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Abstract: The universal cathode crossover such as chemical and oxygen has been significantly overlooked in lithium
metal batteries using high-energy cathodes which leads to severe capacity degradation and raises serious safety concerns.
Herein, a versatile and thin (�25 μm) interlayer composed of multifunctional active sites was developed to
simultaneously regulate the Li deposition process and suppress the cathode crossover. The as-induced dual-gradient
solid-electrolyte interphase combined with abundant lithiophilic sites enable stable Li stripping/plating process even
under high current density of 10 mAcm� 2. Moreover, X-ray photoelectron spectroscopy and synchrotron X-ray
experiments revealed that N-rich framework and CoZn dual active sites can effectively mitigate the undesired cathode
crossover, hence significantly minimizing Li corrosion. Therefore, assembled lithium metal cells using various high-
energy cathode materials including LiNi0.7Mn0.2Co0.1O2, Li1.2Co0.1Mn0.55Ni0.15O2, and sulfur demonstrate significantly
improved cycling stability with high cathode loading.

Introduction

The ever-expanding global electric vehicle (EV) market and
the pursuit of the long driving range have greatly pushed
forward the research and development of high energy-
density battery systems. Due to the high specific capacity
(3860 mAhg� 1) and low potential (� 3.04 V vs. standard
hydrogen electrode) of lithium metal anode (LMA),[1]

lithium metal batteries (LMBs) coupling with various high-
energy cathodes, such as Ni-rich-layered oxides (Li-
NixMnyCozO2 Ni-rich NMC),[2] Li-and Mn-rich (LMR)
cathode,[3] and sulfur cathode[4] have received great atten-
tion. However, the poor stripping/plating behavior of LMA
would result in the formation of deadly dendritic Li[5] and
hence deteriorate the cycle life, significantly hindering the
practical application of LMBs.
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Constructing a protective interlayer with abundant
lithiophilic sites to decrease the Li nucleation barrier and
regulate the uneven Li+ flux has shown as an efficient way
to improve the Li stripping/plating behavior and thus
mitigate the Li dendrite issue.[6–8] Prior work by Cui et al.
has revealed that the heterogeneous Li nucleation barrier
plays a key role in determining the Li deposition behavior,
and dendritic Li will form on the substrate surface with a
large nucleation barrier, such as Cu, while film-like Li
deposition will take place on the substrate with negligible
nucleation barrier, such as Au, Ag, Zn, Co, etc.[5,9,10] This
valuable guideline has stimulated the development of
numerous interlayers to improve the stability of LMA, such
as lithiophilic covalent organic framework,[11] lithiophilic
polymer film,[12] and lithiophilic sites decorated rGO/
CNF.[6,7,13] However, most of these reported interlayer
approaches have been only validated in the cells containing
low-capacity LiFePO4 cathode, which did not maximize the
high-energy density of LMA.[14–17] Moreover, the severe Li
corrosion due to the uncontrollable cathode crossover from
other high-energy cathodes (Figure 1a) has been often
overlooked in previous LMA interlayers design,[15,18,19]

leading to insufficient cycle stability and unsatisfied safety in
the reported lithium metal batteries (Supporting Informa-
tion Table S1).

One of the critical cathode crossovers is caused by the
severe cathode dissolution species (CDS). When coupling

with high-energy cathodes, such as Ni-rich NMC and LMR
cathode, the dissolved transition metal (TM) ions would
migrate and direct deposit on the surface of LMA,[20,21]

leading to thickening of solid-electrolyte interphase (SEI)
and thus dramatically raising the cell impedance.[22] In
addition, the uneven deposition of TM-ions will also alter
the distribution of Li+ on the surface of LMA, aggravating
the formation of deadly dendritic Li.[23–25] In the case of S
cathode, the S redox involves the formation of a series of
highly soluble lithium polysulfides (LiPSs) Li2Sx (x=4–8)
intermediates during cycling in the common dimeth-
oxyethane (DME)/dioxolane (DOL) electrolyte.[26–28] Thus,
the flooding of LiPSs will lead to the well-known LiPSs
shuttle, resulting in severe lithium corrosion and hence
severe capacity loss and poor energy efficiency in the Li-S
cells.[29–31] Another critical cathode crossover issue comes
from the oxygen loss from the layered oxide cathodes, which
will lead to the accumulation of gaseous O2 inside the cell.

