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ABSTRACT: All-solid-state lithium−metal batteries are prone to shorting
due to lithium penetration through the electrolyte layer. Li experiences a
creep during compression, inducing stress in the electrolyte layer. Uneven
plating and stripping of Li further exaggerate the heterogeneity of the
stress distribution. To overcome this challenge, we designed a nanoporous
nickel (NP-Ni) current collector. Its textured surface resists Li metal
lateral creep, while its compliant nature reduces stress concentration from
uneven Li deposition. These mechanisms prevent additional defects in the
solid electrolyte layer, mitigating Li penetration during the processes of
fabrication and cycling. Experimental observation and finite element
modeling validate NP-Ni’s ability to homogenize stress distribution.
Compared to Ni foil, NP-Ni effectively enhances the critical current
density (1.7 vs 0.4 mA/cm2) and extends cycle life (>360 vs 12 h) for Li/Li
symmetric cells. The ability of NP-Ni to homogenize the interfacial stress provides a chemistry-agnostic approach to
improving the cycle life of solid-state Li batteries.

All-solid-state lithium metal batteries (ASSLMBs) are
being widely investigated due to their possible
integration in applications such as electric vehicles,

portable devices, and grid storage.1,2 In comparison to their
traditional lithium-ion counterparts, the combination of
thermally stable solid-state electrolyte (SSE) and Li metal
anode promises a safer system with higher energy density.3,4

Research efforts in recent years have brought significant
progress, including SSEs that exhibit high ionic conductiv-
ities,5,6 as well as electrode development and device integration
that have yielded promising performances in terms of energy
density and cycle life. For example, an “anode free” battery
based on the Li6PS5Cl (LPSC) electrolyte demonstrated an
energy density surpassing 900 Wh L−1, along with a remarkable
longevity of over 1000 cycles.7 The battery employed a Ag−C
interlayer, which was crucial in regulating Li deposition.
Despite promising progress, substantial challenges persist in

the field of ASSLMBs.8 Both chemical and mechanical
instabilities are well documented. In order to maintain intimate
contact between different solid component materials and
layers,9 solid state batteries are fabricated under extreme
pressures (>350 MPa)10 and are usually operated under
significant pressure as well (>30 MPa), although progress has
been made to lower them.11,12 High operating pressures are

required to mitigate the effects of the volumetric change of
electrodes during cycling. Poor interfacial stability between Li
metal and the electrolyte is also well-known. Li metal exhibits
irreversible chemical and electrochemical reactions13−16 and
the concomitant impedance rise, capacity loss, and even
shorting events,17 especially when operating under high
current densities.
Shorting of solid-state batteries has been a persistent

challenge under a variety of pressurization conditions.17,18

Many studies have identified uncontrollable Li dendrite growth
as the primary cause for cell failure.19,20 When utilizing
inorganic SSEs, nonuniform Li growth generates local stress,
leading to spallation and cracks in the SSE layer, subsequently
allowing Li penetration and causing cell shorting.21−23 The
formation and propagation of Li dendrites can be attributed to
various factors, including the discontinuous interfacial contact
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between Li and SSE, the presence of a grain boundary within
the SSE and the electronic conductivity of SSE that assists in
inducing dendrites. From a contact perspective, the dis-
continuous interface between Li and SSE results in significant
interfacial resistance and irregular distribution of Li ion flux.24

Additionally, higher local ionic resistivity and lower shear
modulus of the grain boundary, compared to the bulk, promote
the Li dendrite formation.25−27 Moreover, SSEs that possess
relatively high electronic conductivities enable lithium ions to
combine with electrons, forming dendrites inside pores of the
SSE.28 Therefore, mechanical failure induced by dendrites
within the electrolyte layer consistently begins with the onset
of inhomogeneity. Once a crack emerges due to local stress,
lithium will ingress into the crack and traverse through the SSE
layer, resulting in internal shorting.22

