistance Rcy in series with
a parallel connection of CPE2. The two semicircles overlap
with the combined Rgg and Rcp being 62 Q for Li,Te—Cu
and 360 Q for baseline Cu.

To examine the utility of Li,Te-Cu supports for high mass
loading cathode applications, continuous Li electrodeposition
tests were performed. Figure 2e-h shows these results, where
Li was continually electrodeposited on the two substrates. At a
current density of 0.5 mA cm™, 3.1 mAh cm™ of Li can be elec-
trodeposited on the baseline Cu foil with a short-circuit occur-
ring afterward. At 1 mA cm™, the voltage abruptly dropped
after accumulating 4.5 mAh cm™ capacity. For the Li,Te-Cu
cells, stable electrodeposition profiles are maintained for over
15 mAh cm at both current densities. The point where the
voltage starts to increase is ascribed to the exhaustion of the
Li on the counter electrode. The accumulated thickness of
electrodeposited Li on Li,Te—Cu is calculated to be more than
70 um, which matches the thickness of the Li foil counter-
electrode. In contrast, the allowable amount of Li deposited on
baseline Cu foil is less than 20 um.

Figure 3a-h displays the electrochemical performance
results of Li,;Te-Cu and identically tested baseline Cu half-
cells. Figure 3a,b compares the Coulombic efficiencies (CEs)
during the initial Li electrodeposition/electrodissolution pro-
cess. The tests were carried out according to the standard
protocol reported previously for evaluating the efficiency of Li
cycling, per refs.[108,109] An initial formation cycle was per-
formed at 0.5 mA cm™ to a capacity of 5 mAh cm™2, followed
by electrodissolution at the same current to an anodic limit
of 1V versus Li/Li*. This was followed by electrodepositing a
5 mAh cm™ Li reservoir at 0.5 mA cm™2, followed by ten cycles
of electrodeposition/electrodissolution (from that reservoir) of
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0.5 mAh cm™2 at 0.5 mA cm™2. The last step in the test was elec-
trodissolution of the entire reservoir at 0.5 mA cm™ to the 1V
anodic limit. The final measured CE for the entire process with
Li,Te-Cu and with baseline Cu was 99.70% and 98.47%, respec-
tively. The difference in the CEs between the two specimens
can be explained in terms of a combination of SEI growth from
the reaction of the SE with the Li metal and the formation of
electrochemically inactive dead-metal on the collector surface.
Both factors were more extreme for the baseline Cu, as will be
demonstrated by microstructural analysis.

The cycling performance of Li,Te-Cu and baseline Cu half-
cells is shown in Figure 3c-h. The figures display tests at
0.1 mA cm™ to 1 mAh cm™ and 0.5 mA cm™ to 1 mAh cm™2,
respectively. In each row, the smaller second and third panels
are the enlarged profiles of selected regions in the first larger
panel. With these asymmetric configurations there is no
“extra” Li reservoir employed. Since the CE is never 100%, an
anodic voltage of 1 V is employed, after which point the cur-
rent is reversed. Significant differences in the voltage—time
profiles are evident at both current densities. For baseline
Cu tested at 0.1 mA cm™ to 1 mAh cm™2, the profile begins
to substantially deteriorate from the third cycle onward. This
is illustrated in Figure 3d. By contrast, the Li,Te-Cu cell
exhibits stable electrodeposition and electrodissolution for up
to 650 h, corresponding to 32 cycles. These results are shown
in Figure 3e. According to Figure 3f-h, the baseline Cu tested
at 0.5 mA cm~? became unstable starting from the 12th cycle
(43 h). The Li,Te—Cu, however, can stably cycle more than 380 h
at this current. Figure S7, Supporting Information, displays the
cycling data at 0.5 mA cm™ but with a more critical capacity of
3 mAh cm™ being electrodeposited starting from the second
cycle, corresponding to a high areal loading cathode in practical
applications. The profile of baseline Cu becomes unstable from
the fifth cycle, finally shorted after seven cycles. By contrast,
the Li,Te—Cu cell remains stable for up to 200 h without any
signs of deterioration. Figure S8, Supporting Information, com-
pares the Li,Te—Cu cells with different Cu,Te mass loadings,
0.1 and 1 mg cm™. It may be observed that in both cases the
galvanostatic profiles deteriorated at earlier, starting from 44 h
at 0.1 mg cm™ and 122 h at 1 mg cm™2. While the cause of
the inferior performance in both cases was not investigated
in detail, it may be surmised that at the extremely low mass
loading the surface coverage by the Cu,Te may be incomplete,
while at the higher mass loading the layer may peel off during
cycling. Therefore, all electroanalytical and analytical studies in
this manuscript are based on the Li,Te-Cu with 0.4 mg cm™,
unless otherwise indicated.

