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ABSTRACT: Solid-state batteries (SSBs) are considered a promising
approach to realizing an anode-free concept with high energy densities.
However, the initial Coulombic efficiency (ICE) has remained
insufficient for anode-free batteries using sulfide-based solid electro-
Iytes (SEs). Herein, we incorporated a hydride-based interlayer,
3LiBH,-Lil (LBHI), between a typical sulfide SE, Li;PS;Cl, and the
Cu current collector. By investigating the Li plating and stripping
behaviors and the (electro)chemical stability between SEs and plated
Li, we demonstrated that LBHI can effectively improve interfacial
stability, leading to an ICE exceeding 94% in anode-free half cells. This
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interlayer also improves Coulombic efficiencies and specific capacities

in anode-free full cells. Furthermore, the utilization of LBHI enables one to study Li plating behaviors without interference
from interfacial (electro)chemical instabilities. The analysis of stack pressure evolution during electrochemical cycling reveals
that soft shorting in SSBs arises from both dendrite formation and deformation, offering insights into further optimizing solid-

state anode-free batteries.

node-free batteries have been considered promising to
Aachieve higher energy densities. As anode-free batteries

operate without lithium excess, the Coulombic
efficiency (CE) determines their cycling performance. As the
relation between the CE and the residual lithium reservoir
follows a power law, even a slight increase in CE can improve
the cycle life. Extensive efforts have been devoted to
developing anode-free batteries using liquid electrolytes,
including liquid electrolyte formulation,"”” current collector
design,™ charge/discharge protocols design,” and interlayer
development.” However, fabricating long-cycle-life anode-free
cells based on liquid electrolytes remains challenging mainly
due to the intrinsic instability between liquid electrolytes and
Li metal. This instability leads to irreversible consumption of
limited lithium due to solid electrolyte interphase (SEI)
formation. Moreover, the SEI cannot withstand repeated Li
plating and stripping, resulting in its continuous reformation.
Li plating in liquid electrolytes may generate high-surface-area
mossy or dendritic morphologies and thus exacerbate SEI
formation. The dissolution of Li dendrites at their roots can
also cause detachment of Li from the anode, forming inactive
“dead Li”.

Recent studies have highlighted the potential of using
inorganic solid electrolytes (SEs) to achieve high-performance
anode-free batteries.® SEs are not as infiltrative as liquids,
reducing the dynamic SEI formation. The surface area of Li
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dendrites formed in dense, rigid SEs is expected to be much
smaller than those formed in liquid electrolytes. Moreover, the
use of SEs reduces the formation of “dead Li”. These factors
collectively lead to a notable improvement in CEs in solid-state
anode-free batteries. The first anode-free cell was constructed
over two decades ago using lithium phosphorus oxynitride
(LiPON) as SE, and it is still one of the highest-performing
anode-free cells to date.” This cell, composed of deposited
LiCo0O,, LiPON, Cu, and a backing layer, can exhibit a CE of
>99.98% and cycle over 1000 times at 1 mA/cm>'’ These
results have inspired researchers to extend this success by using
novel, highly conductive SEs, such as lithium garnet oxide
Li;La;Zr,0;, (LLZO) and sulfide-based lithium argyrodite
LigPS;Cl (LPSCI), to further improve energy density.'' LLZO-
based anode-free cells (CulLLZOILi) reported by Sakamoto et
al. can achieve a CE of >95%. They also studied the electro-
chemo-mechanics of Li plating and stripping.'”"® However,
realizing a high-energy-density LLZO-based anode-free battery
remains a long-term goal due to difficulties in fabricating and
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Figure 1. Voltage profiles and ICEs of (a) CulLPSCIILi—In and (b) CulLBHIILPSCIILi—In half cells. The cells were tested at 0.05 mA/cm?*
with no stack pressure at room temperature. Nyquist plots of CulLPSCIILi—In and CulLBHIILPSCIILi—In cells (with 15 MPa stack pressure)
during Li plating (c, e) and Li stripping (d, f) during the first cycle. The insets show the equivalent circuits used to fit the impedance. The
symbols * and ** represent the moments when the highest overpotential was achieved at the beginning of Li plating and when the cutoff

voltage was reached during Li stripping, respectively.