[32]

The cathode-released O2 gas would diffuse to the anode
side, and react with lithiated graphite or lithium dendrite in
accompany with huge heat generation, thus deteriorating
the cycling stability and cell safety.[33] Such O2 crossover can
even occur in solid-state batteries using solid electrolytes,
raising serious concerns about battery safety.[34–36] The
aforementioned chemical and oxygen crossover from the
cathode will dramatically reduce the LMB cycling stability
and cause severe safety concerns, which however have been
paid less attention.

In this work, we develop a free-standing, versatile and
thin (25 μm) interlayer with multifunctional adsorption sites
(Figure 1a) to simultaneously regulate the Li stripping/
plating behavior and address the aforementioned universal
cathode crossover. The high Li+ affinity of the N-rich core
part and the wide-spread CoZn dual active sites within a
unique yolk-shell framework in the proposed interlayer can
effectively regulate the Li deposition even under high areal
capacity (3.0 mAhcm� 2) and high current densities (up to
10.0 mAcm� 2). More importantly, the strong binding ability
of CoZn dual active sites and the N-rich framework can
significantly suppress the detrimental chemical crossover
during the long-term cycling of high-energy layered oxides
and sulfur cathodes, which has been consistently verified by
X-ray photoelectron spectroscopy and synchrotron X-ray
probes. As a result, with the protection of the CoZn yolk-
shell interlayer (CoZn-YSIL), the Li j jNMC cell delivers a
high capacity retention rate of 87.25% for 230 cycles, and
the Li j jS cell can deliver a high areal capacity of
5.32 mAhcm� 2 after 100 cycles.

Results and Discussion

The detailed synthesis schematic of the preparation process
of CoZn-YSIL can be found in Figure S1. As characterized
by scanning electron microscopy (SEM), the CoZn yolk-
shell spheres (CoZn-YSs) can well maintain their spherical
morphology after multilayer coating (Figure S2) and heat
treatment, and the size of the as-prepared CoZn-YSs is
measured to be �1.0 μm (Figure 1b). In addition, the X-ray

Figure 1. a) Schematic of working principles of CoZn-YSIL in regulating
the Li deposition behavior and preventing the Li side reaction with
cathode dissolving species and cathode-released O2. b) SEM image of
CoZn-YSs. c) TEM image and corresponding EDS element mappings of
CoZn-YSs (interesting elements are C, N, Co, and Zn). d) Top-view
SEM image of CoZn-YSIL (inset: digital photograph of CoZn-YSIL).
e) Cross section-view SEM image of CoZn-YSIL (inset: digital photo-
graph of folded CoZn-YSIL). f) High-resolution Zn 2p and N 1s XPS
spectra of CoZn-YSIL.
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diffraction (XRD) results (Figure S3) confirm the successful
coating of CoZn-zeolitic imidazolate framework (ZIF) on
the surface of melamine-formaldehyde (MF). Due to the
uniform dispersion of Co inside the CoZn-ZIF through the
crystallization process, the long distance between adjacent
Co atom can effectively avoid the aggregate, forming the
atomically distributed Co� N� C single-atom site during
calcination process.[37] And further coating of resorcinol
formaldehyde (RF) resin will not affect the previous ZIF
coating layer. To confirm the successful construction of the
yolk-shell structure, as well as the introduction of an N-rich
core and widespread lithiophilic sites, transmission electron
microscopy (TEM) and the corresponding energy dispersive
spectroscopy (EDS), were further conducted. As shown in
Figure 1c, a typical yolk-shell structure with a �400 nm
diameter core part and a �100 nm thick shell structure can
be clearly identified. Moreover, as shown in the correspond-
ing EDS results (Figure 1c), an N-containing framework was
successfully constructed, which can improve the Li+ affinity
of the yolk-shell sphere. Meanwhile, the widespread ZnCo
active sites inside the yolk-shell spheres can effectively lower
the Li nucleation overpotential and enhance the Li deposi-
tion inside the yolk-shell spheres.

