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% Check for updates The growth of lithium (Li) dendrites and the accumulation of dead Li (i.e., Li

metal regions which are electronically disconnected from the current col-
lector) significantly undermine the safety and performance of Li metal bat-
teries. This study employs kilogram-scale atomic layer deposition technology
to construct zinc oxide with a preferential (002) crystal orientation, which
homogeneously forms on commercial carbon nanotube papers. Our approach
emphasizes the importance of achieving a moderate Li adsorption energy and
low Li migration energy barriers to suppress Li dendrite growth. In this work,
we introduce the concept of “catalytic” effect for dead Li reconversion, as
validated through time-of-flight secondary ion mass spectrometry, leading to
a Li plating/stripping efficiency of 99.89%. The Ah-level Li metal pouch cells
with high—nickel positive electrodes achieve a specific energy of 380 Wh kg™
(based on the mass of the whole pouch cell) and demonstrate stable cycling
under demanding conditions. Analysis of the cycled pouch cells confirms the
structural integrity and provides insights into the mechanism of the dead Li
“catalytic” conversion.

Given the growing global demand for clean energy and the widespread
utilization of smart devices, lithium (Li) secondary batteries have
emerged as a favored choice for energy storage. Safety concerns and
specific energy are paramount considerations for the practical utili-
zation of Li-ion batteries. It is noteworthy that the current commercial
graphite negative electrode has nearly reached its theoretical capacity
limit (372mAh g™, Fortunately, Li metal electrode (LME) is con-
sidered one of the most promising options in current research due to
its high specific energy (3860 mAhg™) and the lowest reduction
potential of =3.04 V (vs. standard hydrogen electrodes) among nega-
tive electrode materials*®. As a result, it has garnered significant
attention and become a prominent research topic in recent times.

However, the practical implementation of LME in Li metal batteries
(LMBs) faces two major challenges: (1) low Coulombic efficiency (CE)
and (2) uncontrollable reaction sequence and serious heat release
arising from dendrite growth”®. The formation of Li dendrites is pri-
marily attributed to the inhomogeneous Li nucleation sites and accu-
mulation of dead Li (i.e., Li metal regions which are electronically
disconnected from the current collector, simplified as Li®) on the
negative electrode surface’™. Furthermore, the buildup of Li® is a
crucial factor contributing to the instability of the battery interface and
rapid capacity deterioration, which also poses significant safety
hazards in LMBs. Therefore, the eradication of Li dendrites or the
implementation of effective strategies to enhance the utilization rate
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of Li® holds paramount significance in advancing the practicality
of LMBs.

Currently, researchers are actively pursuing several mainstream
strategies to mitigate the growth of Li dendrites in batteries. These
strategies encompass the following: (1) designing functional
electrolytes”™, (2) creating artificial solid electrolyte interphase
(SED'*8, (3) constructing specialized “lithiophilic” substrate, and
others"” . Among these strategies, the establishment of a “Li-friendly
accommodation space” within the host material of LME is widely
recognized as one of the most effective approaches for fabricating
composite Li negative electrodes and inhibiting the growth of Li
dendrites?>?. Carbon materials were initially favored as substrates for
composite negative electrode materials in LMBs due to several
advantages®. Firstly, carbon materials are abundantly available, pro-
viding a rich resource for their applications”. Secondly, carbon
materials exhibit appropriate electrical conductivity and mechanical
stability, which are crucial factors for their successful integration into
LMBs?. Lastly, but not least, carbon materials possess a lightweight
nature and can be tailored to achieve desirable porosity, enabling
precise control over their properties”**, More recently, Qian et al.”
verified LiZn/Li,O configurations can effectively decompose the Li
clusters to prevent Li aggregation, which ensures efficient electron
transfer throughout the configuration and enables stable LME. How-
ever, while LiZn/Li,O plays a significant role in inhibiting Li dendrite
growth, the role of zinc oxide (ZnO) in early-stage Li nucleation should
not be overlooked. As the target material, ZnO is the key determinant
in achieving dense Li deposition in later stages®**". Furthermore, even
with well-designed Li affinity sites and spaces, the accumulation of
significant amounts of Li® on the surface remains unavoidable®. Con-
sequently, enhancing the utilization of Li® remains an ongoing scien-
tific problem and a challenge in addressing the safety concerns
associated with LMBs®**,