integrating thin LLZO membranes'* and mitigating interfacial
resistances between LLZO and mainstream cathodes.'™"®

On the other hand, sulfide-based SEs exhibit favorable
mechanical and transport properties, making them suitable for
practical solid-state batteries (SSBs).'” Anode-free cells using
sulfide-based SEs, particularly LPSCI, have been demonstrated
by several research groups.'®™>' However, the initial
Coulombic efficiency (ICE) has been limited to around
80%"*" due to the limited cathodic stability of LPSCL
Previous studies have revealed that the onset potential for the
reduction of LPSCl is 1.7 V vs Li*/Li**~** This reduction
process can produce a heterogeneous composite of binary
compounds, including Li,S, Li;P, and LiCl, at the interface.
The interphase thickness measured by ToF-SIMS is around
250 nm.”> Moreover, the thickness of this interphase increases
over time based on the diffusion-controlled mechanism.***’
Although the original thickness of SEI and its growth rate are
limited, which explains why LilLPSCIILi cells with sufficient Li
can cycle for hundreds of hours at lower currents,”®*” it is
believed that the extent of side reactions is still too high to
achieve long-cycle-life anode-free cells without excessive Li.

Considering the intrinsic electrochemical instability of
LPSCI against Li, one solution is to introduce an interlayer
to separate Li and LPSCI Researchers at Samsung have
developed a silver—carbon interlayer between LPSCl and
stainless-steel current collectors.’ Mitlin et al. have reported
the Li,Te interlayer for LPSCl-based anode-free batteries.”" In
both cases, ICE has been improved to over 90%. Nonetheless,
LPSCI is still not intrinsically stable with alloy-based
interlayers, leading to electrolyte decompositions. Therefore,
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further improvement in CEs can be anticipated by preventing
LPSCI decomposition.

In this work, we introduce a hydride-based interlayer,
3LiBH,—Lil (LBHI), for LPSCl-based anode-free batteries.
LBHI has been known for its excellent electrochemical stability
at low potential.’’ ~** The utilization of this interlayer resulted
in a large increase in the ICE, and anode-free full cells with
LBHI interlayers demonstrated improved electrochemical
performance. Moreover, by monitoring the stack pressure
evolution, we elucidate the failure mechanism, ie., “soft
shorting”, in solid-state anode-free cells. Until now, soft
shorting has remained poorly understood, primarily due to
challenges in characterizing Li dendrites. These dendrites are
small in size and are insensitive to X-ray and electro-based
techniques. Our research emphasizes that both the formation
of Li dendrites and the deformation of plated Li metal
contribute to the soft shorting of solid-state anode-free
batteries.

We first studied Li plating and stripping behaviors in anode-
free half cells. Bare Cu served as current collectors, and Lij;In
(Li—In) alloy with overly excessive lithium was used as the
counter and reference electrode because (i) Li—In has a
smaller volume change than Li metal during charge and
discharge, and (ii) its stable, relatively high electrode potential
(~0.6 V vs Li*/Li) helps prevent Li plating on Li—In. Previous
work has also employed Li—In reference electrodes to study Li
behaviors.”* Because of the excellent kinetics of alloying/
dealloying processes in Li—In, the overpotential of Li—In is
very small (<0.002 V, Figure S1) at the current density used in
this work, and therefore, the overpotential from CullLi—In half
cells is mainly due to Li plating/stripping on the Cu electrode.
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Figure 2. Voltage profiles of (a) CulLPSCIILi and (b) CulLBHIILi cells. In-situ Li was plated at 0.02 mA/cm? for 3.5 h, and after Li plating,
open-circuit voltages were monitored to evaluate the interfacial stability between SEs and Li. The XPS spectra of (¢, d) S 2p and (e, f) B 1s of

LPSCI and LBHI before and after Li plating, respectively.