Figure S9, Supporting Information, shows the top-down
SEM and EDXS images illustrating the surface morphology of
Li,Te-Cu and of the SE after cycling 100 times to 1 mAh cm™2 at
0.5 mA cm™ (after the last electrodissolution cycle, the cell was
physically separated for imaging). The Li,Te—Cu collector surface
retains its roughened morphology, while the SE surface remains
relatively smooth and uniform. Figure S10, Supporting Infor-
mation, provides the XPS analysis on the surface of Li,Te-Cu
after cycling 20 times to 1 mAh cm™ at 0.5 mA cm™2 Com-
paring with Figure Slc, Supporting Information, it may be
observed that there are minimal binding energy changes for the
Te and Cu elements (stable Li,Te and reduced Cu) as compared
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Figure 3. Coulombic efficiency measurement of a) Li|SE|Li,Te-Cu and b)
Li|SE|Cu cells tested at c—e) 0.1 mA cm™2 and f-h) 0.5 mA cm™ to a fixed el

with their state directly after activation. Per Figure S10a,
Supporting Information, the peaks corresponding to Te?~ 3ds,
(572.4 eV) and Te’” 3d;, (582.8 eV) can be observed along
with Cu LMM Auger. The peaks at 931.8 and 951.5 eV can be
assigned to Cu’/Cu* 2p;;, and Cu’/Cu* 2p;),, while the peaks
at 932.8 and 952.5 eV are ascribed to Cu** 2p;, and Cu**
2py/. Those results are presented in Figure S10b, Supporting
Information.

Figure 4 presents cross-sectional cryo-FIB SEM and EDXS-
based microstructural analysis of post-electrodeposited and of
post-electrodissolved Li,Te-Cu cells. All the testing was per-
formed at 0.5 mA cm™. Figure 4a—c displays the cell micro-
structure after electrodeposition of 1 mAh cm™. Figure 4d-f
displays the microstructure after electrodeposition of
3 mAh cm™. Figure 4g-i shows it after electrodeposition of
5 mAh cm™. Figure 4j-1 shows the microstructure after electro-
dissolving 3 mAh cm™ to a remnant capacity of 2 mAh cm™.
Finally Figure 4m—o displays the microstructure after electro-
dissolving the remaining Li to the 1V anodic limit. A key uni-
fying observation is that the electrodeposited Li on the Li;Te-Cu
collector is dense and uniform. At accumulated capacities of 1,
3, and 5 mAh cm™2, the measured metal thicknesses are 4.2,
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13.3, and 23.8 um. These values are incrementally lower than
the theoretical values of 4.9, 14.1, and 24.5 um respectively. This
can be attributed to the role of cell pressure that results in creep
deformation of the metal, causing it to slightly thin in the direc-
tion parallel to the applied stress and correspondingly widen in
the normal direction.!!!"]

With Li,Te-Cu, it may be observed that the electrodeposited
Li metal is largely pore-free and does not contain appreciable
embedded SEI. This Li microstructure is consistent after accu-
mulating capacities of 3 and 5 mAh cm™2, and after subsequent
electrodissolving of 3 mAh cm™ of this capacity. In this termi-
nally electrodissolved state there is no evidence of dead metal left
on the Li,Te-Cu surface, while the Li,Te layer is continuous and
relatively undistorted. According to Figure 4n and Figure S11,
Supporting Information, it may be observed that after com-
plete electrodissolution, the remnant Li,Te-Cu surface consists
of interspersed Li,Te and Cu phases, each having a roughly
spherical morphology. The Li,Te and Cu remain intact after Li
electrodissolution and Cu,Te is not re-formed, per previously
discussed electroanalysis, SEM, and, XPS results. In every
observable way, the post-Li electrodissolution Li,Te-Cu surface
is analogous to what it was directly after the initial activation
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Figure 4. Cryo-FIB cross-sectional SEM and EDXS of the Li|SE|Li,Te-Cu cell, tested at 0.5 mA cm~2 a—c) electrodeposition of 1 mAh cm?, d—f) elec-

trodeposition of 3 mAh cm2, g—i) electrodeposition of 5 mAh cm2, jl) electrodissolution of 3 mAh cm

scale bar is 5 um.

step. Moreover, according to top-down SEM images shown in
Figure S11, Supporting Information, in this fully electrodis-
solved state the current collector is easily detached from the SE
with the two interfaces remaining intact. The EDXS indicates
that the top surface layer is mainly composed of Li,Te and Cu,
along with some SE residues. A weak Pt signal is also detected,

-2, and m-o) electrodissolution to 1.0 V. The

which was ascribed to the sputter deposited Pt that was used to
enhance the electronic conductivity of the sample allowing for
cryo-EM analysis without charging.