In this work, we utilized an autonomously designed and scalable
atomic layer deposition (ALD) technology to construct a 3D thin car-
bon nanotubes (CNTs) paper (CP) to confront the challenges posed by
Li dendrites and the accumulation of Li®. This design facilitates the
implementation of dendrite-free LME. Through this design, we intro-
duce the concept of the Li® “catalytic” effect, which enables the max-
imum recycling of Li resources. Furthermore, unlike well-known
strategies such as electrodeposition, thermal diffusion, and mechan-
ical rolling, which have the potential to inhibit the formation of Li
dendrites while facilitating large-scale production, the advanced ALD
technique we employ allows for material processing on a kilogram
scale in a single step. This approach ensures precise control over the
coating layer, providing industrial competitiveness in the production
of thin Li interlayers/composite LME. As shown in Fig. 1, the CNT paper
loaded with ZnO, exhibiting a preferential (002) crystal plane-denoted
as CP@ZnOpy—plays two critical roles. First, ZnO(oz provides
abundant nucleation sites for early Li seed growth. The generated Li.O
and LiZn, with their favorable localized free electron distribution,
facilitate the decomposition of Li clusters, preventing aggregation®*,
Second, CP@ZnOooy captures collapsed Li°, which loses electrical
contact with the current collector due to anisotropic Li stripping, while
the interwoven CP@ZnOoy framework restores electron con-
ductivity, enabling Li° reutilization. Consistently, density functional
theory (DFT) calculations also reveal that the specific crystal structure
of ZnO(poy) induces a dual “Li affinity-Li migration” effect, providing a
crucial driving force for the initial nucleation and deposition of the Li
layer. As a result, the 20 pm CP@ZnO oo film, serving as an “accom-
modation space”, has enabled Li metal pouch cells using
high-nickel-layered positive electrodes (Li[Nig90C00.0sMng 05102,
simplified as NCM90) to achieve an Ah-level capacity. This cell
system is denoted as Li/CP@ZnOooz) || NCM90. Under demanding
conditions, including a 30 um Li foil, an E/C ratio of 2.45, and a
high positive electrode areal capacity of 5.3 mAhcm™, the Li/

CP@ZnOp02) | INCM90 pouch cells have achieved a breakthrough in
the pack-level specific energy, reaching 380 Whkg™ (based on the
mass of the whole pouch cell), and have demonstrated stable cycling
for 50 cycles. These exciting findings and results indicate the sig-
nificance of the mechanism and materials we proposed in advancing
the development of Li metal composite negative electrode materials. It
was also demonstrated that the matching of LME with high nickel or
high-capacity positive electrodes is essential to harness the high
specific energy advantages of LME.

Results

The thin Interlayer design and manufacture

As illustrated in Fig. 1a, commercial CNTs (Supplementary Fig. 1) were
treated with ozone (0O3;) to introduce surface defects and
oxygen-containing functional groups. The O; treatment duration
significantly influences the growth behavior of ALD-deposited ZnO
(002). Our results show that a 30-minute treatment creates an optimal
concentration of defects and oxygen-containing functional groups,
enabling uniform deposition of ZnO (002) via ALD across the CNT
surface (Supplementary Figs. 2, 3, and 4). The treated CNTs were then
modified uniformly with ZnO dots using our spatially designed ALD
technique (Fig. 1b). Remarkably, ZnO is one of the earliest materials
discovered to possess preferred nucleation sites for Li deposition®.
However, previous studies have shown that the deposition and sub-
sequent growth of Li cannot solely rely on the material’s affinity to Li,
but also on the Li migration capability’ . These two features syner-
gistically ensure a more homogenized formation of initial Li nucleation
sites, resulting in dendrite-free LME. Modulating crystal plane orien-
tations of the target material to balance Li adsorption and Li migration
capability offers a different avenue in inducing the growth of
dendrite-free LMBs. Therefore, we conducted first-principle calcula-
tions to study the adsorption energies and migration barriers of Li on
three typical crystal planes of ZnO: (002), (202), and (020). The
computational results indicate that Li exhibits different performances
on the various crystal planes of ZnO (Fig. 1e-g, Supplementary Fig. 5).
Specifically, the (002) plane of ZnO exhibits moderate adsorption
energy (3.40eV) and low Li migration barrier compared to the (020)
(1.61eV) and the (202) (4.32eV) planes. Specifically, the ZnO (002)
plane not only promotes the preferential adsorption of Li but also
enhances the rapid migration of Li (Fig. 1h-j). This dual property is
essential for achieving ideal initial Li nucleation sites, which is also
crucial in achieving the ultimate dense Li deposition morphology
(Fig. 1c, d). Moreover, the adsorption and nucleation of Li* on ZnO
result in the formation of Li,0***, exhibiting lithiophilicity, and
Lizn*>** alloy with appropriate ionic conductivity (showing the lowest
Li mobility barrier of 0.017 eV), as shown in Fig. 1k-1 and Supplemen-
tary Fig. 6.