These half cells were discharged at 0.05 mA/cm” for 4 h during
which Li was plated on Cu, followed by charging back to ~0.4
V vs Li—In (1.0 V vs Li*/Li) for Li stripping. A small areal
capacity was used for the Li plating/stripping experiment to
prevent dendrite formation during the study of electrochemical
stability of the interlayer.

Figure 1(a) shows the voltage profiles of the CulLPSCIILi—
In half cell for the first two cycles. A voltage slope is observed
at the initial part of Li plating, corresponding to LPSCI
decomposition. The 70.3% ICE indicates a large irreversibility
for Li cycling. Even in the second cycle, the CE remains low at
73.2%. 1t should be noted that a higher ICE (77.3%) can be
achieved by replacing LPSCl with a Li;PS, (LPS) glass
electrolyte (Figure S2). These ICE values are consistent with
previously reported ICEs of sulfide-based anode-free half cells
(~80%), albeit slightly lower due to different experimental
conditions. Moreover, these ICEs are lower than those
typically reported in liquid-electrolyte anode-free batteries,
highlighting the challenges of using sulfide-based SEs in anode-
free batteries. Figure 1(b) displays the voltage profiles of
anode-free half cell with LBHI interlayer. 12 mg of LBHI was
cold-pressed onto LPSCI, resulting in an interlayer thickness of
~100 pm. The ICE for CulLBHIILPSCIILi—In is 94.7% and
then increases to 95.5% for the second cycle, suggesting that
the integration of the LBHI interlayer effectively improves the
reversibility of Li cycling. One interesting finding is that
applying 15 MPa stack pressure can reduce ICEs (Figure S3),
and this might be caused by incomplete Li stripping due to the
extrusion of plated Li into the surface porosities of SEs. The
morphology of the plated Li shows distinct features with a
disperse, spherical shape for the cell without the LBHI
interlayer (Figure S4) and a fiber-like dense Li with the
interlayer (Figures SS and S6). The large amount of residual Li
on the LPSClI solid electrolyte side (Figure S4) after peeling off
Cu implies strong reactions between LPSCI and the plated Li.

To further study the LBHI interlayer, we conducted
impedance measurements in CulLPSClILi—In (Figure 1(c)
and (d)) and CulLBHIILPSCIILi—In (Figure 1(e) and (f)) half
cells during the first cycle. In both cases, the prolonged straight
tail at low frequencies gradually diminishes during Li plating,
corresponding to the transition from blocking to nonblocking
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electrode as Li plates on Cu. The reappearance of the tail after
charging CulSEILi—In cells to 1.0 V vs Li*/Li indicates a return
to the blocking configuration after Li stripping. Based on the
Nyquist plots of Li—InI[LPSCIILi—In and LilLPSCIILi (Figure
S4(a) and (b)), the characteristic frequency for the LPSCI
resistance is before 32 kHz. Therefore, in Figure 1(c) and (d),
the semicircles at 700—32 and 32—1.5 kHz are attributed to
the resistances of LPSCI and SEI, respectively. While the 1.5
kHz—2 Hz semicircle represents the interfacial charge-transfer
resistance. These assignments on semicircles align well with
previous reports.m35 For more details, please refer to the
Supporting Information. Figure S5(a) and (b) show that SEI
resistance remains consistently small and stable, although we
anticipate it will increase after multiple cycles.”” Notably, a
clear change in interfacial resistance, decreasing during Li
plating but increasing during Li stripping, has been observed
due to variations in the amount of plated Li.

From the Nyquist plots of LilLBHIILPSCIILBHIILi (Figure
S7(c)), the characteristic frequencies for the SE resistance and
the interfacial charge-transfer resistance are 220 kHz—32 kHz
and 32 kHz—1S Hg, respectively. Therefore, in Figure 1(e) and
(f), the Nyquist plots of CulLBHIILPSCIILi—In can be divided
into two regions: a high-frequency semicircle before 32 kHz
representing the resistances of LPSCI and LBHI, and a low-
frequency semicircle (32 kHz—0.7 kHz) corresponding to the
interfacial charge-transfer resistance. There is no observable
SEI resistance in CulLBHIILPSCIILi—In. Compared to Cul
LPSCIILi—In (Figure S8(a) and (b)), CulLBHIILPSCILi—In
(Figure S8(c) and (d)) exhibits higher SE resistance due to the
lower ionic conductivity of LBHI, and we also observe a similar
changing trend in interfacial resistance as in CulLPSCIILi—In.
Overall, despite the relatively high SE and interfacial
resistances, no semicircle corresponding to interphase
formation can be observed for the cell with the LBHI
interlayer.