Various solutions have been proposed to address these
failure mechanisms. From the perspective of SSEs, single
crystalline or grain-boundary-free structures aim to fundamen-
tally eliminate the effects of defects inherent in polycrystalline
materials.29 Additionally, focusing on the interface, a silver
(Ag)/lithium fluoride (LiF) bilayer structure has been
introduced. In this setup, the Ag layer serves as a lithophilic
interlayer that facilitates physical contact through alloying with
lithium metal, while the LiF layer acts as an electrophobic
interlayer, preventing electrical leakage due to non-negligible
electronic conductivities and effectively suppressing dendrite
growth.30 Similar functionality has also been observed with a
poly(acrylic acid) (LiPPA) interlayer.31 Alternative anode
designs have also been explored to replace traditional Li metal.
For instance, a Li/graphite paste has been developed due to its
low viscosity and enhanced wettability with garnet-type SSE.32

Moreover, 3D porous anode structures, such as nickel foam,
have been introduced to accommodate local volume changes
during the plating and stripping cycles. These structures have

been found to help in suppressing Li dendrite growth during
electrochemical cycling.33−35

To further study the shorting behavior of ASSLMBs, it is
important to deconvolute the effect of mechanical compression
and electrochemical cycling. As specified, maintaining a solid−
solid contact requires immense fabrication pressures and high
operating pressures. Bulk Li metal exhibits low yield strength,
ranging from 0.4−1.2 MPa,36,37 and therefore is bound to
experience creep deformation which is expected to transmit
mechanical stress to the surrounding SSE layer. This results in
a nonuniform contact and even cracking of the SSE, which
even happens before electrochemical cycling takes place. Due
to the poor compatibility between Li and the electrolyte layer,
subsequent deposition and stripping of Li are often
inhomogeneous. This leads to a further increase in uneven
stress distribution and formation of voids and cracks. As a
consequence, addressing both the pure mechanically driven
and electrochemically driven shorting events is essential to the
realization of a stable ASSLMB.
Herein, we introduce a free-standing nanoporous nickel

(NP-Ni) current collector designed for the Li metal anode,
showcasing a stress-minimization effect at the interface of Li
and the LPSC. This stress minimization is achieved through
the frictional force between Li and NP-Ni, coupled with the
elastic compliance capability of NP-Ni. The NP-Ni current
collector has enabled an average critical current density (CCD)
of 1.7 mA/cm2 and exhibited over 360 h of cycling life in Li/Li
symmetric cells, a significant improvement over a metal foil
control. Furthermore, ASSLMB with a LiNi0.85Co0.1Al0.05O2
(NCA) cathode and NP-Ni anode current collector demon-
strated over 150 cycles of stable cycling, retaining 83% of its
original capacity. Our approach offers a promising strategy to
mechanically stabilize the interface between Li metal and
LPSC, thereby achieving a stable ASSLMB.

Figure 1. Schematic illustrations of (a) surface crack formation due to the stress generated by Li metal lateral creep deformation during
stacking. (b) Li dendrite formation due to the nonuniform interface during electrochemical cycling. (c) Textured surface of the NP-Ni
current collector minimizes normal stress in horizontal direction on solid electrolyte surface.( d) Low mechanical modulus of the NP-Ni
current collector minimizes normal stress in the vertical direction on a solid electrolyte surface.
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■ DESIGN AND FABRICATION OF THE
NANOPOROUS NICKEL CURRENT COLLECTOR

The porous nickel current collector is designed to have the
ability to minimize the stress on the surface of the LPSC
during both mechanical compression and electrochemical
cycling. Due to the significant stack pressure applied, inevitable
lateral creeping of Li leads to the formation of large defects on
the LPSC surface which promotes Li penetration (Figure 1a).
Subsequent nonuniform Li growth during electrochemical
cycling exacerbates dendrite formation and causes short circuit
(Figure 1b). When the porous Ni current collector is applied,
the frictional force provided by its textured surface resists Li
metal lateral creep and minimizes the tensile stress in the
horizontal direction (Sxx) during the cell fabrication process
(Figure 1c). The vertical local stress (Syy) arising during Li
stripping and plating can also be homogenized due to the high
compliance of the porous Ni current collector underneath
(Figure 1d). Stress minimization helps to prevent the LPSC
from fracturing and being penetrated by Li.