Figure 5a-h displays an analysis of the baseline Cu sub-
strate after one electrodeposition/electrodissolution cycle, to a
capacity of 1 mAh cm™ at 0.5 mA cm™2. Figure 5a shows the
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Figure 5. a) Galvanostatic profile of the Li|SE|Cu cell with capacity of T mAh cm™2, tested at 0.5 mA cm™2. b) Schematic of the Li|SE|Cu cell at electro-
dissolved state with honeycomb-like SEI and dead metal remaining. c,d) Top-down SEM images of SEI in the separated cell showing SE surface. e,f)
Same analysis of the Cu surface (not same area). g,h) Top-down and cryo-FIB SEM cross-sectional images of electrochemically inactive dead-metal on
electrodissolved surface. i,j) Galvanostatic electrodeposition curve and corresponding EIS plots at 3 mA cm™ to 1 mAh cm™ at cycle 1. k,1) cryo-FIB

cross-sectional SEM images of interface containing metal dendrites (circled) propagating into the SE, after electrodeposion of 3 mAh cm2.

galvanostatic charge/discharge (GCD) profile of the baseline
Cu cell tested at 0.5 mA cm™2. The ICE of the baseline Cu
cell is 91% versus 96% measured for Li,Te-Cu. As the next
set of panels illustrates, this difference is due to extensive and
irregular SEI formation and the presence of electrochemically
inactive dead metal on the baseline Cu. A schematic illustra-
tion of the Li|SE|Cu cell after Li electrodissolution is shown in
Figure 5b, highlighting these two critical deleterious features
of the electrodissolved interface. Figure 5c—f displays the top-
down SEM images of the electrodissolved surface of SE and
the Cu collector, respectively. A key feature of both interfaces
is the islands of honeycomb-like SEI that remain on both sur-
faces. These islands possess a diameter in the 100-200 pum
range and are caused by the reaction between the SE and the
Li metal. The known reaction products between LPSCI and Li
include stable Li,S, Li;P, and LiCl, as well as several metastable
phases including Li;PS,, S, P, and P,Ss.°>™" The fact that the
SEI has the shape of islands indicates that the Li metal is not
fully wetted on the Cu current collector, as otherwise the SEI
would be continuous across the surfaces. The SEI appears to
be adherent to both Cu and SE, with the circular islands being
relatively whole on both surfaces.

Figure S12, Supporting Information, shows top-down SEM
results of the baseline Cu after electrodepositing 1 mAh cm™2 of
Li at 0.5 mA cm™. It may be observed that at this current den-
sity the Li metal is poorly wetted on the Cu support, with sev-
eral isolated islands of Li bridging the collector to the SE. The
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incompletely wetted Li on the Cu collector leads to a localized
increase in the current density and electrical field focusing due
to reduced effective cross-sectional area over which the cur-
rent is distributed. This should in turn promote accelerated
SE decomposition, as well as enhanced metal dendrite growth
per the well-established theory. One straightforward effect of
a decreased electroactive surface area due to poor metal wet-
ting on the current collector is to increase the electrical and
ionic current density during charging—discharging. Established
continuum-based models that treat ion concentration effect in
liquid electrolyte solution shed light on how this destabilizes
the electrolyte metal interphase. For example, the classic model
by Newman et al. considered a tip of a dendrite with high cur-
vature and how this intensifies the local electric field, a process
that would be equally applicable to the SE-metal interface. The
increased current density would drive further metal electrodep-
osition making the process self-amplifying.®*#¥l For the argyro-
dite SE-metal interface, there are also a series of equilibrium
and metastable reduction decomposition reactions, discussed
previously. As with any redox process, these decomposition
reactions display Tafel behavior with a locally increased current
density accelerating the process.

Figure 5g presents top-down SEM images highlighting the
irregular surface of the electrodissolved Cu with circular island-
like features on the 100-200 um scale. Figure 5h displays the
cross-sectional cryo-FIB SEM image of the selected area in
Figure 5g. According to Figure 5g, on the electrodissolved Cu
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surface there is non-dissolved dead Li metal with droplet-like
morphology (further supporting the poor-wetting scenario).
The dead metal, along with the extensive SEI, are the two key
features explaining the low CE observed for the baseline Cu.
These two undesirable microstructural features are not detected
for the Li,Te-Cu specimens in the electrodissolved state. As
shown by the EDXS maps in Figure S13, Supporting Informa-
tion, the dead metal is also covered by a thick SEI layer that can
be readily distinguished by its chemical features.

Figure 5k, shows the cross-sectional cryo-FIB SEM images
of the Li deposited to a capacity of 3 mAh cm™ at 0.5 mA cm™.
Both sets of analyses, performed on different wetted portions
of the Li metal, demonstrate dendrites protruding into the SE.
The images are presented at a lower and a higher magnifica-
tion to illustrate both the general morphology of the interface
and the specific morphology of a single-branched dendrite.
Figure 5i,j shows the galvanostatic electrodeposition curve
and corresponding EIS Nyquist plots for baseline Cu tested at
3 mA cm™. Figure S14, Supporting Information, shows these
Nyquist plots at higher resolution. At this high current, a short-
circuit occurs after depositing a capacity of =0.2 mAh cm™.
This is evident by both the sharp drop in the overpotential
during electrodeposition (due to the onset of mixed electron-
ion conduction) and a sharp decrease in the cell impedance for
the same reason.