After the rolling-pressing process, the free-standing thin
film CoZn-YSIL can be successfully fabricated. As shown in
the top-view SEM image of CoZn-YSIL (Figure 1d), the as-
fabricated CoZn-YSIL exhibited continuous and uniform
surface features. In addition, as shown in the cross-section
SEM image and the digital photograph of the CoZn-YSIL
(Figure 1e), the CoZn-YSIL demonstrated good mechanical
strength, which did not crack after repeat folding (Fig-
ure S4). The thickness of the interlayer is only 25 μm, which
is comparable with the commercial Celgard separator. To
further confirm the existence of elementary Zn and N-
containing lithiophilic sites inside the CoZn-YSIL, X-ray
photoelectron spectroscopy (XPS) characterization was
conducted. As shown in Figure 1f, the Zn 2p3/2 (1021.7 eV)
and 2p1/2 (1044.8 eV) can be identified, which agrees well
with previously reported elementary Zn XPS results,[38]

confirming the existence of elementary Zn. As shown in
Figure S5, the peaks of Co 2p1/2 and Co 2p3/2 can be
identified, and the Co 2p3/2 peak can be subdivided into
three peaks which belong to Co3+(780.6 eV), Co2+

(782.4 eV), and satellite peak (786.1 eV),[39] confirming the
existence of the Co. Moreover, the N 1s spectrum was
deconvoluted into four peaks at 398.2 eV, 399.5 eV,
400.7 eV, and 402.2 eV, which can be assigned to pyridinic-
N, metal-N, pyrrolic-N, and quaternary-N, respectively. As
revealed by previous work, the pyridinic-N, and pyrrolic-N
exhibit high Li+ affinity.[40,41] Moreover, due to the strong
oxygen adsorption energy of CoZn active sites[42,43] and N-
rich framework,[44] the cathode-released O2 crossover issue
can also be well addressed.

To validate the benefits of CoZn-YSIL in lowering the
Li nucleation barrier and stabilizing the Li stripping/plating
process, Li-Cu cells with and without the CoZn-YSIL were
tested in common carbonate (Gen II) electrolyte. As shown
in Figure 2a, because of the large thermodynamic mismatch
between Li and Cu, there was a huge overpotential of

133 mV under the current density of 0.5 mAcm� 2 for the
bare Cu foil to overcome the heterogeneous nucleation
barrier. By contrast, the CoZn-YSIL can effectively elimi-
nate the Li nucleation barrier due to the low Li nucleation
overpotential of the CoZn substrate in the CoZn-YSIL. The
improved Li affinity of CoZn-YSIL can help to regulate the
Li+ flux and thus improve the Li stripping/plating stability.
As shown in Figure 2b, the Li-Cu cell with the existence of
CoZn-YSIL can be stably cycled with higher Coulombic
efficiency of >97% within 100 cycles, while the bare Cu can
only sustain for 45 cycles with a much lower Coulombic
efficiency (<90%). The long-term cycling stability was
further evaluated in symmetric cell tests. As shown in
Figure 2c, when the areal capacity was set as 1.0 mAhcm� 2,
the Li j jLi symmetric cell without the CoZn-YSIL can be
only cycled for �200 h, and the overpotential suddenly
increased afterward due to the formation of lithium
dendrite. By contrast, the Li j jLi symmetric cell with two
pieces of CoZn-YSIL on both sides of the separator can be
stably cycled for more than 450 h with a small overpotential
of �45 mV (Figure S6a). Moreover, when we further
increased the areal capacity to 3.0 mAhcm� 2, the symmetric
cell without CoZn-YSIL can be only cycled for �200 h while
the cell with CoZn-YSIL can be still stably cycled for
>450 h with a small overpotential of �40 mV (Figure S6b),

Figure 2. a) Voltage profiles of galvanostatic Li deposition on bare Cu
foil and CoZn-YSIL in carbonate-based electrolyte. b) Long-term cycling
performance of Li-Cu cells with and without CoZn-YSIL in carbonate-
based electrolyte (0.5 mAcm� 2, 1.0 mAhcm� 2). c) Long-term Li j jLi
symmetrical cells with and without CoZn-YSIL in carbonate-based
electrolyte under different testing conditions (up: 1.0 mAcm� 2,
1.0 mAhcm� 2; down: 1.0 mAcm� 2, 3.0 mAhcm� 2). d) Voltage profiles
of galvanostatic Li deposition on bare Cu foil and CoZn-YSIL in ether-
based electrolyte at 0.5 mAcm� 2. e) Long-term Li-Cu cells with and
without CoZn-YSIL in ether-based electrolyte under 1.0 mAcm� 2 and
1.0 mAhcm� 2. f) Voltage profiles of various cycles of Li-Cu cells with
and without CoZn-YSIL (1.0 mAcm� 2, 1.0 mAhcm� 2). g) Long-term
Li j jLi symmetrical cells with and without CoZn-YSIL in ether-based
electrolyte (1.0 mAcm� 2, 3.0 mAhcm� 2). h) Li j jLi symmetrical cell
under large current density with CoZn-YSIL in ether-based electrolyte
(10.0 mAcm� 2, 3.0 mAhcm� 2).
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further confirming the excellent Li stripping/plating stability
even under high areal capacity.