To achieve the aforementioned functions of the current
collector, finite element analysis (FEM) was utilized to
uncover the specific properties of porous Ni. Preventing the
entrapment of Li metal in the pores of the current collector
during mechanical compression is essential. This issue can
impede further utilization of the filled Li and compromise the
stress-adapting function of the current collector. Thus,
investigations were conducted on Li behavior on porous Ni
with various sizes of pores under mechanical compression
(Figure S1). A circular hole was assumed on the surface of the
Ni layer with three different radii (50 μm, 20 μm, 10 μm). The
Li layer was placed between the LPSC and the Ni layer,
replicating the actual cell configuration. Based on FEM
simulation results, with 8 MPa uniaxial compression, it was
observed that pores with a 10 μm radius had the least Li
entrapment (Figure S1a). In the case of 20-μm radius pores,
however, Li was observed to cave into the pores, leading to
relatively nonuniform normal stress along the vertical direction
(Figure S1b). Full filling was observed in the 50 μm case,

Figure 2. (a, b) Schematic configurations of Li/Li symmetric cells with/without NP-Ni, where the perfect interface was generated using NP-
Ni after compression. (c, d) Cross-section SEM images of the Li/LPSC electrolyte interface after 30 MPa compression with/without the NP-
Ni current collector, respectively. (e) Calculated capacitance of two symmetric cells along with the time under 30 MPa compression. (f)
Evolution of interfacial resistance between Li and LPSC extracted from EIS.
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causing an even higher stress inhomogeneity in the electrolyte
layer (Figure S1c). Consequently, Ni with smaller pores
demonstrates a more favorable function during mechanical
compression. To accommodate the actual stacking pressure of
30 MPa, Ni with pores and ligaments hundreds of nanometer
in size was selected, which is termed nanoporous nickel (NP-
Ni).
The described physical properties of the NP-Ni are realized

via the use of nanoporous Ni powder as the precursor, which
is, in turn, synthesized by hydrogen reduction of Ni salts. By
using different precursors and a controlled annealing process to
the intermediate, NP-Ni with ligaments and pores on the order
of hundreds of nanometers can be synthesized (Figure
S2a).38,39 Detailed synthesis information is provided in the
experimental section in the Supporting Information. Powder
X-ray diffraction (XRD) (Figure S2b) confirmed a pure Ni
phase, which indicates the reduction reaction was complete. An
∼200 μm thick, free-standing NP-Ni current collector is
fabricated via cold pressing of the nanoporous powder. Figure
S2c, d indicates that mechanical compression does not affect

the morphology of NP-Ni. A 100 μm thick Li foil was then
pressed onto the NP-Ni current collector at a pressure of 30
MPa. No Li metal was observed inside the submicrometer
pores of the NP-Ni current collector (Figure S3), which
confirmed the FEM modeling results.

■ EFFECT OF NP-NI ON LI CREEP UNDER UNIAXIAL
COMPRESSION

To investigate the benefits of using an NP-Ni current collector,
a Li/Li symmetric cell was assembled. The cell contains an
LPSC pellet that is ∼800 μm thick and ∼1.3 cm2 in size
sandwiched by two pieces of Li metal that are 100 μm thick
and ∼0.7 cm2 in size. An NP-Ni current collector of ∼1.3 cm2

in size is attached to the Li on each side. The cell is denoted as
NP-Ni/Li/LPSC/Li/NP-Ni. A Ni/Li/LPSC/Li/Ni cell with
bulk Ni foil was also assembled as a control (Figure 2a, ).
Cold-pressed LPSC pellets generally exhibit defects and

pores on the surface (Figure S4).40 During cell assembly,
lithium metal is compressed along with the LPSC pellet at a

