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Interfacial instability between lithium metal and solid-state
electrolytes limits the performance of all-solid-state lithium metal
batteries (ASSLBs), leading to parasitic reactions, nonuniform Li*
flux, and dendrite growth. Here, we develop a composite interlayer
composed of anti-perovskite Li;OHClo75Bro2s (AP) and carbon
nanotubes (CNT) to enhance both interfacial stability and ionic
transport. The AP-CNT interlayer exhibits enhanced Li* conductivity
arsing from interfacial electron transfer from AP to CNT, which
generates a built-in electric field that facilitates Li* migration.
Lithium symmetric cells incorporating this interlayer achieve a high
critical current density of 2.4 mA cm™ at 55 °C. This design
integrates chemical robustness with coupled ion-electron
transport, offering a generalizable strategy for safe, dendrite-free,
and high-performance ASSLBs.

All-solid-state lithium metal

promising candidates for

batteries have emerged as
next-generation electric vehicle
energy storage. Their promise lies in solid-state electrolytes
(SSEs), which offer high mechanical strength, single-ion (Li*)
conduction, and intrinsic non-flammability, enabling enhanced
safety and the prospect of ultra-high energy density cycling® 2.
However, their practical implementation is severely hindered
by unstable interfaces between SSEs and lithium metal anodes3.
Owing to the strong reducing nature of lithium metal,
spontaneous interfacial reaction occurs upon contact with SSEs,
leading to the formation of a chemically and structurally
sulfide-based SSEs,
reduction produces ionically resistive decomposition products
(e.g., LizS-,
continuous Li* transport, induce non-uniform ion flux and local

heterogeneous interphase. In such

LiF-, and LisP-rich phases)* >, which disrupt

overpotential accumulation, and ultimately promote dendrite
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formation and cell failure®. To address these challenges,
artificial interlayers—widely explored in metal electrodes and
electrocatalysts,”® have been introduced to chemically
decouple the Li/SSE interface, preserve Li* transport continuity,
and homogenize current distribution, thereby enhancing
interfacial stability in ASSLBs10 11,

Pure ionic conductors are widely employed as artificial
interlayers owing to their favourable chemical stability against
Li metal; however, their low room-temperature Li* conductivity
and high interfacial energy often result in severe interfacial
polarization and inhomogeneous ion flux?14, Anti-perovskite
(AP) solid electrolytes exemplify this limitation. Shen et al.
demonstrated that an AP interlayer at the Li/LisInCls interface
significantly improved chemical compatibility and current
distribution, increasing the critical current density from 2.4 to
4.2 mA cm™2 and enabling stable Li plating/stripping for over
2400 h 15, Nevertheless, the intrinsically low ionic conductivity
of AP (=~ 10> S cm™ at room temperature ) restricts Li*
transport, typically requiring elevated temperatures ( >80°C)?®,

which compromises practical applicability and safety of SSBs.

In this context, mixed ionic-electronic conductor (MIEC) formed
by incorporating conductive carbon into ionic conductors, offer
a viable strategy to lower nucleation overpotential, alleviate
interfacial polarization, and reduce lithium deposition
behaviour!’”. However, most reported MIEC systems remain
limited by insufficient ionic conductivity, resulting in aggravated
polarization, and diminished control over lithium deposition
during prolonged cycling®® 12, Therefore, preserving the intrinsic
chemical stability of AP while enhancing Li* transport through
rational composite design remains a key challenge for achieving
uniform lithium deposition and long-term interfacial stability?°.
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Here, we design and construct a composite interlayer
composed of a LizOHClg75Bro2s and carbon nanotubes to
regulate coupled ionic and electronic transport at the lithium
metal |sulfide solid electrolyte interface, thereby enhancing
interfacial stability and electrochemical kinetics in all-solid-state
lithium metal batteries. By systematically tuning the AP/CNT
mass ratio (1-50 wt.% CNT), we identify a non-linear
dependence of ionic conductivity on CNT content, with a
maximum at 5 wt.% CNT, which preserves chemical stability
while markedly enhancing Li* transport. Unlike previously
reported MIEC interlayers that rely on enhanced electronic
conductivity to reduce polarization'” 21, our strategy exploits
the work-function mismatch between AP and CNT to induce
interfacial electron transfer until Fermi-level equilibration is
achieved, resulting in charge redistribution and the
establishment of a built-in electric field at the interface. This
field converts boundary-limited transport in pristine AP into
faster interfacial Li* migration (Fig. 1), representing a
fundamentally different ion—electron coupling mechanism. As a
result, the ionic conductivity of the composite interlayer is
enhanced by more than tenfold relative to pristine AP, leading
to substantially improved interfacial kinetics. Benefiting from
these synergistic effects, Li symmetric cells incorporating the
composite interlayer achieve a high critical current density of
2.4 mA cm=2 at 55°C. This work demonstrates a general design
strategy for stabilizing lithium metal interfaces through
synergistic ion-electron regulation.