To further elucidate the crystallographic orientation of ALD-de-
posited ZnO, the results of transmission electron microscopy (TEM)
characterization indicate that ZnO deposited at ALD temperatures of
70°C, 150°C, and 200 °C (or below 70 °C) shows preferential orien-
tations along the (200), (202), and (002) planes, respectively (Sup-
plementary Fig. 7). Additionally, crystallographic properties were
examined through selective area electron diffraction (SAED) analysis
(Supplementary Fig. 8). Further detailed spectrogram analysis (Sup-
plementary Fig. 9) indicated that the reflection of the (002) lattice
plane was dominant at 50 °C, while the (200) and (202) peaks began to
strengthen as the temperature increased to 70 °C and 150 °C, with the
(002) peak regaining dominance at 200 °C. Moreover, a thorough
examination of the atomic force microscopy (AFM) test results
revealed significant morphological differences on the ALD-deposited
ZnO surfaces at different temperatures (Supplementary Figs. 10, 11). At
50 °C, ZnO exhibits a rod-like morphology on the single-crystal sili-
con surface (Supplementary Fig. 10a), aligning with the (002) crystal
facet. As the temperature rises to 70 °C, 150 °C, ZnO transitions to a
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Fig. 1| Schematics, DFT calculation results, and morphological structures.
Schematics of a CNTs after ozone treatment, b CNTs modified with ZnO by ALD
technology, c Li deposition on CP@ZnO(oo2), and d ZnO (002) “catalyzing” the
uniform spreading of Li metal on CNTs with Li,O and LiZn alloys. e-g Adsorption
structures and energies of Li on different crystal planes of ZnO. h-j Top views of Li

migration pathways on different surfaces of ZnO and LiZn. k, I Adsorption struc-
tures and energies of Li on different crystal planes of LiZn alloy. m A photo of a
large-area CP product. n HRTEM and o-r TEM elemental mapping images of a
single CNT@ZnOgo2) nanowire.

needle-like and columnar-like growth pattern corresponding to the
(200) and (202) crystal facets, respectively (Supplementary Figs. 10b,
¢), with features of the ZnO (002) crystal facet re-emerging at 200 °C
(Supplementary Fig. 10d). Raman spectroscopy results indicated that
we successfully obtained the desired ZnOoz) product, aligning con-
sistently with prior studies***.

By employing a drawing technique with CNT fiber (Supplemen-
tary Fig. 12) and biofiber (Supplementary Fig. 13), we achieved a
structurally stable large-area (0.5 meter*] meter) CP with a stable
morphology, high porosity, and a thickness of merely 20 pum. The
scanning electron microscope (SEM) images (Supplementary Fig. 14)
clearly illustrate the uniform dispersion and abundant porosity of the
CNT@ZnO ooy structure formed through ALD. This special morphol-
ogy is advantageous for facilitating efficient electron and ion con-
duction, while also offering ample space for Li deposition (Fig. 1c, d).
The X-ray photoelectron spectroscopy (XPS) and X-ray diffraction

