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ABSTRACT: All-solid-state lithium batteries often suffer from dendrite- Discharged state Charged state
driven shorting. Here, a lithium-free 3D anode design is reported to help
address this challenge. Upon controlling the graphite anode and lithium
metal oxide cathode capacity ratio, lithium metal deposition is intention-
ally induced in the pores formed by the 3D framework of the graphite and
lithium thiophosphate-based solid electrolyte. By facilitating lithium
deposition away from the interface between the anode composite and the
solid-state electrolyte layer, this designed electrode can significantly
mitigate the short-circuit problem in the battery. The 3D anode design
demonstrates a 3-fold increase in critical current density over a planar
lithium metal electrode when evaluated in a symmetric cell. Moreover, the (@) Graphite L VGCF Lithium metal
lithium-free all-solid-state battery with a 3D anode and a Li- LisPS, NCA . Lithiated graphite
Nig §5C0g.10Alg 050, (NCA) cathode also exhibits highly improved cycle

life and Coulombic efficiency compared to the baseline cells. This

electrode design provides a promising approach toward a high energy density, long life, and low-cost technology.

ll-solid-state batteries (ASSBs) have emerged as ways.”** An early example is the use of a porous garnet
Apromising next-generation batteries because of their SSE as a 3D ionic framework for Li metal deposition.14’40 The

potential to provide high energy density and enhanced large contact area between Li metal and this garnet SSE
safety.' ™ Utilization of Li metal as the anode in ASSBs is the reduced the local current density at the interface, producing a
ideal choice. However, challenges remain with regard to the small overpotential and homogeneous Li metal deposition.
stability of the Li metal anode, such as dendrite formation and The electronic pathway relies on lithium metal itself because
large volume changes during cycling, which result in the SSE network has no electronic conductivity. Various types
mechanical degradation at the interface between the anode of nickel foam and carbon matrices have also been examined as
and solid-state electrolyte (SSE)."’”' This degradation not Li metal anode hosts, which improved the interfacial stability

only contributes to a significant reduction of cell life but also 410,15,16,22,23,28
leads to potential cell internal short circuits.'” ' Strategies
have been developed to analyze and resolve the interface issues
caused by Li metal anode, such as adding a self-healing
component into the SSE, softening the SSE with polymers,

engineering of interlayers, and r"‘tlona{oﬁ‘l’,ﬁ‘g‘il_gf Li metal interface where the formation of dendrites is still detrimen-

deposition based on the(.)r-etical studies.A tal 10124044 [ pono o that an ideal host design should be a
One particularly promising approach is to apply a 3D anode

network, which hosts the deposited lithium metal. Such hosts
serve to mitigate dendrite growth toward the SSE, minimize Received: March 25, 2021
volume change during cycling, and maintain the integrity of the Accepted: April 15, 2021
anode/electrolyte interface.”®'#*****~** However, unlike

liquid cells where electrolytes can flow into the 3D network

and conduct ions, it is difficult to extend these anode networks

into ASSBs while maintaining ionically conducting path-

by maintaining anode structure during cycling.
However, these hosts, while electronically conducting, have
been limited because of negligible ionic conductivities. As a
result, Li metal plating and stripping, which require ion
transport, need to be initiated at the electrolyte/3D-host
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Figure 1. Lithium metal plating and stripping in all-solid-state lithium metal batteries. (a) Schematic of an all-solid-state battery with lithium
metal as anode. (b) Schematic of an all-solid-state battery with hybrid 3D anode. Unlike the planar lithium metal, the 3D anode design
encourages lithium deposition in the porous host and away from the electrolyte interface. (c) Voltage profiles of Li deposition in Li-3D
anode cell and Li—Cu cell. (d) Critical current density test of a Li/LPS/Li cell. (e) Critical current density test of a Li/3D/LPS/3D/Li

symmetric cell.