It has been reported that the interfacial stability between SEs
and Li strongly correlates with the surface chemistry and
microstructure of Li””*“*” To assess the (electro)chemical
stability between SEs and in situ formed Li, we monitored the
evolution of open-circuit voltage (OCV) in CulLPSCIILi and
CulLBHIILi cells after plating Li at 0.02 mA/cm” for 3.5 h
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Figure 3. Voltage profiles of (a-c) NCAILPSCIICu and (d-f) NCAILPSCIILBHIICu full cells. The full cells were tested at 0.05 mA/cm?” within
a voltage range of 2.4—4.2 V at (a, d) 25 °C, (b, ) 60 °C, and (c, f) 100 °C under a stack pressure of 15 MPa. Percentage values represent

the CE for each cycle.

(equivalent to ~0.35 um thick of Li). In CulLPSCIILi (Figure
2(a)), a sharp increase in the level of the OCV becomes
evident after about 3 days of storage, indicating Li/LPSCI side
reactions and the formation of interphases with higher
potentials than pure Li. While the OCV of CulLBHIILi
remains stable at 0 V vs Li*/Li even after 60 days (Figure
2(b)). The superior (electro)chemical stability of LBHI is also
supported by the much smaller currents observed during the
Linear Sweep Voltammetry (LSV) (Figure S9). Furthermore,
the mechanism for the greater nucleation overpotential in Cul
LBHIILi (Figure 2(b)) than in CulLPSCIILi (Figure 2(a)) is
proposed in the Supporting Information.

The stabilities between SEs and the plated Li are also
analyzed by XPS. As indicated by the S 2p spectra (Figure 2(c)
and (d)), an increase in Li,S intensity is due to LPSCI
decomposition at low potentials. Conversely, no apparent
change can be observed in the B 1s spectra after 60 days of
storage, as shown in Figure 2(e) and (f). B—O signals in the B
Is spectra are possibly attributed to surface electrolyte
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oxidation during the sample transfer process. These results
confirm the exceptional electrochemical and chemical
stabilities between LBHI and plated Li.

Figure 3 presents the electrochemical performances of NCAI
LPSClICu and NCAILPSCIILBHIICu using the single-crystal-
line NCA cathode. These full cells were cycled at a current of
0.05 mA/cm” (~1/8 C, based on a current of 180 mAh/gycx)-
The ICEs for NCAILPSCIICu full cells are 66.4%, 53.1%, and
20.1% at 25 °C (Figure 3(a)), 60 °C (Figure 3(b)), and 100
°C (Figure 3(c)), respectively. However, NCAILPSCIILBHII
Cu full cells exhibit ICEs of 65.9% at 25 °C (Figure 3(d)),
78.0% at 60 °C (Figure 3(e)), and 80.5% at 100 °C (Figure
3(f)). Moreover, NCAILPSCIILBHIICu delivers higher specific
capacities than NCAILPSCIICu at each temperature (Figure
$10), and CEs rise to >90% for the subsequent cycles.
Therefore, solid-state anode-free full cells with the LBHI
interlayer demonstrate superior electrochemical performance.
This improvement in electrochemical performance is partic-
ularly pronounced at high temperatures. This is because, for
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Figure 4. Evolutions of (a) voltage, (b) differential voltage, and (c) pressure change in the NCAILPSCILBHIICu full cell (60 °C) from the
sixth to the tenth cycle during the galvanostatic charge/discharge tests.
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LBHI with excellent cathodic stability, an increased temper-
ature enhances its kinetics; but for unstable SEs such as LPSCI,
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higher temperatures promote their side reactions with Li.
These results further validate the exceptional (electro)chemical
stability between Li and LBHI.