Figure 3. (a, b) Cross-section SEM images of Li/LPSC electrolyte interface after cycling at 0.5 mA/cm2 with/without NP-Ni, respectively;
(c) evolution of Interfacial resistance between Li and LPSC in NP-Ni/Li/LPSC/Li/NP-Ni and Li/LPSC/Li cells during cycling. (d) Critical
current density comparison; (e) long-term cycling performance comparison under a 0.5 mA/cm2 current density and 0.5 mAh capacity.
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pressure of 30 MPa. Noticeable Li penetration into the pores
of the LPSC layer is observed in the cross-sectional images of
cells with the Ni foil current collector, using the backscattering
mode of a scanning electron microscope (SEM) (Figure 2c).
The presence of the NP-Ni current collector, in contrast, helps
maintain a uniform and intimate interface between the Li metal
and the LPSC (Figure 2d). Interfacial images from multiple
regions are provided in Figure S5 and in the Supporting
Information. This lack of Li penetration is mainly attributed to
the frictional force applied on the Li that limits the lateral creep
and the tensile force applied to the LPSC by the laterally
expanding Li. When the pressure reaches 30 MPa, the Li metal
thickness is noticeably decreased from ∼100 μm to ∼35 μm
with the Ni foil current collector. With the NP-Ni, however,
the change is reduced from ∼100 μm to ∼73 μm. Less
deformation results in less lateral stress that was applied to the
defects and pores on the LPSC surface. To better visualize the
dimensional change of Li, ∼0.44 cm2 round Li metal chips
were sandwiched between transparent plastic sheets and two
current collectors. After compressing at 30 MPa, Li metal
underwent an ∼56% area expansion (0.44 cm2 to 0.69 cm2)
with an ∼ 29% thickness reduction with the Ni foil current
collector (Figure S6a, b), while only an ∼19% area expansion
(0.44 cm2 to 0.52 cm2) along with an ∼6% thickness reduction
was observed with the NP-Ni current collector (Figure S6c, d).
The friction coefficient (μ) between Li metal and the current
collector surface was also measured by a plane sliding method
under constant speed.41 According to the following equation:

F
F

f

n
=

(1)

Where Ff is the measured friction force and Fn is the measured
normal force, the interface between NP-Ni and Li displays a
measured μ of 0.768, while the corresponding value for the Ni
foil current collector is 0.329 (Figure S7a). This difference in
the friction coefficient is consistent with our observation of the
Li creep behavior under compression. Hence, the rough
surface of the NP-Ni current collector shows a better capability
to resist lateral deformation, which is expected to reduce the
horizontal stress exerted by Li to the surface of the electrolyte
layer and minimize additional mechanical damage.
We next use electrochemical impedance spectroscopy (EIS)

to quantify the evolution of the Li/electrolyte interface upon
compression applied during the cell fabrication process (Figure
S8).42 The capacitance43 and interfacial resistance can be
extracted from the EIS data by fitting with the equivalent
circuit shown in Figure 2e and used as measures for the quality
and stability of the Li/LPSC interface. After 16 h of
compression under 30 MPa, the capacitance value started to
increase (Figure 2e) in the case of the Ni foil current collector,
which indicates an increase in the contact area between Li and
LPSC, likely due to Li penetration.44 At the same time, a
decrease of the interfacial resistance was also observed (Figure
2f), which also indicates Li metal penetration into the LPSC
layer.45 However, with the NP-Ni current collector, the
interfacial resistance and capacitance are relatively stable after
24 h (Figure 2e, f). The slight increase of the resistance (4.4 Ω
cm2 to 6.4 Ω cm2) is attributed to the interphases generated by
the spontaneous reaction between Li and LPSC.46