mixed jonic and electronic conducting 3D anode network that
is lithiophilic and is mechanically processable at room
temperature. This design will effectively shift Li deposition
away from the interface, thus extending the cell cycle life.”"
Graphite, which is cheap and abundant, has demonstrated
long cyclability with little volume change in all-solid-state Li-
ion batteries.””**~*® After lithiation, the product LiCg is
thermodynamically stable with Li metal and has both
electronic and ionic conductivity. Moreover, LiCq is shown
to be lithiophilic and can facilitate Li metal deposition.***”**
These properties suggest graphite can fit the aforementioned
design requirements as a material for 3D anode networks in
ASSBs. In the meantime, lithium thiophosphate (LPS) has a
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high ionic conductivity (2.01 X 107 S cm™' at room
temperature) and low Young’s (~20 GPa) and shear (~7
GPa) elastic moduli. These properties allow LPS to be
densified at low temperature by mechanical compression, a
distinct advantage over oxide-based electrolytes.”*”*" There-
fore, an LPS/graphite composite is a good candidate to
demonstrate the proof of concept of improving Li deposition,
although the chemical stability between Li and LPS remains an
active topic of research.”' >

Considering these principles, we report a 3D mixed
conductive anode network composed of lithiated graphite
and LPS SSE, which is low-cost and facile to fabricate. After
uniformly distributing extra Li metal into the voids during cell
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Figure 2. Lithium metal deposition distribution in 3D anode. (a) SEM image and (b) EDX mappings of cross section of Li-3D anode cell
after lithiation to 0 V. (c) SEM image and (d) EDX mappings of cross-section of Li-3D anode cell after lithiation and an additional 1 mA
cm? lithium deposition. The thin slices between the dashed white lines in panel c illustrate lithium metal deposition, which corresponds to

intense oxygen signals but no carbon signals.

operation, a 3D graphite—lithium hybrid anode was realized.
Moreover, we employed this 3D anode into a conventional
solid-state battery by gradually reducing the amount of
graphite anode to intentionally induce lithium metal
deposition, thus achieving a “lithium-free” design. Such an
approach enables an assessment of lithium cycling efficiency
because of the limited amount of active lithium. In addition,
this approach is compatible with a manufacturing process
identical to that of solid-state lithium-ion batteries, enabling a
gradual transition to solid-state lithium metal batteries.

The design of a solid-state battery with a 3D lithium—
graphite hybrid anode is schematically shown in Figure I.
When Li metal foil is used as the anode, because of its volume
change during cycling, the interface between the anode and the
SSE layer shifts in the cell. Moreover, the uneven Li metal
deposition results in dendrites which can penetrate into the
SSE layer, causing the short circuits (Figure 1a). In contrast, a
3D mixed conducting anode network composed of graphite
and LPS SSE is shown in Figure 1b. During charge, after fully
lithiating the graphite, the lithium metal plates into the voids
inside the 3D network, which is both electronically and
ionically conducting. By shifting lithium metal deposition away
from the interface between the anode composite and the SSE
layer, the interface maintains its integrity. The high surface area
of the graphite anode reduces effective current density and
mitigates lithium dendrite formation.
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We examined the advantage of the 3D graphite/LPS host in
preventing cell short circuit in terms of lithium deposition
capacity and cycling current. We have found that without LPS
in the anode, graphite in itself does not have sufficient ion
conductivity to facilitate 3D lithium deposition (see Discussion
One and Figure S1 in the Supporting Information). Figure lc
compares the voltage profiles of the Li/LPS/3D anode cell and
a baseline Li—Cu cell when lithium was continuously
deposited until the cells experienced short circuit. The Li—
Cu cell hard shorted after only ~2.2 mAh cm™ of lithium was
deposited. In contrast, the 3D anode cell did not short after 3
mAh cm™2. We estimated the porosity of the 3D anode to be
~41% based on graphite mass (1.7 mg cm™2) and electrode
thickness (30 ym) observed by SEM in Figure S2a, and the
complete filling of the pores corresponds to ~3 mAh cm™
capacity. This capacity is equivalent to around 900 mAh g~" of
anode composite, a practically relevant value because previous
models have shown the effect of further raising the anode
specific capacity on cell energy density is minimal.'®*>*® A
detailed calculation on maximum lithium storage capacity is
provided in the Supporting Information (Discussion Two).
The inflection point at ~0.5 mAh cm™ on the discharge
voltage profile of the 3D anode cell implies the end of graphite
lithiation and the start of lithium metal plating.