The electrodeposition behavior of Li on the Li,Te-Cu and
baseline Cu surfaces was further investigated with DFT cal-
culations. If Li clusters are more thermodynamically stable
than individual Li atoms, early-stage wetting behavior will
favor 3D islands rather than atomically thin continuous films.
This would naturally lead to dendrites as the film thickness
increases. If Li atoms are more stable as compared to Li clus-
ters, the initially electrodeposited film will cover the surface
uniformly. It should be cautioned that these thermodynamic
results don't address the kinetic factors that will also influ-
ence the electrodeposition morphology, such as the heteroge-
neity of the Li-ion flux through the formed SEI or through the
argyrodite SE that is not 100% dense. For example, per the FIB
analysis, with the baseline Cu supports the SEI is much more
geometrically heterogeneous than with Li,Te-Cu supports.

The binding energies of Li atoms and Li clusters on the (110)
fce Li,Te surface were calculated and compared to (111) fcc Cu
and (110) bec Li. The binding energies were calculated in two
configurations: 1) Li clusters and 2) individual Li atoms. The
structures of Li,/Lis clusters and four/five individual Li atoms
on the respective surfaces are shown in Figures S15 and S16,
Supporting Information. The binding energies of the Li, cluster,
Lis cluster, four and five Li atoms are shown in Table 1. Out-
comes with the lowest binding energy with respect to other

Table 1. Binding energies for multiple lithium atoms and lithium clus-
ters on the relevant surfaces.

Binding Energy Four Li Liy cluster Five Li Lis cluster
per Li [eV] atoms atoms

(11) fee Cu —-0.570 —0.560 —0.531 -0.320
(110) bec Li 0.168 0.121 0.188 0.1Mm
(110) fec Li,Te 0.535 0.630 0.538 0.595
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configurations are the most thermodynamically stable. As dis-
cussed, a higher thermodynamic stability of individual Li atoms
as compared to clusters indicates the propensity to grow uni-
formly on a given surface. A key comparison is for the energy
differences within each class of supports, in addition to a cross-
comparison between the classes. Three cross-comparisons
should be made: The energy of clusters versus metal atoms on
a (111) fcc Cu surface, the energy of clusters versus metal atoms
on (110) bec Li surface, and the energy of clusters versus metal
atoms on (110) fcc Li,Te surface.

It may be observed that on Cu (111) surface, the four Li atoms
and Liy clusters are almost equally stable, both binding strongly
to the Cu support. Five Li atoms and Lis clusters are also
strongly bound to the support. However, since five atoms are
more stable with lower binding energy, the first electrodepos-
ited monolayer should be conformal and would not dewet the
Cu surface. The binding energy of Li atoms and of Li clusters
on (110) fcc Li,Te is significantly weaker than on (111) fcc Cu.
This implies that if there were regions of exposed Cu support
in the Li,Te-Cu specimens, the first monolayer of Li may pref-
erentially wet there. Per the cross-sectional and top-down FIB
SEM results, the tellurium thermal deposition process appears
quite conformal, making this scenario unlikely except in iso-
lated regions that are out of the field of view. Examining the
energy values within the (110) fcc Li,Te row it may be observed
that four and five Li atoms are more stable than the clusters.
This indicates that there is a thermodynamic driving force for
complete monolayer coverage of the Li,Te-Cu support, akin to
the baseline Cu. Interestingly, on pre-existing (110) bcc Li the Li
atoms are less stable than the clusters. This implies a thermody-
namic propensity for roughening of the Li metal surface during
ongoing film growth. This scenario indicates the possibility of
Stranski—Krastanov type dewetting during electrodeposition.
One could reasonably surmise that the external pressure on
the cells aids in suppressing such instabilities at later stages of
electrodeposition. Thermodynamic propensity of Li to roughen
as it electrodeposits on pre-existing metal may also be a reason
why it is near-universally reported that significant external pres-
sure is necessary to achieve stable cycling with SEs.