Slow Li+ transport
» Low oy,

» Low CCD

» Short circuit

Fast Li+ transport
» High o,

» High CCD

» Stable cycling

Fig. 1. Schematic illustration of Li* transport enhancement facilitated by the built-in
electric field within the AP-CNT composite interlayer. While Li* transport in pure AP
occurs along particle boundaries, the AP-CNT interface generates an internal electric
field that accelerates Li* migration, creating highly efficient transport pathways.

The Li;OHClo.7sBro2s SSE was synthesized following the
procedure reported in Supplementary. AP—x% CNT composite (x
=1, 3, 5, 10, 50) was prepared by ball milling specific weight
ratio of AP and CNT. High-resolution X-ray diffraction (XRD)
(Figure S1, SI) shows the results of pure AP and its mixture with
CNT. No new diffraction peaks were observed, except for
additional peak at 7.88° corresponding to CNT, suggesting there
is no structural change by mixing AP with CNT. The electronic
conductivity of AP—CNT composites were measured at 55 °C
using chronoamperometry (CA) method. The electronic
conductivity increases monotonically with the CNT content.
Once the CNT content exceeds 3 wt.%, the composite
transitions into an electronic conductor (Figure S2, SI).
Specifically, AP-5% CNT shows an electronic conductivity of 5.4
x 102 S-cm™ (Figure S3, Sl), which is more than eight orders of

2| J. Name., 2012, 00, 1-3

magnitude higher than that of pristine AP (1.27 x 100 S:em '),
Owing to their distinct electronic conduptivity thebawiaurs)/the
ionic conductivity of AP-x% CNT composites with low CNT
content (x =0, 1, 3) was evaluated using EIS, while samples with
higher CNT content (x = 5, 10, 50) were characterized by the
chronoamperometry method (Fig. 2a and b). Unlike electronic
conductivity, the ionic conductivity displays a non-linear
evolution, reaching a maximum of 1.41x 10™* S-:cm™ at 5wt.%
CNT, which is much higher than that of pristine AP (1.05 x 10~°
S-cm™), as shown in Fig. 2c. This behaviour is noteworthy, as
ionic conductivity typically decreases with increased CNT
content. These results are further supported by Tafel
measurements. Figure 2d shows the Tafel curves of symmetric
cells incorporating AP-CNT composite interlayers obtained at
55 °C. Consistent with the result of ionic conductivity, the AP-
5%CNT interlayer exhibits the highest exchange current density
of 0.02 mA cm™. The elevated exchange current density
indicates accelerated interfacial kinetics and reduced energy
barriers for Li* transfer, demonstrating that the composite
interlayer facilitates efficient ion transport at the Li interface
rather than merely improving electronic conductivity.
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Fig. 2. (a) EIS profiles of SS/AP-x% CNT/SS (x=0, 1, 3) cells at 55 °C. (b) CA measurement
of Li/LPSCI/AP-x% CNT/LPSCI/Li (x = 5, 10, 50) cell at 55 °C. The applied voltage is 10
mV. (c) Calculated ionic conductivity of AP-x% CNT from Fig. 2a, b. (d) Tafel curves of
symmetric Li/AP-x% CNT/LPSCI/AP-x% CNT/Li (x % = 1, 3, 5, 10 and 50 wt %) cells at
55 °C.

To gain deeper insight into the mechanism underlying the
enhanced ionic conductivity of AP-5% CNTs, Raman
spectroscopy was carried out on AP—CNT composites by varying
CNT contents. As shown in Fig. 3a and Figure S4, the samples
containing CNTs exhibit a prominent D band at 1350 cm™ and a
G band at 1575 cm™, whereas pristine AP shows no significant
Raman features. Quantitative analysis of the Ip/lg ratio is
presented in Fig. 3b. Pure CNTs display the lowest Ip/lg ratio,
consistent with their high graphitic order and minimal defect
density. Upon mixing with AP, the Ip/lg ratio increases and
reaches a maximum at 5 wt.% CNT content, indicating the
introduction of additional structural disorder within the CNTs.
This enhanced defect density likely originates from
perturbation of the sp? carbon network caused by electronic
interaction between CNTs and AP.

This journal is © The Royal Society of Chemistry 20xx
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To validate this interfacial electronic interaction, the surface
potential of the AP-CNT composites was further examined
using Kelvin probe force microscopy (KPFM). Variations in the
contact potential difference (CPD) directly reflect changes in
surface potential, with the average CPD values extracted from
line profile measurements. As shown in Fig. 3c and Figure S5,
pristine AP exhibits an average CPD of 21 mV, whereas AP-1%,
AP-5%, AP-10% CNT displays a substantially higher CPD of 63,
120 and 100 mV, respectively. The non-monotonic variation of
CPD with CNT content, with a maximum at 5 wt.% CNT, suggests
that the surface potential change is not solely determined by
the intrinsic work-function difference between AP and CNT, but
instead reflects interfacial charge redistribution. As illustrated
in Figure S6, the work-function mismatch drives electron
transfer from CNT to AP until Fermi-level equilibration is
achieved, leading to electron accumulation on the AP surface
and the formation of positively charged vacancies on the CNT
surface. This charge redistribution induces band bending in the
AP phase and establishes a built-in electric field at the interface,
as shown in Fig. 3d?> 23, Such a field provides an additional
electrostatic driving force that alters the local potential energy
landscape of Li*. Thereby it effectively lowers the migration
energy barrier and facilitates interfacial ion transport,
accounting for the enhanced ionic conductivity observed in the
AP—5% CNT system?? 24,
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Fig. 3. (@) Raman spectra of AP, CNT and AP-5%CNT. (b) Ip/lg ratios of AP—CNT
composites with varying CNT contents (0%, 1%, 3%, 5%, 10%, 50%, and 100%). (c)
KPFM images and contact potential differences of AP and AP-5%CNT. (d) Scheme of
built in electric field.