■ EFFECT OF NP-NI ON THE EVOLUTION OF THE
LI/LPSC INTERFACE DURING THE
ELECTROCHEMICAL PROCESS

The Li/Li symmetric cells with both current collectors are then
cycled at a current density of 0.5 mA/cm2 and capacity of 0.5
mAh/cm2. SEM images of the device cross sections are shown
in Figures 3a,b. After a few cycles, Li metal penetration into the
electrolyte layer is clearly observed with the Ni foil current
collector (Figure 3a). Li penetration during cell assembly
appears to have led to nonuniform Li+ flux, which promotes
uneven Li deposition and local stress accumulation, eventually
leading to further Li penetration and cell failure. In contrast,
the NP-Ni current collector serves as a compliant mechanical
buffer at the back side of Li metal which homogenizes the
interfacial stress and releases local stresses concentration
generated by uneven Li deposition.45 As a result, an intimate
dendrite-free interface can be obtained after 180 cycles (Figure
3b). EIS analysis was also applied to monitor the interface
evolution during the cycling of the two symmetric cells.
Resistance drop was observed for the Ni foil current collector
cell after the first cycle. The cell shorted soon after. In contrast,
the interfacial resistance is maintained at ∼6 Ω cm2 stably in
the cell using the NP-Ni current collector (Figure 3c). The
capacitance also remains stable after 20 cycles (Figure S9).
Both cross-sectional SEM images and EIS results demonstrate
that adding an NP-Ni current collector helps to maintain a
stable Li/LPSC interface. As a result, the NP-Ni/Li/LPSC/Li/
NP-Ni symmetric cell demonstrated an average critical current
density (CCD) of 1.7 mA/cm2 (Figure 3d), more than 4 times
higher than that of the Li/LPSC/Li cell with foil current
collectors (0.4 mA/cm2). CCD, defined as the current density
at which a short circuit occurs, is a commonly used metric to
characterize the cells’ resistance to shorting.47 Multiple tests
were conducted for both cells (Figure S10) in order to prevent
stochastic variability. Further, the use of the NP-Ni current
collector also enables the symmetric cell to cycle for over 360 h
at room temperature at a current density of 0.5 mA/cm2, while
the control cell only lasts for less than 10 h (Figure 3e).
The effect of stress homogenization during cycling was

further investigated using a one-way deposition method. Li was
electrochemically deposited to one side at 0.1 mA/cm2 in both
types of symmetric cells until cell failure (Figure S11a).
Analysis of the voltage curve revealed that the NP-Ni/Li/
LPSC/Li/NP-Ni cell was able to deposit approximately 8
mAh/cm2 of Li (∼40 μm) to the other side without displaying
any signs of interface failure. In contrast, the control cell
showed a stable movement of only about 3 mAh/cm2 of Li
(∼15 μm), as indicated by voltage fluctuations. This confirms
that the inclusion of NP-Ni contributes to improving the
quality of the interface during Li plating and stripping
processes.
Following the one-way electrodeposition, no Li metal was

observed inside the porous structure of NP-Ni (Figure S11b,
c). Additionally, after long-term cycling, no overlapping signals
from O (a surrogate for Li presence) and Ni through energy
dispersive spectroscopy (EDS) elemental mapping confirm
that Li metal did not cave into pores of NP-Ni (Figure S12).
Hence, it is established that lithium does not infiltrate the
pores in both the mechanical and electrochemical processes.
Accommodating local stress generated by lithium is not
achieved by the extra room provided by the pores of NP-Ni,
which aligns with the intended design.
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Figure 4. (a) RMS roughness difference of NP-Ni current collectors with various porosity. SEM images of the corresponding surface of NP-
Ni current collectors are shown inside. (b) The inverse relationship between the effective modulus of NP-Ni and the critical current density
of corresponding symmetric cells.

Figure 5. Finite element simulation results. (a) ABAQUS model depiction. (b−d) Distribution of normal stress in the horizontal direction
for different types of Current collectors. (e−g) Distribution of normal stress in the vertical direction for the different types of current
collectors. (h) Normal stress in the horizontal direction (Sxx) plotted along the described path. (i) Normal stress in the vertical direction
(Syy) plotted along the described path.
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■ QUANTIFYING THE NP-NI OPERATING
MECHANISM