To evaluate the capability of CoZn-YSIL in the ether-
based electrolyte, similar Li-Cu and Li j jLi symmetric cell
tests were carried out in the common DME/DOL electro-
lyte. As shown in Figure 2d, in the ether-based electrolyte,
the CoZn-YSIL can also effectively eliminate the Li
nucleation overpotential and thus regulate the Li+ flux to
achieve a uniform Li stripping/plating process. In addition,
as shown in Figure 2e and f, under the current density of
1.0 mAcm� 2, the bare Cu can be only cycled for less than
40 cycles while the cell with CoZn-YSIL can stably cycle for
100 cycles with the Coulombic efficiency >98.5%. The
excellent Li stripping/plating reversibility and stability
enabled by the CoZn-YSIL represent an advance compared
to most reported LMA protection strategies (Supporting
Information Table S2 and Supporting Information Ta-
ble S3). Meanwhile, the voltage profiles (Figure 2f and
Figure S7) of the Li-Cu cell with CoZn-YSIL exhibited a
small amount of (de)lithiation capacity (�0.2 mAhcm� 2),
which corresponding to Li+ intercalation into the graphitic
carbon[45] and the (de)alloy process of Li-Zn[46] (Figure S8).
The reversibility of that part of (de)lithiation capacity was
tested through controlling the testing capacity (Figure S9),
and the existence of graphitic carbon and Li-Zn buffer layer
can further validate the effectiveness of CoZn-YSIL in
decreasing the Li nucleation barrier and regulating the
stripping/plating behavior. The Li j jLi symmetric cell tests
were further carried out with a high areal capacity of
3.0 mAhcm� 2 under 1.0 mAcm� 2. As shown in Figure 2g,
the Li j jLi symmetric cell without the CoZn-YSIL exhibited
a fast failure. By contrast, the cell with CoZn-YSIL
demonstrated stable cycle stability for up to 450 h with a
much smaller overpotential of �25 mV (Figure S10). To
evaluate the fast-charging LMBs application with CoZn-
YSIL, the Li j jLi symmetric cell with CoZn-YSIL under the
areal capacity of 3.0 mAhcm� 2 and a large current density of
10.0 mAcm� 2 was further tested. As shown in Figure 2h, the
symmetric cell can deliver a stable cycling performance for
over 200 hours with a small overpotential of �65 mV.

To visualize the Li deposition morphology and gain
insights into the effectiveness of CoZn-YSIL in stabilizing
the Li stripping/plating process, SEM characterizations of Li
deposited electrodes with various capacities ranging from
0.5 to 3.0 mAhcm� 2 were carried out. Due to the large
heterogeneous nucleation barrier of Cu foil, the Li+ tends to
be unevenly deposited on the surface of bare Cu foil,
resulting in the formation of dendritic Li. As shown in
Figure 3a and Figure S11, even under a low deposition
capacity condition (0.5 mAhcm� 2) and a low current density
of 0.5 mAcm� 2, Li dendrites can be clearly identified on the
surface of bare Cu foil. When the deposition capacities were
further increased to 1.0, 2.0, and 3.0 mAhcm� 2, the Li
dendrites became longer and larger (top panels of Fig-
ure 3b–d and Figure S11). Moreover, as shown in the cross-
section SEM images (bottom panels of Figure 3b–d), along
with the increase of the deposition capacity from
1.0 mAhcm� 2 to 3.0 mAhcm� 2, the depositing thickness of
the lithium layer also increased from �8 μm to �40 μm.