Critical current density, defined as the maximum current
density when cell shorting occurs, was then measured to
examine the effect of the 3D host. As shown in Figure 1d, for a
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Figure 3. Electrochemical performance of the Li—Cu cells and Li-3D anode cells. (a) Coulombic efficiency of Li—Cu cell with 0.25, 0.5, and
0.75 mAh cm? lithium cycling capacity. (b) Voltage profiles and (c) cycling performance of Li-3D anode cell with 0.75, 1, and 1.25 mAh

cm™? cycling capacity.

Li/LPS/Li symmetric cell, the short circuit occurred at 0.4 mA
cm™ Each step is 30 min, and the increment of current
density at each step is 0.1 mA cm™2, comparable to previously
reported testing parameters.””>® To test the effectiveness of
the 3D anode, a Li/3D/LPS/3D/Li cell was fabricated. As
shown in Figure le, before the critical current density test, 3
mAh cm™ lithium metal capacity was first stripped from the
left lithium chip and deposited into the 3D graphite region on
the right through LPS SSE, followed by 1.5 mAh cm ™2 lithium
metal capacity being stripped back to the left 3D graphite
electrode to fabricate a symmetric 3D hybrid graphite/lithium
anode cell. When subjected to ramped-rate cycling, the critical
current density of the symmetric 3D anode cell was 1.4 mA
cm ™2, where the cell showed signs of a soft short (Figure le).
These results represent a significant improvement from
previously reported data as summarized in Table S1 and
provide further evidence of the benefit of the 3D anode to
enhance battery stability.

Scanning electron microscopy (SEM) was then applied to
examine the lithium deposition morphology. As shown in
Figure S3, after 1 mAh cm™ lithium metal deposition on
planar Cu, a lithium metal film was clearly observed between
the SSE and Cu. Moreover, spike-shaped lithium penetrating
into the LPS SSE was observed. After the top LPS SSE layer is
removed (Figure S3), the deposited lithium metal islands with
various thickness are nonuniformly distributed on the surface
of Cu, while some areas show a bare Cu surface. In
comparison, we applied focused ion beam (FIB)-SEM to
examine the lithium deposition in a 3D anode. First, the cross
section of a fully lithiated graphite electrode without further
lithium metal deposition is shown in Figure 2a. The relatively
dark regions reflect a higher electronic conductivity, which are
attributed to either lithiated graphite or lithium metal, and the
relatively lighter regions represent the LPS solid electrolyte,
consistent with the energy-dispersive X-ray spectroscopy
(EDX) mappings as shown in Figure 2b. There is no lithium
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metal observed in this electrode. Figure 2¢,d shows the results
for the overlithiated 3D anode. The area with C signals in the
EDX mapping is smaller than the dark region in the SEM
images. The rest of the dark region corresponds to strong O
signals, which is attributed to lithium metal. Consequently, we
conclude that lithium metal is deposited as a thin layer on the
surface of the lithiated graphite particles. Further evidence for
the 3D distribution of lithium metal, including its presence
near the current collector, is provided in the Supporting
Information (Discussion Three and Figure S2).

To further understand the mechanism of lithiated graphite
for facilitating 3D lithium metal deposition, we also
investigated alternative materials as the anode host. As
shown in Figure S4, an LTO-based 3D anode host was
fabricated and tested with the same cell configuration. LTO
was chosen because it is known to be stable at 0 V.** After
overlithiation, lithium metal particles were observed at the 3D
anode/electrolyte interface, but no lithium metal was found
inside the 3D LTO host. A plausible explanation is that
lithiated graphite is much more lithiophilic than LTO, a quality
that is essential for the success of the 3D concept.