We hypothesized that the unique mechanical property of the
NP-Ni current collector helps to accommodate local stress
generated during the electrochemical process. To examine this
hypothesis, three NP-Ni current collectors were fabricated with
different porosities and moduli. Similar surface morphologies
were obtained (Figure 4a). Atomic force microscopy (AFM)
revealed that the difference of their RMS roughness is less than
15 nm (Figure 4a, S13), which will result in similar friction
coefficients48,49 as well as similar creeping behavior of Li
during the cell fabrication process. By employing three NP-Ni
current collectors, we can investigate the influence of
mechanical compliance of NP-Ni during the electrochemical
process.
Nanoindentation was employed to measure the compliance

of the three NP-Ni current collectors. The local deformation
during the nanoindentation can be used to imitate stress
accumulation during Li dendrite growth. The effective
indentation moduli of 133, 279, and 440 MPa were obtained
for NP-Ni with porosities of ∼47%, ∼ 34%, and ∼24% (Figure
S14a), respectively. We note these values are on the same
order of magnitude as the growth stress of Li dendrites.50 CCD
results were obtained from symmetric cells with the three NP-
Ni samples (Figure S14b-S14d) are all significantly improved
over the foil control (0.4 mA/cm2), yet an inverse correlation
was also observed between the modulus and CCD (Figure 4b),
which revealed that NP-Ni with relatively higher compliance
results in a better cell performance. Therefore, it is evident that
the softer NP-Ni can provide better stress accommodation
during the electrochemical cycling.
These experimental observations were substantiated through

a 3-step Finite Element simulation. The model is built as
shown in Figure 5a, with bulk Ni/NP-Ni as the top layer, Li in

the middle, and LPSC at the bottom. A simple elastoplastic
model is used to describe the material behavior of these layers.
We first compress the stack in Step 1 up to a certain load, and
in Step 2 we wait until there is no significant change in the
deformation field. The results of these two processes help us to
understand the stress profile in the cell during assembly. In
Step 3, we introduce an isotropic thermal expansion to a small
area in Li, marked in red color within the dotted box as shown
in Figure 5a, to mimic uneven Li deposition or Li dendrite
growth. All of the modeling parameters are itemized in Tables
S1 and S2. We observed that the stresses generated in the Bulk
Ni/NP-Ni layer and LPSC layer are well within their elastic
limits, essentially making them behave like linear elastic
materials (Figure S15), for the current loading conditions.
Only Li would undergo plastic deformation.
The application of a NP-Ni current collector enables stress

homogenization. Despite being subjected to equivalent
compression pressures, the deployment of NP-Ni has yielded
a more evenly distributed stress profile (Figure S16b, S16c),
leading to a discernible reduction in peak stress along both
horizontal and vertical directions. The Li metal is susceptible
to sliding and consequent creep deformation after sustained
compression over a duration. This phenomenon induces stress
relaxation, albeit at the risk of introducing defects. Employing
NP-Ni, characterized by its rougher surface, preserves its stress
state with diminished relaxation tendencies. This substantiates
the potential for mitigating Li lateral creep and protecting the
LPSC surface during mechanical compacting, which is
consistent with the experimental results.
The presented contour plots within Figure 5b - 5g elucidate

the normal stress distribution after localized volumetric
expansion caused by Li uneven deposition. Figure 5b - 5d
and Figure 5e - 5g represent the normal stress in the horizontal
direction and the vertical direction, respectively. The
deformation is scaled by a factor of 2, to help better visualize

Figure 6. Electrochemical cycling performance of solid-state Li metal-NCA full cells. (a, b) Charge and discharge profiles of Li/LPSC/NCA
and NP-Ni/Li/LPSC/NCA, respectively. (c) Corresponding discharge capacity of two cells.
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the local compression in the NP-Ni layer. Compared with the
bulk Ni current collector (Figure 5b, 5e), the utilization of NP-
Ni as the current collector allows notable deformation within
the NP-Ni layer itself, thereby effectively reducing the
magnitude of localized stresses resulting from volumetric
expansion (Figure 5c, 5f). We observe a greater deformation in
the NP-Ni layer and a reduction in the stress localization
through NP-Ni with a lower effective modulus (Figure 5d, 5g).
It demonstrates that high compliance of NP-Ni helps to
accommodate the local volume expansion and promote battery
stability (Figure S16d, S16e). Figures 5h and 5i illustrate the
stress distributions along a vertical path through the thermal
expansion region, where peak stresses manifest. Incorporating
an NP-Ni current collector reduced the peak compressive
stress by over 20 MPa in both the horizontal and vertical
directions. Reduced stress magnitudes are also observed with
the use of a more compliant NP-Ni current collector.
Therefore, the rough surface and compliant properties of the
NP-Ni current collector help to uniformize stress distribution
and minimize normal stress in the x and y directions on the
surface of LPSC. The former can reduce the probability of
forming significant defects, while the latter directly reduces the
chance of Li penetration, which brings about an enhancement
of the battery stability.