(XRD) analysis results reveal a significant binding energy and 2 theta
degree of the coated CNTs with ZnOo,) (Supplementary Figs. 15, 16),
the spatial confinement of XPS technique further confirming the uni-
form distribution of ZnOo,) particles on the surface of CNTs. The
illustration in Fig. Im demonstrates the substantiation of the con-
siderable potential for scalable production of CP@ZnOgo,) and the
thermogravimetry analysis (TGA) reveals that the mass fraction of
ZnOooz in CP@ZNnO(opy) film is as low as 12.41% (Supplementary
Fig. 17), which not only demonstrates the precise of ALD technology
but also avoids significant mass burdens on the battery. The TEM and
SAED images show that the CNT@ZnO oo,y nanowires are uniformly
dispersed (Supplementary Fig. 18). The High-resolution TEM (HRTEM)
characterization (Fig. In) demonstrates that the deposition of ZnO on
the surface of CNTs is discontinuous and sparse, with an average
particle size of ZnO ranging between 5 and 10 nm. These gaps promote
preferential Li deposition and facilitate radial diffusion of Li along the
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Fig. 2 | Morphology and structure characterization of the Li depositions.

Optical photographs and SEM images of CP witha, g1,b, h 3, and ¢, i 5 mAhcm™ of
deposited Li at 1 mA cm™ current density. Optical photographs and SEM images of
CP@ZnO(oo2) With d, j 1, e, k 3, and (f, 1) 5 mAh cm™ of deposited Li. In situ optical

W

50 um

Electron co’nducti've network
Homogeneous Li nucleation and growth
gt J—o

\ ) <
Li® recommission

“Catalytic” effect

microscopy images depicting electrochemical deposition behavior of Li on (m-r)
CP and s-x CP@ZnO o0y at the conditions of a current density of 18.75 mA cm™
and a capacity of 7.8 mAh cm™. Schematics of Li deposition mechanism ony CP and
z CP@ZI’IO(OOZ).

CNTs, enabling a more uniform Li deposition. This aspect is crucial in
the choice of ZnO ooz deposition, which exhibits moderate adsorption
energy and low Li diffusion barrier. The well-grown ZnO(o,) in the
form of particles on CNTs not only guarantees the presence of
homogeneous Li nucleation sites (Fig. 10-r) but also enables moderate
adsorption and swift migration of Li on the ZnO (002) planes. The Li
ions will react with ZnOgo;) to produce desired ionic conductive Li,O
and LiZn alloy, facilitating lateral Li migration and preventing the
concentration of Li nucleation. Furthermore, the electron conductive
CNTs (Supplementary Fig. 19) provide a strong electric field driving
force for rapid Li/Li* migration and diffusion, making the CP@ZnO o0
capable for achieving efficient Li utilization and the Li® “catalytic”
effect.

The deposition observation of Li with SEM and in situ optical
microscopy

To visually demonstrate the moderate “lithiophilic” ability of
CP@Zn0(poz and the corresponding “catalytic” effect of Li°, we
assembled CP@ZnOooy film with Li foil to create a half-cell for