While Li can bind strongly to a neat surface and wet it, sub-
sequent binding can be weaker on the now-passivated surface,
leading to dewetted islands and ultimately to dendrites. To fur-
ther understand the continuous Li electrodeposition on the
three supports, binding energy calculations were performed on
bilayers, consisting of a monolayer (ML) of Li on top of (111)
fcc Cu, (110) bee Li, or (110) fcc Li,Te. The atoms versus clus-
ters methodology followed an analogous approach, but with ML
of Li being introduced on top of the relevant surfaces. This is
shown in Figure 6. The binding of Li on the Li-ML-covered sur-
face was calculated and is shown in Table 2. The enhancement
of relative stability of Li clusters versus Li atoms on (110) bcc
Li surface agrees with the results shown in Table 1, and fur-
ther highlights the thermodynamic instability of a growing Li
front per se. Again, this may be a key reason why significant
external pressure seems necessary to prevent dendrites regard-
less of the type of SE employed. Another key observation is the
significant weakening of Li binding to the Li-covered (111) Cu
surface. While a monolayer of Li is very adherent to Cu, the
adhesion is greatly diminished with a bilayer. In contrast, there
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Figure 6. a,b) Schematics and representative atomic structures of one Li atom or a monolayer of Li on top of ¢,d) fcc Cu, e,f) fcc Li,Te, and g,h) bec Li
surfaces. Color scheme: Li (pink), Te (yellow), Cu (brown), and Li in binding site (purple). i) Morphology tip height and substrate coverage as a function
of the substrate—Li interaction. j—m) Effect of substrate—Li interaction on the nucleation behavior and morphological evolution.

is a significant strengthening of Li binding to the (111) fcc Li,Te
after one monolayer is deposited. Furthermore, after two Li
monolayers are deposited on the surface, the binding energy
of the Li atom decreases in (110) fcc Li,Te while increasing in
(111) fcc Cu, as shown in Table 2. This indicates the presence of
subsurface effects from Li,Te and validates the experimentally
observed potency of the Li,Te-Cu support. It is perhaps the
most meaningful outcome of the simulation, providing insight
into how Li,Te guides lithium growth beyond a single atomic
layer.

To understand the morphological growth during Li elec-
trodeposition, we developed a mesoscale model based on the

Table 2. Binding energies of a single lithium on the relevant surfaces
and on one or two lithium monolayers.

Binding energy Binding energy Binding energy

per Li on the per Liona Li per Li on two Li
surface [eV] monolayer [eV] monolayers [eV]
(111) fec Cu -0.570 0.088 0.108
(110) bec Li 0.116 0.182 —
(110) fec Li,Te 0.537 0.077 —0.025
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kinetic Monte Carlo approach that captures the competing
effect of Li's binding behavior on the substrate and Li's binding
behavior on freshly deposited Li on the substrate.12-14
This competing interaction (Figure 6i) is described using
Kiisubstrate/Krict,  Where  kpi_gupswate  describes the adsorption
kinetics of Li on the substrate and ky;_j; describes the adsorption
kinetics of Li on newly deposited Li. A detailed description of
the mesoscale modeling framework has been presented in the
Computational Details section. The underpinning Li-substrate
interaction affects the Li nuclei coverage over the substrate and
subsequent electrochemical growth of these morphologies.
We note that these simulations to analyze the nucleation and
early growth morphologies have been performed until a total
of 2000 atoms have been deposited. As shown in Figure 6i, an
increase in ki gupswrate/Kriy; results in a significant improve-
ment in the substrate utilization, attributed to the preferential
coverage of Li on the substrate. This effect promotes higher
uniformity in flux distribution for subsequent electrochem-
ical growth of the nuclei. As a function of the ki; g pswate/Kiioti
descriptor, Figure 6j—m shows the early growth behavior, high-
lighting the prominent difference in nuclei coverage and mor-
phological patterns. As illustrated in Figure 6i-m, a stronger
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substrate-Li interaction also results in homogenized deposi-
tion, accompanied by a reduction in tip height of these mor-
phologies. Overall, the mechanistic insights from the DFT
calculations and the mesoscale model highlight the funda-
mental role of the substrate-metal interaction on the morpho-
logical behavior, corroborating the critical effect of Li,Te that is
experimentally observed in enabling stable electrodeposition.
As proof-of-principle, anode-free all-solid-state batteries
(AF-ASSB) were fabricated and tested using with Li;Te-Cu or
baseline Cu. For AF-ASSB there is no active ion reservoir apart
from what is in the cathode, CEs approaching 100% are crucial.
The cells were based on LiNi; gMn,;Co, 10, (NMC811) cathodes
and argyrodite LPSCI electrolyte. The CEs in the AF-ASSBs
are calculated based on the discharge and charge capacities of
the NMC cathodes. Both Li,Te—Cu and baseline Cu anode cur-
rent collectors were analyzed with the same cathode formula-
tion and loading. Figure 7a illustrates the working principle of
the Li,;Te-Cu|SEINMC cell. Figure 7b shows the cryo-FIB SEM
analysis of the cathode structure where NMC is mixed with
SE to achieve sufficient ionic flux. No carbon additives were
employed to construct the cathode architectures. Figure 7c,d
presents the EDXS maps that indicate homogenous mixing
of the cathode active material and the SE. Figure 7e displays
the first cycle galvanostatic profiles of Li,Te—~Cu|SE[NMC and
CulSEINMC cells at a current density of 0.2C (1C equals to
200 mA g! based on the mass of NMC). It may be observed