So far, we have demonstrated that the LBHI interlayer can
effectively improve the electrochemical performance of solid-
state anode-free Dbatteries. However, NCAILPSCIILBHIICu
cells exhibit a limited cycle life. Voltage fluctuations have been
observed since the seventh cycle (Figure 4(a)), and ultimately
lead to an incomplete charge process in the tenth cycle. This
phenomenon is more evident in differential voltage curves
(Figure 4(b)). Notably, there are no abnormal voltage profiles
during discharge. This type of cell failure is not exclusive to our
anode-free batteries, it has been reported in solid-state Li metal
batteries,**>5™%° commonly described as “soft shorting” or
“shorting” due to Li dendrite formation. Combining semi-
quantitative impedance analysis and computational modeling,
Counihan et al.*' provided a very detailed study on the
dynamic behavior of soft-shorting in Li metal based symmetric
and half cells with polymer-ceramic composite electrolyte and
highlights possible mechanisms of forming, unshorting, and
reshorting during soft-shorting. The detailed mechanisms of
soft-shorting in an anode-free full cell with a sulfide-based solid
electrolyte, to our knowledge, have not been reported. Figure
4(c) shows the stack pressure change, which is the difference
between the measured stack pressure of the cell during
charge—discharge and the initial stack pressure (15 MPa),
starting from the sixth cycle onward. During charge, the
volume of the NCA cathode decreases while the volume on the
anode side increases due to Li plating. However, for the same
capacity transferred from cathode to anode, the volume change
of NCA (<6%)* is considerably smaller than that of Li metal.
Consequently, the net volume of the full cell is mainly due to
the anode side; it increases during charge and decreases during
discharge. Monitoring the stack pressure change can thus
provide insights into Li cycling behaviors.

Interestingly, we observe a strong correlation between
Figure 4(c) and (a): stack pressure increases and decreases
synchronously with the cell voltage change, including the
fluctuated voltage profiles, which are mirrored in the stack
pressure curves. This strong correlation is consistent across
other failed anode-free full cells (Figure S11). Based on the
analysis of voltage and stack pressure changes, we propose that
soft shorting is attributed to both the formation of Li dendrites
and the deformation of plated bulk Li. We use the ninth cycle
as an example to illustrate this mechanism, as shown in Figure
S.

In the initial charge period, Li can be plated onto the Cu
surface without dendrite formation, leading to a normal
increase in both the cell voltage and stack pressure (Figure
5(a)). This process is termed Stage I, as shown in Figure S(b).
However, in Stage II (Figure S(c)), the cell voltage increases
but at a reduced rate, and the pressure also exhibits a
synchronized trend with voltage. Stage II is featured by the
formation and penetration of Li dendrites through SEs. As Li
dendrites reach the NCA, charge transport in the cell shifts
from ionic transport by the SE to electronic transport through
the metallic Li dendrites, preventing further Li deposition.
During the early appearance of Li dendrites, their content is
limited. Li dendrites chemically reduce the charged NCA,
lowering the cathode potential.*’ Once the dendrites are
chemically reacted, the cathode potential increases again due
to electrochemical charging (or oxidation) of NCA by the
applied current, and SE also regains its function to transport
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lithium ions until the next dendrite-NCA contact, thereby
resuming Li plating and the corresponding stack pressure
increase. Stage II is dominated by the electrochemical
oxidization of NCA. As a result, the full cell still exhibits
voltage and stack pressure increases but at a reduced rate.

Stage III (Figure S(d)) is marked by a phenomenon that
both voltage and stack pressure decrease simultaneously. This
voltage decrease is dominated by the chemical reduction of
NCA as Li dendrites exist. Therefore, no Li metal is
electrochemically plated on Cu during Stage III because of
the facilitated electron transport through Li dendrites. The
decreased stack pressure means a reduction in the thickness of
plated Li metal, which suggests that the plated bulk Li can
deform and infiltrate into SEs, probably by utilizing pathways
such as pores, cracks, and Li dendrites. This hypothesis is
supported by full cells with higher stack pressures but soft-
shorted in the first charge, as shown in Figure S12. Moreover,
the deformation and infiltration of bulk Li can sustain Li
dendrites without the necessity for electrochemical plating
during Stage III. However, not all the plated Li infiltrates the
SE because the pressure change does not drop to 0 MPa. The
entire process may be accelerated by the melting of Li
dendrites, as internal short-circuiting is known for Joule heat
generation.4 LA