investigating the morphology evolution of Li deposition. Figure 2a-c,
Supplementary Fig. 20a-c, and Fig. 2d-f show physical images of bare
CP, Os-treated CP (05-CP), and CP@ZnOoo, Wwith Li deposition
capacities of 1, 3, and 5mAhcm™? at 1mAcm™, respectively. It's
obvious that the CP and O;-CP gradually became enveloped by Li
metal, resulting in the appearance of a large amount of silver-white Li
metal on the surface as the Li deposition capacity increased. The
corresponding SEM images (Fig. 2g-i and Supplementary Fig. 20d-e)
further shows at low Li deposition capacities (<3 mAh cm™), 0;-CP
can enhance the deposition morphology compared to CP, attributed
to the ability of carbon’s defective surface to adsorb Li ions, forming
uniform Li nucleation sites. Simultaneously, the high porosity of the CP
framework enables it to fully accommodate the deposited Li below
3mAhcm™ However, when the deposition capacity of Li reaches
practical levels (5 mAh cm™), a substantial amount of silver-white Li
metal appears on the surface of CP and O;-CP, accompanied by
numerous Li dendrites. This occurrence stems from the fact that while
carbon defects can induce Li nucleation, strong defects hinder Li
adsorption, resulting in insufficient Li diffusion, leading to Li
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aggregation during deposition and ineffective suppression of Li den-
drite growth. In contrast, after continuous Li deposition on
CP@Zn0 o0z, optical photographs show no significant precipitation
of Li metal. Correspondingly the SEM images (Fig. 2j-I) confirm the
uniform deposition of Li metal within the CP@ZnO oy film frame-
work, thereby achieving a dendrite-free LME with desirable Li
accommodation ability. On the path towards the practical application
of LMBs, the volume expansion effect and Li dendrite growth in LME
pose significant challenges that cannot be ignored. To address this, we
characterized the thickness of the deposited CP and CP@ZnO o) at
various capacities. Cross-sectional SEM images reveal the thickness of
CP increased from an initial value of 19.8 um to 80.6 pm (5 mAh cm™)
as the Li deposition capacity increased, resulting in a volume expan-
sion rate of 300% (Supplementary Fig. 21a-d). This is mainly attributed
to the lack of “lithiophilic” properties in CPs, which leads to pre-
ferential Li aggregation and dendritic growth. The expansion of large Li
metal particles further amplifies the spacing between CP frameworks,
ultimately causing significant volume changes in the Li composite
negative electrode. In contrast, CP@ZnOgoy exhibits a continuous
increase in Li deposition thickness, ranging from 20.1 um (1 mAh cm™)
to 43.8 um (5 mAh cm™), with reasonable changes (volume expansion
rate 100%) (Supplementary Fig. 21e-h). This observation suggests that
the CP@ZnO 0z possesses a robust Li accommodation capability,
which, in conjunction with its appropriate electronic conductivity
network, plays a pivotal role in enabling “catalytic” conversion and
re-utilization of Li®.

Furthermore, we conducted real-time observations of the mor-
phological evolution of Li deposition on CP and CP@ZnO g0, using in
situ optical microscopy imaging technique under simulated electro-
chemical conditions. The current of Li deposition is 1.5mA, and the
deposition window size is 0.4*0.2 cm?, so the corresponding specific
areal current density of the Li deposition reaches 18.75mAcm™.
Figure 2m-r illustrates the 25-minute evolution of Li deposition
morphology on CP. It is evident that after 10 min of Li deposition,
growth of Li dendrite began to occur on the CP surface (Supplemen-
tary Movie 1). On the contrary, during the initial 15 min of Li deposition
on CP@ZnOooy (Fig. 2s-x), there was almost no precipitation of
metallic Li. As the Li deposition time extended, a large number of Li
dendrites emerge haphazardly on the CP surface, posing a critical
safety concern for the battery’s performance (Fig. 2y), CP@ZnOo2)
demonstrating the adequate Li accommodation capability of
CP@ZnOpoz (Supplementary Movie 2). This can be attributed to
several factors: (1) the moderate lithiophilicity of ZnO (002), which
induces uniform Li nucleation; (2) the low Li migration barrier of ZnO
(002) and LiZn alloy, which avoids local Li accumulation; and (3) the
electron conductive CNTs that establish an efficient electron network
for CP@Zn0(p0y). Consequently, Li not only deposits on the surface of
CNTs but also effectively utilize the available free volume within the CP
framework for Li confinement, thus achieving a safe dendrite-free LME
(Fig. 2z). However, we also observed that after 25 min of deposition, a
small quantity of Li dendrites began to emerge on the surface of
CP@ZnOo0y), indicating the full occupation of interstitial space within
CP@ZnOpoy. This emphasizes that matching the capacity of the
positive electrode is another important factor in designing safe LMBs.

The CE calculation with Aurbach method

To access the application potential of CP@ZnOoo3) in LMBs, the most
importantindices, CE, are tested for LME armed with CP@ZnOggy). We
initially utilized the Aurbach method*® to determine the CE of Li
deposition/stripping on both CP, O;-CP and CP@ZnO o, (Fig. 3a and
Supplementary Fig. 22). It is worth noting that the initial deposition
exhibits a limited efficiency, which is close to the average cycling
efficiency. Therefore, the average cycling efficiency can be calculated
by the following equation: where Xis the CE; N is the number of cycles;
da, q, and q, are the cycling capacity, pre-deposited Li capacity

(3 mAh cm™), and finally stripped Li capacity, respectively.