www.advmat.de

that small plateaus are present in the Li,Te-Cu|SE[NMC full
cell at voltages of =2.3 and 2.5 V with an overall capacity of
=25 mAh g7, corresponding to the activation between Cu,Te
and Li (details in Note S1, Supporting Information). This cor-
responds to the in situ reaction between Cu,Te and Li to form
Li,Te and Cu, per Figure 1b. The kinetically irreversible reaction
to form Li,Te occurs only on the initial charge cycle. Neither the
subsequent discharge nor the following charge cycles display
the plateau. The Li,Te-Cu|SE[NMC cell exhibits initial charge
and discharge capacities of 199 and 165 mAh g7, corresponding
to an ICE of 83%. By contrast, the Cu|SE[NMC cell delivered
208 and 151 mAh g, corresponding to an ICE of 72%. The
increased CE of Li,Te-Cu|SEINMC is directly attributed to the
lithiophilic Li,Te-Cu surface.

Figure S17, Supporting Information, displays the cyclic vol-
tammetry profiles of Li,Te-Cu|SE[NMC and Cu|SE[NMC cells,
tested at a scan rate of 0.1 mV s~ For Li,Te—~Cu|SE[NMC, two
overlapping anodic peaks at 2.3 and 2.5 V are present during
the initial charge process. These correspond to the irreversible
conversion of Cu,Te to Li,Te and Cu, the position of the peaks
being consistent with the Li activation results discussed earlier.
The oxidation peak at 4.13 V is attributed to the delithiation of
NMC, which subsequently shifts to 3.96 and 3.97 V during the
subsequent cycles. By contrast, the baseline Cu|SE[NMC cell
only exhibits one oxidation peak at 4.20 V, which subsequently
shifts to 4.04 and 4.06 V. The higher delithiation potentials of
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Figure 7. a) Schematic diagram of the working principle in an anode-free solid-state battery. b—d) Cryo-FIB SEM images and EDXS maps of the NMC
cathode intermixed with the SE. e—g) Galvanostatic charge/discharge profiles at 15t cycle and 2"4-5% cycle. h) Cycling performance of Li,Te~Cu|SE|[NMC

and CulSEINMC cells and i,j) results of the EIS analysis of the two specimens at different stages of cycling.
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the Cu|SE[INMC indicate higher overpotentials/polarizations
during Li electrodeposition on the anode collectors, which
again agrees with the half-cell data.

Figure 7f,g compares the galvanostatic profiles of
Li,Te—Cu|SEINMC and Cu|SEINMC cells in the subsequent
cycles. It may be observed that the Cu|SE[NMC cell under-
goes a significant capacity decay at each cycle, with capaci-
ties of 148, 130, 101, and 83 mAh g at cycles 2-5. The cell’s
voltage—capacity profile begins to notably deteriorate from the
third discharge onwards. By contrast, the Li,Te—Cu|SE[NMC
cells exhibit relatively stable charge/discharge profiles and
deliver reversible capacities of 168, 163, 159, and 159 mAh g! at
cycles 2-5. Figure 7h contrasts the cycling performance
of Li,Te-Cu|SE[INMC and Cu|SE[NMC cells. A substantial
capacity decay can be found with the Cu|SEINMC cell with
33 mAh g! being sustained after ten cycles and nil capacity
soon afterward. The Li,Te-Cu|SE|NMC cell exhibits more stable
cycling with a capacity retention of 80% after 50 cycles and an
average CE above 99%.

Figure S18a,c, Supporting Information, displays the extended
cycling of the Li,Te-Cu|SE[NMC cells and the CE starts to
fluctuate starting from the 57th cycle onwards. From the pre-
sented 62nd to 64th cycle charge—discharge profiles, this dete-
rioration may be associated with high voltage instability, that
is, a process occurring most likely at the cathode. To explicitly
explore the role of NMC cathode degradation in the lifetime of
Li, Te-Cu|SEINMC cells, a “conventional” ASSB with a standard
thick Li metal foil anode was fabricated and tested. In this case
there is an effectively infinite reservoir of Li and the electrodep-
osition—electrodissolution always takes place on a pre-existing
Li metal surface. There is never an empty current collector.
That specimen is labeled Li|SE[NMC and was tested identi-
cally to the Li,Te-Cu|SEINMC. Those side-by-side comparison
results are shown in Figure S18b,d, Supporting Information.
With Li|SEINMC a similar deterioration process is observed,
Li|SEINMC becomes unstable after the 67th cycle. As there is
always sufficient Li available at the anode so Li depletion per
se cannot be the culprit. According to previous studies, the
LPSCI SE also decomposes at the interface with cathode elec-
trodes, being oxidized into elemental S, lithium polysulfides,
and phosphates." In addition, NMC polycrystalline particles
undergo volumetric strain during lithium intercalation/extrac-
tion.ll Upon charging, lithium is extracted from NMC811,
which may cause contact loss between SE and NMC, increasing
the charge transfer resistance and the irreversible capacity.l*’]
After repeated cycling, the NMC polycrystalline particles may
become pulverized because of the stress vibration from the
phase transitions leading to the internal microcracks growing
to the surface.™ All these could account for the unstable
cycling of AF-ASSB Li,Te—Cu|SEINMC cells. Authors have
mitigated such SE-cathode-related issues by employing single-
crystal NMCHM8l or coating the NMC surface with Li-containing
compounds such as LiNbO;,19120 1i,7rQ; 12 and 1i,5i0;.1122
This study, however, focused on current collector-metal anode—
SE interrelations, and a standard commercial NMC811 cathode
was employed.