■ DEMONSTRATION OF PERFORMANCE
ENHANCEMENT IN SOLID STATE BATTERIES

The NP-Ni current collector is then implemented in solid-state
Li metal batteries with a LiNi0.85Co0.1Al0.05O2 (NCA) cathode.
Cathode composite is composed of 66 wt % NCA, 33 wt %
LPSC and 1 wt % VGCF and the capacity loading is 1.6 mAh
cm−2. 0.1 mA/cm2 current density was applied during the first
formation cycle, followed by 0.3 mA/cm2 for subsequent
cycles. The coulombic efficiency (CE) of the initial cycle is
71% for Li/LPSC/NCA and 74% for NP-Ni/Li/LPSC/NCA.
These observed efficiencies are consistent with values reported
in prior studies.10,51,52 Nevertheless, employing NCA with an
advanced coating has the potential to further improve these
values. In terms of the cycling performance, the Li/LPSC/
NCA cell (Figure 6a) experienced quick capacity degradation
and failed after 33 cycles, while the NP-Ni/Li/LPSC/NCA cell
(Figure 6b) demonstrated a stable cycling performance with
83% capacity retention after 150 cycles (Figure 6c). Additional
full cell data are provided in Figure S17 which also depicted a
comparable result. In addition, Li metal − NCA full cells with a
5 MPa stacking pressure were assembled to demonstrate the
effectiveness of our strategy in low-pressure battery applica-
tions. The NP-Ni cell exhibited a higher CE (74% compared to
67% for the control) in the first cycle (Figure S18), which is
attributable to the homogeneous interface facilitated by NP-Ni.
These significant improvements, achieved with identical
electrode and electrolyte chemistry, demonstrate the potential
of using NP-Ni to mitigate the stress generation and provide a
chemistry agnostic solution to a difficult stability problem of
solid-state batteries.
By designing a nanoporous nickel current collector with

hundreds of nanometer-sized pores and ligaments and
implementing it in solid-state Li metal batteries, we have
demonstrated that interfacial stress can be accommodated and
homogenized, which enhances battery long-term stability. The
friction provided by the rough surface of NP-Ni resists Li metal
lateral creep, resulting in the minimization of horizontal stress
on the surface of the LPSC electrolyte. Additionally, the high

mechanical compliance of NP-Ni helps to mitigate the local
stress concentration caused by uneven Li deposition. Validated
by finite element simulation, both effects protect the LPSC
electrolyte, preventing the creation of more defects during
compression and Li stripping and plating. Enhanced critical
current density (CCD) (1.7 mA/cm2) and cycling life (>360
h) at 0.5 mA/cm2 are achieved in Li/Li symmetric cells. A
remarkable improvement is also observed in Li/NCA full cells,
with 83% capacity retention after 150 cycles, a 5× improve-
ment over the control cell. Our design provides a chemistry-
agnostic approach to extending the cycle life of solid-state Li-
metal batteries.

■ ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsenergylett.3c02681.