X =[qg — (qu —qr)/N]/da @

Upon pre-depositing 3 mAh cm, followed by cycles at 1 mA cm™
and 1mAh cm™, the CP and O3-CP exhibit average CEs of 91.62% and
90.66%, respectively, while CP@ZnOo, achieved an impressive
99.89%. This signifies the ideal Li adsorption capability of ZnO o) and
the low ion diffusion barrier that promotes uniform Li nucleation and
growth, reducing the occurrence of interface side reactions. However,
CP accumulates Li® due to its non-affinity for Li, leading to low CE,
whereas 03-CP experiences low CE owing to its excessive adsorption
affinity towards Li, it hinders Li diffusion. To further elucidate the
mechanistic role of ZnO in the early-stage Li nucleation process, we
conducted Li deposition/stripping tests under the same conditions
using ZnO as the electrode (Supplementary Fig. 23). In the voltage
profile, the prominent signal at ~0.5V corresponds to the electrode
reaction of ZnO (ZnO + 2Li*+ 2e” > Zn + Li,0)*>*. A peak at 0.2V sig-
nifies the electrolyte decomposition, SEI layer growth, and formation
of Li-Zn alloy (Zn + Li*+ e > LiZn). This peak also represents a sig-
nificant factor contributing to the capacity when the Li deposition
voltage reaches OV in the Li | [CP@ZnO ooy cell. Furthermore, we also
conducted a CE assessment for CP@ZnO 0, CP@Zn00), and
CP@ZnO (fabricated at ALD 100 °C, Supplementary Fig. 24) as illu-
strated in Supplementary Fig. 25 to validate the proposed mechanism
that highlights moderate adsorption energy and low ion migration
barrier as optimal features for achieving efficient Li deposition/strip-
ping performance. The results reveal that the average CEs for
CP@ZnO(0z0), CP@ZNO0(202, and CP@ZnO are 95.53%, 96.48%, and
96.46%, respectively, all of which are lower than that of CP@ZnO gy
This indirect evidence serves to underscore that strong adsorption and
higher Li migration barriers impede the full utilization of Li, thereby
providing selection criteria for the future design of more suitable Li
deposition substrates.

Comprehensive electrochemical test

Based on the in situ optical microscopic test results, we further
employed CP and CP@ZnO o0y as the working electrodes and Li foil as
the counter electrode to study the Li deposition/stripping efficiency in
Li | ICP and Li | [CP@ZnO 02y half-cells. Figure 3b and Supplementary
Fig. 26 present a comparative analysis of the long-term CE between CP
and CP@Zn0(ooy), and a more detailed presentation is shown in Sup-
plementary Fig. 27. It is evident that CP exhibits significant CE fluc-
tuations after 40 cycles at 1 mA cm™2, Previous work® has demonstrated
that the forms of Li loss in LMBs can be assessed based on CE per-
formance: when the CE is low and exhibits substantial fluctuations, the
accumulation of Li® becomes the primary driver of Li resource loss,
whereas when the CE is high and remains stable, the loss of Li pre-
dominantly arises from the formation of the SEI Li*. Therefore, the test
results of CE indicate that CP fails to achieve efficient Li deposition and
stripping. The accumulation and activation of Li® on the surface of CP
result in erratic fluctuations in CE, which seriously jeopardizes the safe
operation of batteries. Additionally, through XPS tests on the Li||CP
and Li | [CP@ZnO o0y, half-cells subjected to multiple Li deposition/
stripping cycles, we discovered the CP@ZnO gy, effectively promotes
a higher abundance of LiF at the Li deposition interface during the
stripping process. This observation indicates that, in comparison to
the CP, the CP@ZnO o0,y possesses more favorable composition and
distribution of SEI components. Consequently, it facilitates the
achievement of uniform and densely packed Li deposition (Supple-
mentary Fig. 28). In contrast, the corresponding SEM images show a
notable accumulation of Li® on the CP surfaces (Supplementary
Fig. 29a), while CP@ZnO ;) realizes dendrite-free morphology with a
smooth surface (Supplementary Fig. 29b). The synergistic effect of
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CP@ZnO 002y | INCM90 pouch cell with related cutting-edge works.