Figure S19, Supporting Information, shows the rate capa-
bility of Li,Te-Cu|SEINMC, with discharge capacities of 193, 121,
and 103 mAh g being obtained at 0.1, 0.5, and 1C. Figure 7ij
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and Figure S20, Supporting Information, display the elec-
trochemical impedance behaviors of both Li,Te-Cu|SE[NMC
and Cu|SE|[NMC cells after charging at different cycles. Both
plots are fit to an equivalent circuit composed of an R}, and
overlapped Rgp+Rcr in series with a parallel connection of
CPE. The Rgp+Rcr value of the first, second, third, and tenth
charging was 95, 95, 110, and 126 Q for Li,Te-Cu|SE[NMC,
and 275, 358, 490, and 708 Q for Cu|SE|NMC. Overall, these
AF-ASSB results agree well with the analytical and electroana-
lytical findings for the half-cells.

3. Conclusions

We report an AF-ASSB employing a sulfide-based solid-
electrolyte (SE) (argyrodite LPSCIl). Lithiophilic 1 um Li,Te
coating on standard planar copper current-collector sig-
nificantly reduces electrodeposition/electrodissolution over-
potentials and improves CE. During continuous plating
experiments using half-cells (1 mA cm™), the accumulated
thickness of electrodeposited Li on Li,Te-Cu is more than
70 um, which is the thickness of the Li foil counter-electrode.
The NMC811 anode-free cell (external pressure 13 MPa)
delivers an initial CE of 83% at 0.2C, with a steady-state
cycling CE above 99%. Cryo-FIB sectioning demonstrates uni-
form electrodeposited metal microstructure, with no signs
of voids or dendrites at the collector-SE interface. Cryo-FIB
also demonstrates that electrodissolution is uniform and
complete, the lithiophilic coating remaining adherent on the
collector. By contrast, a bare Cu collector promotes inhomo-
geneous Li electrodeposition/electrodissolution, electrochemi-
cally inactive “dead metal,” dendrites that extend into the SE,
and extensive non-uniform SEI interspersed with pores. DFT
and mesoscale calculations consider the thermodynamic sta-
bility of lithium atoms versus lithium clusters on Li,Te and
Cu surfaces, including subsurface effects after one monolayer
is deposited as well as the nucleation-growth behavior. This
work paves the way for viable AF-ASSBs that deliver sig-
nificantly higher specific energies and cost less than ASSBs
which require metal or ion-storing anodes.

4. Experimental Section

Materials Preparation: Te-Cu substrate: Commercial Cu foil (9 um
thickness, MTI, USA) was first cut into 2 cm X 5 cm pieces and
cleaned with ethanol under sonication. To prepare Te-Cu, 2.5 mg
Te powder was added to the bottom of a rectangular crucible with a
piece of cleaned Cu foil placed on the top of it. The crucible was then
transferred to a tube furnace and heated to 600 °C for 1 h at a ramping
rate of 10 °C min~' under a continuous Ar flow. After cooling down to
room temperature, the Te-Cu was obtained and cut into disks with a
diameter of 10 mm for electrochemical tests. The mass loading of Cu,Te
was =0.4 mg cm~2. For comparison, Te-Cu with Cu,Te mass loadings of
0.2 and 1 mg cm2 were also prepared and denoted as Li,Te-Cu-0.1 and
Li;Te—Cu-1.

LigPSsCl solid-electrolyte: To prepare argyrodite electrolyte LigPSsCl, a
stoichiometric amount of Li,S (> 99.9%, Sigma Aldrich), P,Ss (>99.9%,
Sigma Aldrich), and LiCl (> 99.9%, Sigma Aldrich) were ground together
in an air-tight ZrO, jar with ZrO, balls using high energy ball-milling
machine (SPEX SamplePrep, 8000M Mixer/Mill) for 2 h. The obtained
powder was then sintered at 550 °C for 12 h in an Ar-filled glovebox. The
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XRD profile is shown in Figure S21a, Supporting Information. The ionic
conductivity at room temperature was measured to be 3.2 mS cm™, per
Figure S21b, Supporting Information.