The large volume change of Li metal on the surface of Cu
foil will also dramatically limit the LMBs performance and
cause severe safety concerns. By sharp contrast, with the
existence of CoZn-YSIL, no obvious Li dendrite can be
found on the electrode surface even under the 3.0 mAhcm� 2

depositing capacity condition (Figure 3e–h and Figure S12).
In addition, the thickness of CoZn-YSIL under various
deposition capacities (0.5–3.0 mAhcm� 2) did not change too
much compared with the pristine CoZn-YSIL (Figure S13),
indicating that the continuous Li stripping/plating occurred
inside the CoZn-YSIL and the volume change issue of Li
metal can also be well addressed by using the CoZn-YSIL to
enhance the cell stability and safety. We also characterized
the Li deposition morphology under relatively mild current
density condition (0.1 mAcm� 2). As shown in Figure S14,
even under low current density depositing condition, Li
dendrite can still be clearly identified on the surface of bare
Cu after deposition. By contrast, due to the regulated Li
stripping/plating behavior by the CoZn-YSIL, the Li den-
drite cannot be found on the surface of CoZn-YSIL
(Supporting Information Figure S15).

The effectiveness of CoZn-YSIL in improving the
stability of LMB when coupling with the cathodes with
limited crossover issue, such as LiFePO4 (LFP) cathode, was
evaluated ( Figure S16 and S17), and the Li j jLFP cell can
deliver a high capacity retention rate of 91.9% for 100 cycles
even under a high areal loading of 12.4 mgcm� 2. Considering
that the next-generation high-capacity cathodes (Ni-rich
NMC, LMR, and sulfur) are suffering from the dissolution
issue and the flooding CDS will cause severe side reactions
with LMA, we further evaluated the effectiveness of CoZn-
YSIL in stabilizing the LMBs using high capacity cathodes
with severe dissolution issue. We firstly chose
LiNi0.7Mn0.2Co0.1O2 NMC cathode as an example because
the Ni-rich NMC cathode can deliver a high discharge
voltage and capacity but suffer from transition metal
dissolution issues. As shown in Figure 4a and b, the
Li j jNMC cell without CoZn-YSIL can deliver an initial

Figure 3. Top-view and cross section-view SEM images of Li-deposited
(a–d) bare Cu foil; e)–h) CoZn-YSIL. The Li depositing areal capacity
ranging from 0.5–3.0 mAhcm� 2, and the current density is
0.5 mAcm� 2. Top and bottom panels in (a–d) and (e–h) correspond to
front and cross-section view.
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capacity of 168.5 mAhg� 1, but can only maintain a capacity
of 94.9 mAhg� 1 after 230 cycles, corresponding to a capacity
retention rate of 56.32%. By contrast, due to the binding
ability of CoZn-YSIL toward the dissolved TM species, the
cycling stability of Li j jNMC cell with CoZn-YSIL was
greatly enhanced, which can deliver a high capacity
retention rate of 87.25% after 230 cycles. We further
investigate the capability of CoZn-YSIL in stabilizing LMBs
coupling with Li1.2Co0.1Mn0.55Ni0.15O2 (TODA HE5050) be-
cause of the even severe TM dissolution issue and higher
specific capacity of the LMR cathode than conventional
NMC cathodes. As shown in Figure 4c and d, the Li j jLMR
without CoZn-YSIL can only maintain a specific capacity of
68.9 mAhg� 1 after 200 cycles at 0.5 C, corresponding to a
capacity retention rate of 35.7%. By contrast, for the Li j j
LMR cell with CoZn-YSIL, the cell can deliver an initial
specific capacity of 160.3 mAhg� 1 at 0.5 C, and well maintain
a reversible specific capacity of 164.7 mAhg� 1 after
200 cycles. The significantly improved cycling stability in-
dicates that the CoZn-YSIL can effectively prevent the side
reactions between the LMA and the dissolved cathode
species.