We next examine the 3D anode effects by comparing the
cycle life and Coulombic efficiency (CE) of Li—Cu and Li-3D
anode cells. As shown in Figure 3a, at a plating capacity of 0.25
mAh ¢cm™?, the Li—Cu cell lasted only 22 cycles with an
average CE of ~91%. This CE is comparable to previously
reported values and reflects the side reactions between LPS
SSE and Li metal>°%*7>%¢ At the 22nd cycle, there is a clear
hard short during lithium deposition, as evident in the sudden
drop of cell voltage to 0 V as shown in Figure S5a. Increasing
lithium deposition capacity to 0.5 and 0.75 mAh cm™ results
in hard shorts in 16 cycles and 8 cycles, respectively. However,
with the introduction of 3D anodes, the cell life was
significantly extended in the same tests. As shown in the
voltage profiles in Figure 3b, the graphite anodes were first
fully lithiated and delithiated to confirm the graphite capacity.
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Figure 4. Electrochemical performance of NCA-3D anode cells. (a) Cycling performance and (b) voltage profiles of the NCA-3D anode cell
and 2:5.

with graphite/NCA cathode capacity (G/N) ratio of 4:3, 2:3, 2:4,

During the second cycle, the electrode is then lithiated with a
capacity beyond the storage capacity of graphite in the form of
lithium metal. To facilitate comparison with the reference Li—
Cu cells, the lithium metal capacity was chosen to be 0.25, 0.5,
and 0.75 mAh cm ™. Because the graphite anode has a capacity
of 0.5 mAh cm™, the capacity ratios, Coraphite: Clithiums for the
three electrodes are 2:1, 2:2, and 2:3, which also translate to
the corresponding anode specific capacities normalized to the
weight of graphite as 382, 479, and 864 mAh g~', respectively.
The Li-3D cell with 0.75S mAh/cm? total cycling capacity in
Figure 3b has 0.5 mAh cm™ attributed to lithium storage in
graphite while 0.25 mAh cm™ is lithium metal. As shown in
Figure 3c, this cell cycled for more than 60 cycles without
shorting, in contrast to the 22 cycles for the Li—Cu cell with
the same 0.25 mAh cm™ lithium metal capacity. Moreover, the
average CE also increased to >94%. Likewise, 3D anodes with
lithium metal capacities of 0.5 and 0.7S mAh cm™ were cycled
for more than 40 cycles without shorting, a vast improvement
over their Li—Cu baseline counterparts. Although post-mortem
analysis shows that the stability between LPS and Li needs
further improvement (see Discussion Four and Figures S6 and
S7 in the Supporting Information), the highly improved
cycling performance clearly demonstrates the positive effects of
hybrid anode on electrochemical cycling stability.
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The 3D anode was then employed to construct all-solid-state
full cells with a LiNbO;-coated LiNijg5C0g10Aly 00, (NCA)
cathode.”' ™ Previous reports have shown that the LiNbO,
coating can greatly improve the compatibility between NCA
and the LPS electrolyte. As shown in the SEM and EDX
analysis of coated NCA material in Figure S9, the uniform
distribution of Nb indicates the complete coating of LINbO;.
The capacity and cycling stability of NCA is comparable to
previously reported values (Figure $10).>>>7%*7¢

The performance of “lithium-free” NCA-Cu cells with
different areal capacities is shown in Figure S11. Figure S1la
shows the capacity retention and voltage profile evolution of a
cell with a capacity of 0.25 mAh cm™> Because of the
irreversible capacity of NCA during the first cycle, there was
excess lithium stored at the anode at the end of cell discharge.
Consequently, the cell operates as the one with excess active
lithium when cell degradation is mainly due to gradual cathode
capacity loss. After about 6 cycles, the degradation of the CE
and cycling capacity accelerated, implying the excess lithium
was consumed because of the instability of deposited Li metal
with the electrolyte. Starting with the seventh cycle, the cell
capacity retention reflects the consumption of active lithium.
The cell ran out of lithium in ~40 cycles, with a calculated
efficiency of 94.8% per cycle. Similar performance trends were
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observed for NCA cathodes with capacities of 0.5 and 0.75
mAh cm™ as shown in Figures S11b and S10c. Both cells
suffered more rapid capacity loss with efficiencies of 94.7% and
92.2%, respectively. The poor cycling performance indicates
that the consumption of active lithium at the anode/electrolyte
is substantial.