Battery Assembly: All-solid-state asymmetric half-cell: 150 mg solid
electrolyte powder was first pressed under 75 MPa in a PEEK mold with
a diameter of 12 mm. The surface layer of Li foils was removed with a
blade and rolled to a thickness of around 100 um before use. Then, a
piece of Li foil and a Cu or Te—Cu foil were placed on two sides of the
electrolyte pellets. The laminated battery was further pressed under
225 MPa to improve the contact between Li and electrolyte before being
mounted to the cell holder with a stack pressure of =13 MPa.

Anode-free all-solid-state Li cell with LiNiggCoo;Mng;0, (NMC811)
cathode: NMC811 (MSE corporation) was ground together with SE
powder at a weight ratio of 8:2 without any carbon being added.
When assembling the battery, 150 mg LPSC| powder was first pressed
in PEEK mold under 75 MPa. Then about 5-10 mg cathode powder
(612 mg cm™2) was uniformly dispersed on one side of the electrolyte
and a piece of Cu or Te—Cu foil was placed on the other side. 225 MPa
pressure was finally applied to the battery to get a close contact before
electrochemical tests. Finally, the cells were mounted to the cell holder
with a stack pressure of 13 MPa.

Electrochemical Measurements: The impedance tests of the half and
full cells were conducted on a Princeton PARSTAT MC electrochemical
workstation. A perturbation voltage of 10 mV in the frequency range of
1 MHz-0.1 Hz was applied. Z-view software was used to analyze the
plot coupled with equivalent circuit fitting. The Li ionic conductivities
of all the composite electrolytes were calculated based on the equation
o = L/RS, where L was the thickness of the pressed pellet, S was the
area of the surface, and R was the resistance recorded using a PEEK cell.
The galvanostatic charge/discharge profiles were recorded on a Land
CT2001A system and all electrochemical tests were carried out at room
temperature in this work.

Material Characterization: SEM images were collected using a field
emission scanning electron microscope (Hitachi S-5500) equipped
with an EDX. Cryo-EM analysis was performed on a Thermo Scientific
Scios 2 Dual Beam SEM/FIB with a Leica VCT cryogenic stage and
EDX detector. To preserve the structural integrity of the beam-sensitive
Li-based materials and to reduce artificial inclusion, the sample
was cooled to -150 °C. The Ga* FIB milling was performed at an
accelerating voltage of 30 keV. XRD profiles were recorded on Rigaku
Miniflex 600 diffractometer with Cu Ko radiation (A = 1.54178 A) at a
scan rate of 5° min™' within the 26 range from 10° to 80°. XPS analysis
was performed on a customized XPS system based on a Hemispherical
Energy Analyzer PHOIBOS 100 (SPECS Surface Nano Analysis GmbH)
with Mg Ko as the excitation source. All post-cycled electrodes were
extracted from disassembled cells in an Ar-filled glovebox (<0.1 ppm of
H,0 and O,).

Computational Details: Structures were obtained from the Materials
Project’? and were modified using VESTA.U3] The DFT calculations were
performed with the Vienna Ab initio Simulation Package."¥ Electronic
structures were optimized using the Perdew—Burke—Ernzerhof
functional with the generalized gradient approximation. A cut-off
energy of 400 eV and a gamma-centered k-point mesh of 4 x 4 x 4 for
bulk and 4 x 4 x 1 for slab were used for the planewave basis with
projector-augmented wave pseudopotential. For optimization, the
convergence tolerances for the force and the energy were 0.01 eV A~
and 1075 eV, respectively.

Description of the mesoscale model: The mesoscale model captured
the morphological evolution during electrodeposition of Li based on
the kinetic Monte Carlo algorithm."212%) The modeling framework
and parameters have been described in this section. The Li—substrate
interaction was described using ki; _ supstrate and ky; _ 1, which denoted
the absorption rate of Li on the substrate and the absorption rate of
Li on freshly deposited Li on the substrate, respectively. The effect of
K  substrate and ki _; was captured in the model by mapping the kinetics
of these events to the location of the substrate and spatial distribution
of the deposited Li atoms. This process included the combination of
lithium-ions with an electron required to form adsorbed lithium atoms
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on the substrate and newly deposited lithium. The deposited metal
atoms could diffuse across the deposition front based on their surface
_Ea,D
kT )). Based on these processes, a
total rate (k) was calculated, which was the sum of kinetic rates
corresponding to the possible events of metal adsorption on the
substrate and deposited metal morphology, metal diffusion across
the deposition front and ion transport. Using ki, the morphology
evolution in the model was performed as follows: a random number r,
was chosen between 0 and 1 and multiplied with k. All the possible
processes in the system were scanned, and the first event for which the
sum of rates of the previously scanned events was larger than rk,
was selected. The system was then evolved using the event that got
selected based on this algorithm. In the kinetic Monte Carlo algorithm,
the time step for each event was calculated using a random number
-1

ktot
been presented in Table S1, Supporting Information.

diffusion kinetics (kp =Vvexp(

ry: Ot= Inr,. The parameters used in the mesoscale model have
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