Furthermore, we further carried out a series of tests in
Li-S cell, which is known for the severe LiPSs flooding issue.
As shown in Figure 4e, due to the severe side reaction

between LMA and dissolved LiPSs, the cell areal capacity
quickly faded to 0.67 mAhcm� 2 after only 50 cycles, and it
can only maintain an areal capacity of 0.17 mAhcm� 2 after
100 cycles. Considering that the CoZn active sites can not
only provide strong binding capability towards dissolved
LiPSs but also catalyze the S cathode electrochemical redox,
we then set the CoZn-YSIL at both the cathode and anode
sides to evaluate the cell performance with high areal S
loading (Figure S18 and Figure S19). As shown in Figure 4e
and f, the Li-S cell can deliver a high initial specific capacity
of 1327 mAhg� 1 and areal capacity of 6.90 mAhcm� 2 at
0.1 C, and can maintain a high areal capacity of
5.32 mAhcm� 2 after 100 cycles, confirming that the CoZn-
YSIL can effectively confine and catalyze the dissolved
LiPSs to prevent the side reactions with LMA.

To monitor the phase transformation of Li-S cell with
CoZn-YSIL, in situ high-energy X-ray diffraction (HEXRD)
characterization was carried out. As shown in Figure 5a,
before charge/discharge (t=0 h), peaks located at 4.00°,
4.14°, 4.29°, 5.26°, 5.69°, 6.03°, 6.52°, 7.57°, 7.74°, 7.89°, 8.02°,
and 8.13° can be assigned to the (026), (311), (206), (137),
(317), (0210), (319), (2212), (357), (535), (602), and
(175) peaks of S8 respectively (ICSD: 130219). Meanwhile,Figure 4. a) Cycling performance of Li j jNMC cells with and without

CoZn-YSIL under the current of 0.5 C. b) Charge and discharge voltage
profiles of various cycles of Li j jNMC cells with and without CoZn-YSIL
under the current of 0.5 C. c) Cycling performance of Li j jLMR cells
with and without CoZn-YSIL under the current of 0.5 C. d) Charge and
discharge voltage profiles of various cycles of Li j jLMR cells with and
without CoZn-YSIL under the current of 0.5 C. e) Cycling performance
of high-loading Li j jS cells with and without CoZn-YSIL at the cathode
side under the current of 0.1 C. f) Charge and discharge voltage profiles
of various cycles of high-loading Li-S cell with CoZn-YSIL under the
current of 0.1 C.

Figure 5. a) In situ HEXRD patterns and the corresponding charge and
discharge profiles of Li-S cell with CoZn-YSIL at the cathode side.
b) High-resolution F 1s XPS spectra of bare Cu foil at Li stripped and
plated states. c) High-resolution F 1s XPS spectra of CoZn-YSIL at Li
stripped and plated states. d) Depth-profiling high-resolution N 1s XPS
spectra of Li-deposited CoZn-YSIL with the etching time ranging from
0–360 s. e), f) Depth-profiling high-resolution Li 1s XPS spectra of Li-
deposited CoZn-YSIL with the etching time ranging from 0–360 s.
g) Schematic graph of dual-gradient SEI in CoZn-YSIL.
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as the discharge time increased, the peak intensities of the
aforementioned S8 peaks gradually decreased, suggesting
the continuous consumption of active material S8. When the
cell voltage reached around 1.95 V (t�4.7 h), the S8 phase
completely vanished and the Li2S phase start to form as the
intensities of peaks located at 4.17° and 8.03° began to
increase, which can be assigned to the (111) and (311)
peaks of Li2S phase (ICSD: 54396). During the charging
process, the peak intensities of Li2S gradually decreased and
fully vanished at the time of �10 h. Moreover, at the end of
the charged state, the S8 phase can be identified and no Li2S
can be found, suggesting the thorough oxidization of Li2S
back to S8. The in situ HEXRD results confirm that the
strong binding and catalyzing ability of CoZn-YSIL can
effectively improve the cathode active material utilization
efficiency and achieve excellent cathode redox reversibility
to enable the high electrochemical performance of Li-S
batteries.