In contrast, the 3D-NCA cells delivered much improved
performance (Figure 4). At a graphite/NCA cathode capacity
(G/N) ratio of 4/3, the graphite-NCA full cell is a lithium-ion
battery involving no lithium metal deposition and shows a
comparable cycling stability to the Li-NCA cell, indicating that
the graphite/LPS interface is quite stable. The excess lithium
provided by the NCA cathode during the first charging process
was apparently sufficient to compensate for any parasitic loss
on the anode. Such stability is likely attributed to the limited
volume change of the graphite anode. As the G/N ratio
decreases below 1, lithium metal starts to deposit on the
surface of graphite, resulting in a hybrid anode battery. As
shown in Table S2, the cell energy density increases about two
times as the G/N ratio decreases from 2 to 0.4, implying the
significant improvement in energy density by depositing
lithium metal into the 3D host. At a G/N ratio of 2:3, 0.5
mAh cm ™ capacity was expected to be stored in graphite and
0.25 mAh cm™ was as lithium metal, which corresponds to
~390 mAh g~ effective graphite specific capacity. This
capacity ratio can be confirmed by analyzing the cell discharge
profile. When anode metallic lithium is exhausted and lithium
is deintercalated from the graphite, the anode potential will
increase, which results in an inflection point on the discharge
profile, as the marked region in the voltage profiles. (Thus, the
average voltage of a 3D-NCA cell is slightly lower than a Li-
NCA cell.) This 3D-NCA cell retained 38% of its capacity after
more than 80 cycles with a 98.8% average CE. This
performance is a vast improvement over the case of Cu-
NCA shown in Figure S4a, which lost all its capacity within 40
cycles. Increasing the total areal capacity to 1 mAh cm™
corresponds to a G/N ratio of 2:4 and ~520 mAh g~' graphite
specific capacity. The cell capacity retention is 36% after 70
cycles with a 98.5% average CE. Further increasing the areal
capacity to 1.25 mAh cm™ increases the G/N ratio to 2/5 and
the effective graphite specific capacity to ~650 mAh g~'. This
cell retained 27% of its capacity after 5SS cycles with a 97.5%
average CE.

The employment of a 3D anode thus greatly improved both
cell life and CE. It is worth noting that the observed higher CE
values are not simply due to the reduced lithium metal amount
in a hybrid 3D anode. We calculated the respective CE for the
graphite portion and lithium metal portion in the 3D anode for
the 3D-NCA cell shown in Figure 4 (see Discussion Five in the
Supporting Information). A CE value of 97.87% for lithium
metal was obtained, a significant improvement over the value
of 94.8% observed for a planar Li metal electrode (Figure S11).
This improvement in efficiency, despite the large contact area
between Li and LPS in the 3D structure and chemical
compatibility issues, demonstrates the benefit of the 3D design,
i.e., the reduced effective current density and lack of dendrite
formation. As shown by the EIS analysis in Figure S12,
improvements in the compatibility between Li and LPS are still
needed to realize longer cycle life. Overall, the 3D anode shows
much improved cycle life with high CE in a “lithium-free” cell
configuration in comparison to a planar copper electrode.

In summary, we have shown that overlithiated graphite can
serve as a convenient 3D host for lithium metal plating in a

solid-state battery, thus moving most of the deposited lithium
away from the interface between anode and SSE. This design
significantly improves the critical current density and cycle life
in half cells. Moreover, this design enables the fabrication of
“lithium-free” solid-state 3D-NCA cells. Upon simply adjusting
the graphite-to-NCA mass ratio, lithium metal is plated in the
porous framework formed by the 3D lithiated graphite and
LPS electrolyte. These cells show much improved cycle life and
CE as compared to the copper-based baseline cells. This work
clearly illustrates the benefits of depositing Li metal in a 3D
mixed conductive network. With further improvement in
electrolyte stability and microstructure design, the 3D anode
approach provides a convenient, promising pathway toward
high energy density, long life, and low-cost all-solid-state
batteries.
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