Experimental details, finite element simulation details,
NP-Ni morphology characterization, LPSC pellet
morphology, Li lateral creep measurement after
compression, coefficient of friction measurement,
electrochemical impedance spectroscopy data, one-way
stripping data, energy dispersive spectroscopy data,
atomic force microscopy data, CCD vs NP-Ni with
different moduli, modeling parameter tables (PDF)

■ AUTHOR INFORMATION
Corresponding Authors

Shengqiang Cai − Department of Mechanical and Aerospace
Engineering, University of California San Diego, La Jolla,
California 92093, United States; orcid.org/0000-0002-
6852-7680; Email: shqcai@ucsd.edu

Ping Liu − Materials Science and Engineering Program,
University of California San Diego, La Jolla, California
92093, United States; Department of Nanoengineering,
University of California San Diego, La Jolla, California
92093, United States; orcid.org/0000-0002-1488-1668;
Email: piliu@ucsd.edu

Authors
Shijie Feng − Materials Science and Engineering Program,
University of California San Diego, La Jolla, California
92093, United States; orcid.org/0000-0001-5797-8542

Ram Hemanth Yeerella − Department of Mechanical and
Aerospace Engineering, University of California San Diego,
La Jolla, California 92093, United States; orcid.org/
0000-0002-9344-6313

Jianbin Zhou − Department of Nanoengineering, University of
California San Diego, La Jolla, California 92093, United
States

Nimrod Harpak − Department of Nanoengineering, University
of California San Diego, La Jolla, California 92093, United
States

Chenghai Li − Department of Mechanical and Aerospace
Engineering, University of California San Diego, La Jolla,
California 92093, United States

Complete contact information is available at:
https://pubs.acs.org/10.1021/acsenergylett.3c02681

Author Contributions
⊥S.F. and H.Y. contributed equally to this paper.

ACS Energy Letters http://pubs.acs.org/journal/aelccp Letter

https://doi.org/10.1021/acsenergylett.3c02681
ACS Energy Lett. 2024, 9, 748−757

755

https://pubs.acs.org/doi/suppl/10.1021/acsenergylett.3c02681/suppl_file/nz3c02681_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsenergylett.3c02681/suppl_file/nz3c02681_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsenergylett.3c02681/suppl_file/nz3c02681_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.3c02681?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acsenergylett.3c02681/suppl_file/nz3c02681_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Shengqiang+Cai"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-6852-7680
https://orcid.org/0000-0002-6852-7680
mailto:shqcai@ucsd.edu
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ping+Liu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-1488-1668
mailto:piliu@ucsd.edu
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Shijie+Feng"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-5797-8542
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ram+Hemanth+Yeerella"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-9344-6313
https://orcid.org/0000-0002-9344-6313
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jianbin+Zhou"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Nimrod+Harpak"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Chenghai+Li"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.3c02681?ref=pdf
http://pubs.acs.org/journal/aelccp?ref=pdf
https://doi.org/10.1021/acsenergylett.3c02681?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
This work has been supported by the Advanced Research
Projects Agency-Energy, U.S. Department of Energy, under
Contract No. DE-AR0000781. Part of this work was performed
at the San Diego Nanotechnology infrastructure (SDNI) of the
UCSD, a member of the National Nanotechnology Coordi-
nated infrastructure, supported by the National Science
Foundation (Grant ECCS-1542148).

■ REFERENCES
(1) Albertus, P.; Anandan, V.; Ban, C.; Balsara, N.; Belharouak, I.;
Buettner-Garrett, J.; Chen, Z.; Daniel, C.; Doeff, M.; Dudney, N. J.;
Dunn, B.; Harris, S. J.; Herle, S.; Herbert, E.; Kalnaus, S.; Libera, J. A.;
Lu, D.; Martin, S.; McCloskey, B. D.; McDowell, M. T.; Meng, Y. S.;
Nanda, J.; Sakamoto, J.; Self, E. C.; Tepavcevic, S.; Wachsman, E.;
Wang, C.; Westover, A. S.; Xiao, J.; Yersak, T. Challenges for and
Pathways toward Li-Metal-Based All-Solid-State Batteries. ACS Energy
Letters 2021, 1399−1404.
(2) Wu, D.; Wu, F. Toward better batteries: Solid-state battery
roadmap 2035+. eTransportation 2023, 16, 100224.
(3) Meabe, L.; Aldalur, I.; Lindberg, S.; Arrese-Igor, M.; Armand,
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