To gain insight into the CoZn-YSIL in stabilizing LMBs,
we further carried out the surface and depth-profiling XPS
characterizations of electrodes at different electrochemical
stages to analyze the interfacial properties. For the bare Cu
electrode, as shown in Figure 5b, the SEI was mainly
composed of Li-F species with a small amount of LixPyOFz
species at the charged state. However, at discharged state,
the main component of SEI changed to LixPyOFz and C-F
species, and the proportion of Li-F species greatly de-
creased. The significant change of SEI composition on the
bare Cu surface at charged and discharged states indicates
that the uneven Li deposition and the large volume change
of lithium anode will greatly decrease the stability of SEI,
leading to the continuous consumption of electrolyte and
the low cell Coulombic efficiency. In the case of CoZn-
YSIL, as shown in Figure 5c, the SEI composition and the
proportion of each component did not undergo a visible
change at charged and discharged states, suggesting that the
CoZn-YSIL can enable a stable SEI layer on the electrode
surface. To analyze the Li deposition process, depth-
profiling XPS characterization of Li-deposited CoZn-YSIL
electrode was further conducted. As shown in Figure 5d, the
N 1s signal intensity at the outer surface is very weak (0–60 s
etching time), while its intensity is gradually increased at the
inner part of CoZn-YSIL. Combining with the N 1s XPS
fitting results (Figure S20), the content of lithiophilic
pyridinic-N is much higher at the inner part of CoZn-YSIL
and Li-N bond was also identified at the inner part of the
CoZn-YSIL, indicating that the inner part of CoZn-YSIL
can effectively adsorb Li+ and induce the deposition inside
the CoZn-YSIL. Moreover, as shown in Figure 5e and f, the
intensity of Li-F on the outer surface is higher than the inner
part, indicating that a robust Li-F rich SEI was formed on
the surface of CoZn-YSIL. In addition, the content of
metallic Li-Li on the outer surface was very weak, and it
gradually increased as the etching time increased, indicating
that most of the Li was deposited inside the CoZn-YSIL.
The depth-profiling XPS results further confirm that the
CoZn-YSIL can enable the formation of dual-gradient SEI
(i.e. Li-F dominates the outer surface while Li-N dominates
the inner surface) and regulate the Li deposition inside the

CoZn-YSIL to prevent the large volume change during
operation and avoid the formation of dendritic Li. As shown
in Figure 5g, the formation of robust Li-F rich SEI on the
outer surface can effectively improve the structural stability
and prevent the formation of dendritic Li due to the
relatively high surface energy of Li-F.[47] In addition, the
abundant lithophilic sites as well as the Li-N rich SEI at the
inner surface can effectively regulate the Li deposition,
preventing the large volume change.[48,49]

To provide direct evidence of CoZn-YSIL in addressing
the universal cathode crossover issue in LMBs, X-ray
fluorescence microscopy (XFM) and XPS characterizations
were further carried out. Figure 6a–d exhibit the XFM
images of cycled Li metal foils in Li j jNMC and Li j jS cells
after 100 cycles with/without the CoZn-YSIL protection
(electrochemical performance can be found in Figure S21).
Before conducting the XFM characterizations, the corre-
sponded cycled cells were disassembled, and the CoZn-
YSIL was removed from the surface of cycled Li metal foils.
In the case of Li j jNMC cell without CoZn-YSIL, the
absence of CoZn-YSIL (Figure 6a) will lead to the direct
deposition of dissolved TM ions on the surface of cycled

Figure 6. X-ray fluorescence microscopy (XFM) images of Co/Ni and
S/Se on the cycled Li metal foils in (a,b) Li j jNMC cell and (c,d) Li j jS
cell with and without the CoZn-YSIL, respectively. The color bar
indicates the signal intensity changing from blue (low) to red (high).
e) High-resolution N 1s XPS spectra of CoZn-YSIL before and after
soaking in 5 mM Ni2+ and 5 mM Co2+ solutions for 24 h. f) High-
resolution S 2p XPS spectra of CoZn-YSIL before and after soaking in
5 mM Li2S6 solution for 24 h (inset: digital photograph of 5 mM Li2S6

solution with CoZn-YSIL (left) and without CoZn-YSIL (right) after
24 h). g) High-resolution S 2p XPS and h) Se 3d XPS spectra of CoZn-
YSIL before and after cycling in Li j jS cell for 100 cycles.
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LMA as strong and non-uniform Ni and Co signals have
been detected on the surface of cycled LMA, decreasing the
Li stripping/plating uniformity and increasing the cell
internal resistance (Figure S22). By sharp contrast, after
applying the CoZn-YSIL, the intensity of Ni and Co signals
was greatly decreased (Figure 6b), confirming the effective
prevention of TM ions crossover in the cycled Li j jNMC
cell. For the Li j jS cell without the CoZn-YSIL, due to the
severe polysulfide/polyselenide shuttle effect, strong S and
Se signals can be identified on the surface of cycled LMA
(Figure 6c). Nevertheless, the strong binding ability of
CoZn-YSIL can greatly suppress the Li corrosion caused by
the side reaction between LMA and dissolved polysulfide/
polyselenide as the S and Se signals are much lower on the
surface of cycled LMA (Figure 6d).