When Li dendrites cannot be sustained by the mechanical
deformation and infiltration of bulk Li, the cell voltage and
stack pressure start to rise again in Stage IV (Figure 5(e)).
Stage IV shares intrinsic similarities with Stage II, indicating
that electrochemical oxidation of NCA dominates the full cell
during Stage IV. Stage V represents the discharge process of
the full cell during which both voltage and stack pressure
decrease normally without dendrite formation.

This proposed mechanism, which combines chemical
reduction and electrochemical oxidation of NCA with
macroscopic Li deformation, is supported by the increased
full-cell resistance due to the severe chemical reactions
between NCA and Li dendrites after the ninth discharge
(Figure S13). As shown in Figure S14, galvanotactic electro-
chemical impedance spectra (GEIS) were also used to study
the soft-shorting mechanism. However, no apparent change in
the impedance spectra was observed during soft shorting,
indicating the limitation of using GEIS to study soft shoring in
SSBs. This limitation is probably due to the small amount of
dendrite formation and the rapid reaction between Li dendrites
and LPSCI SE, highlighting the importance of developing more
advanced, in situ characterization techniques with a higher
detection limit for low-content Li.**

Figures 4 and S provide valuable insights into the impacts of
Li dendrite formation and Li metal deformation on voltage and
stack pressure changes in solid-state anode-free batteries. We
believe that this soft-shorting mechanism can be broadly
extended to other solid-state Li metal batteries. However,
although incorporating an LBHI interlayer can ensure highly
stable interfaces, it should be noted that (electro)chemical
stability is not the only consideration for high-performance
anode-free batteries. In Supporting Information, we have
discussed the limitations of LBHI despite its excellent
stabilities with Li metal. Figure S15 compares the nucleation
overpotentials of SEs under different conditions. Figures S16
and S17 show the morphologies of in situ-plated Li from
optical, SEM, and neutron images. Residual Li can be observed
after Li stripping, suggesting that incomplete stripping is one
important reason for less than 100% ICE. We suggest that
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combining LBHI interlayers with other interlayers, such as
Ag—C" and Li,Te,”" could be favorable in guiding dense and
homogeneous Li deposition. However, additional challenges
may arise in the complicated manufacturing of multi-interlayer
SSBs. The remarkable stability of LBHI with Li implies its
potential use as an ideal ionic conductor for three-dimensional
anodes.’*® Additional implications include the development
of predictive diagnostic tools for monitoring the safety of SSBs,
as the pressure evolution can offer important information
about battery failure. It should also be noted that, due to the
fabrication method by spraying powers, the LBHI interlayer in
the present work is quite thick. Further study will be needed to
reduce its thickness to <10 ym for its practical application. The
excellent stability of hydrides in some solvents such as
tetrahydrofuran®’ and the low melting point of LBHI"
provide opportunities to develop liquid-based approach to
apply a thinner interlayer.

In summary, we reported the utilization of LBHI as an
interlayer in anode-free batteries. This hydride-based interlayer
has demonstrated excellent chemical and electrochemical
stabilities with in situ plated Li. A significant improvement in
ICE can be observed in anode-free half cells with the LBHI
interlayer. The superior interfacial stability between LBHI and
Li also enabled anode-free full cells with improvements in both
CEs and specific capacities. By monitoring the stack pressure
evolution, we observed a direct correlation between the voltage
and pressure change during soft shorting. A mechanism was
proposed to explain this soft-shorting behavior based on Li
dendrite formation and the plastic deformation of plated Li.
These findings highlight the importance of managing
mechanical deformation to suppress Li dendrites and provide
crucial insights into understanding the soft-shorting mecha-
nism for the future development of solid-state Li metal
batteries.
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