The impact of AP-5% CNT interlayer on Li plating/stripping was
investigated in Li/LPSCI/Li symmetric cells, in which LPSCI
electrolyte was sandwiched between two AP or AP-5% CNT
interlayers. The symmetric cells were charged and discharged at
stepwise-increased current densities of 1h. As shown in Fig. 4a
and 4b, the cell with the AP interlayer short-circuited
immediately at a current density of 0.1 mA cm~2, whereas the
AP-5% CNT interlayer enabled a much higher critical current
density of 2.4 mA cm~2, demonstrating significantly enhanced
interfacial stability. This value is also higher than that without
an interlayer (Figure S7, Sl). The effect of the interlayer was
further evaluated in Li/LPSCI/AIO@NMC811 full cells with AP or

AP-5% CNT interlayer at 55°C. For comparison,

This journal is © The Royal Society of Chemistry 20xx
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Li/LPSCI/AIO@NMC811 full cells without an interlaygy werealse
assembled. The capacity of the Li/LPSC/BSO@NMTLLLFAN/¢EN
without an interlayer rapidly decayed to 58.3 mAh g~! after only
10 cycles (Figure S8, Sl). This degradation arises from severe side
reactions between the Li metal and the LPSCI electrolyte as well
as the pore formation during Li metal stripping at low pressures
due to the limited creep rate of the Li metal, which leads to
increased polarization and suppressed capacity utilization® 2>-28,
After adding an AP interlayer, the battery short-circuits even
during the first charge cycle (Figure S9, Sl). The failure is
attributed to low ionic conductivity of AP, which readily
promotes dendrite growth. Furthermore, the poor wettability
(Figure S10, SI) between the AP and Li metal creates localized
current hotspots, further accelerating non-uniform Li
deposition and leading to rapid short-circuiting?®. In contrast,
the Li/LPSC/LSO@NMC811 full cell with AP-5% CNT exhibits
superior performance, delivering a specific discharge capacity
of 157.7 mAh g1 in the first cycle and maintaining a discharge
capacity of 134.0 mAh g! after 20 cycles. Fig. 4d highlights the
advantages of the AP-CNT interlayer by comparing the cycling
performance of solid-state batteries with and without the
interlayer. This can be attributed to the multifunctional nature
of the AP—CNT interlayer. On the one hand, the built-in electric
field generated by the AP-5% CNT facilitates Li* migration across
the interface. This interfacial effect effectively reduces ion
transport resistance and ensures a more uniform Li* flux during
cycling. Furthermore, the AP—CNT layer stabilizes lithium metal,
mitigates detrimental side reactions between the lithium metal
anode and the sulfide electrolyte, and withstands interfacial
stress during repeated plating/stripping. Overall, these
synergistic effects lead to slower capacity decay and higher
discharge capacity retention in cells with AP-5% CNT interlayer.
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Fig 4. (a) Galvanostatic cycling of (a) Li/AP/LPSCI/AP/Li cell and (b) Li/AP-
5%CNT/LPSCI/AP-5%CNT/Li cell at step-increased current densities at 55 °C. (c) Charge—
discharge curves of the Li/AP-5%CNT/LPSCI/AIO@NCM811 cell at 55 °C. (d) Cycling
performance of solid-state batteries with/without AP-CNT interlayer at a rate of 0.1C.

In summary, we have demonstrated a composite AP-CNT
interlayer that simultaneously enhances interfacial stability and
Li* transport in all-solid-state lithium-metal batteries. By
incorporating a small fraction of CNTs into the anti-perovskite
Li;OHClo 75Bro 25, interfacial electron transfer generates a built-

J. Name., 2013, 00, 1-3 | 3
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in electric field, thereby facilitating Li* migration and promoting
a more homogeneous interfacial ion flux. As a result, the AP-5%
CNT interlayer exhibits an ionic conductivity higher than that of
pristine AP and enables stable lithium plating/stripping with a
high critical current density of 2.4 mA cm™ at 55 °C. When
applied in full cells, this multifunctional interlayer markedly
improves cycling stability and capacity retention by mitigating
parasitic reactions, suppressing dendrite growth, and
accommodating interfacial stress. Beyond this specific system,
the concept of built-in electric fields to accelerate Li* transport
could be extended to anode and other solid-state electrolyte
system, such as oxide- and polymer-based electrolytes,3% 31
providing a general and effective strategy for designing high-
performance, dendrite-free solid-state lithium-metal batteries.
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