To further investigate the effectiveness of CoZn-YSIL in
enhancing the Li affinity as well as preventing the O2

crossover. First-principles density functional theory (DFT)
simulations were carried out. The calculation details can be
found in Supporting Information, and We optimized the
three different slabs, such as pure graphene, graphene doped
with N and Co atoms, and graphene with Zn. Figures S23b–
d shows the optimized geometries. We simulate the binding
energies of Li and O2 on these different slabs. The binding
energies of Li (and O2) are computed as EslabþLi ðO2Þ

� Eslab� E

Li ðO2Þ
. Due to O2 and Co atom in the graphene slab, we

performed spin polarized simulations. Figures S23e–j show
the optimized geometries of Li and O2 with graphene,
graphene doped with N and Co atoms, and graphene with
Zn, respectively. The DFT simulations show the binding
energies of Li atom on graphene, graphene doped with N
and Co atoms, and graphene with Zn is � 1.57, � 2.94, and
� 1.77 eV. For the binding energies of O2 on graphene,
graphene doped with N and Co atoms, and graphene with
Zn is � 0.14, � 0.91, and � 0.16 eV. Compared to the pure
graphene, graphene doped with N and Co atoms and
graphene with Zn entails the higher binding strength,
confirming the improvement of Li affinity and O2 adsorption
through the introduction of CoZn-YSIL.

The binding features of CoZn-YSIL toward dissolved
TM ions and polysulfide were further investigated through
XPS characterizations. After immersing the CoZn-YSIL
into 5 mM Ni2+ (CoZn-YSIL/Ni), 5 mM Co2+ (CoZn-YSIL/
Co), and 5 mM Mn2+ (CoZn-YSIL/Mn) solutions for 24 h,
TM ions’ 2p peaks can be identified on the surface of CoZn-
YSIL (Figure S24), suggesting the strong binding ability of
CoZn-YSIL to the dissolved TM ions. Moreover, the peaks
of pyridinic-N and pyrrolic-N shifted �0.2 eV to higher
binding energy (Figure 6e), which indicates the electron
transfer from the N to the TM ions,[50] confirming the
binding ability of pyridinic-N and pyrrolic-N toward dis-
solved TM ions. Meanwhile, after soaking the CoZn-YSIL
in 5 mM Li2S6 solution for 24 hours, the solution changed
from brown to colorless (Figure 6f), suggesting the strong
binding ability of CoZn-YSIL toward LiPSs. Moreover, the
XPS result of the soaked sample (Figure 6f) exhibits a strong
polysulfide signal on the surface of CoZn-YSIL, indicating
the effective binding ability of CoZn-YSIL toward dissolved
LiPSs. In addition, S and Se signals were also detected on

the surface of cycled CoZn-YSIL (Figure 6g and h), further
confirming that the CoZn-YSIL can effectively prevent the
Li corrosion caused by the side reaction between LMA and
dissolved CDS.

Conclusion

In summary, we have developed a thin (25 μm) interlayer
membrane with high Li+ affinity and multifunctional
adsorption ability to enhance the cycling stability of LMB by
regulating the Li stripping/plating process and suppressing
the universal cathode crossover all-in-one-stroke. The low
Li nucleation overpotential of CoZn dual active sites,
combined with the N-rich yolk-shell structure, can effec-
tively regulate the Li+ flux and improve the Li stripping/
plating stability. More importantly, the strong binding ability
of the CoZn-YSIL can well address the severe cathode
crossover issue, preventing the Li side reaction with CDS
and cathode-released O2 when coupling with the high-
energy cathodes, such as layered metal oxide NMC, LMR,
and S cathodes. As a result, with the protection of CoZn-
YSIL, the cycling stability of LMB using various high-
capacity cathodes have been significantly improved. In
addition, a series of interphase studies as well as in situ
HEXRD were carried out to gain insights into the effective-
ness of CoZn-YSIL in stabilizing LMB. Our results highlight
the importance of interlayer structure design in improving
the cell performance of LMB by overcoming the critical
cathode crossover.
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