ZnO (002) in CP@ZnOoy offers uniform Li nucleation sites and
promotes rapid Li migration, thereby enabling the deposition of planar
Li and stabilizing the negative electrode interface layer. As a result, the
CP@ZnO o0y achieves stable Li deposition/stripping for up to 2000
and 180 cycles at 0.5mAcm? / 0.5mAhcm™? and 1mAcm? /
1mAh cm™ conditions, respectively, and increases the CE lifespan by
nearly 6-fold.

The post-cycling CP and CP@ZnOoz underwent additional
microscopic tests for further comparison. The cross-section SEM
images show a significant accumulation of Li® on CP surfaces after 200
cycles at a low current density of 0.5 mA cm™, with a thickness of up to
75.9 um following Li stripping (Supplementary Fig. 30a). This indicates
that, due to CP’s non-lithiophilic character, a large amount of metallic
Li deposits on the CP surfaces during the short-term process of Li
deposition and stripping, and then strip to cause the accumulation of
Li®. On the contrary, CP@ZnOyg exhibits an intact
three-dimensional structure and a clean surface even after 200 cycles,

with a thickness around 50.7 pm following Li stripping (Supplementary
Fig. 30b). These observations demonstrate that CP@ZnOo,) has
sufficient sites and ample space to allow the homogeneous growth of
Li during long-term deposition and stripping, which further promotes
the activation and recycling of Li°. In particular, when the current
density increases to 5 mA cm, the CP experiences a sharp decline in
CE after approximately 10 cycles. In contrast, CP@ZnO o,y demon-
strates a stable Li deposition/stripping behavior and achieves nearly 10
times the CE of CP (Fig. 3¢, Supplementary Fig. 31). This remarkable
improvement can primarily be attributed to the combination of lower
Li nucleation barriers and faster Li migration rates in CP@ZnOgoy).
Additionally, the electron conductivity of CNTs further enhances the
kinetics of Li oxidation/reduction. The corresponding first-cycle
potential profiles, conducted at the capacity of 1mAhcm™ and dif-
ferent current densities of 1 mA cm™ and 5 mA cm™ (Fig. 3d, e), reveal
that CP@Zn0Opo2) possesses lower Li deposition/stripping barriers
compared to CP. This finding further demonstrates that moderate
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adsorption and rapid Li diffusion ability are necessary for achieving
efficient Li deposition/stripping. Another important factor influencing
the practicality of LME is their cycle life and overpotential at different
current densities and deposition capacities. Here, we introduce an thin
(20 pm) CP@ZnOgoy interlayer between the Li metal and the
separator, constructing Li||Li symmetric cells for testing. We found
that, regardless of high (3mAcm™2 /3 mAhcm™) or low (ImAcm?/
1mAhcm™) current densities, the cells with CP@Zn0 g0, exhibited
lower overpotential (~10mV) and significantly extended cycle life
compared to those with CP (Fig. 3f, Supplementary Fig. 32), which
further proves the promising application prospects of CP@ZnO oy in
improving the electrochemical performance of LME.

Due to the inherent Li content in the LME itself, it is possible to
pair LME with almost all positive electrode materials, and LMBs have
been regarded as the next-generation energy storage devices capable
of achieving breakthrough specific energy. Over the past five years, the
specific energy milestones in LMBs have been mostly limited to the Li| |
NCM systems**’!, This preference arises not only from the higher
theoretical capacities of NCM positive electrode materials compared
to LiFePO, (LFP) materials but also due to the more promising com-
mercial outlook of NCM than higher-capacity sulfur positive electro-
des. To investigate the practical potential of CP@ZnOoz as a Li
accommodation interlayer, we initially used CP@ZnO o) as an inter-
mediate accommodating layer for Li deposition and paired it with a
high-nickel ternary positive electrode (Li[NipsC001Mng]0,, simpli-
fied as NCMS8I1) with a critical areal loading of 4.5 mAh cm™. As shown
in Fig. 3g, the Li/CP@ZnO o0y, | | NCM8L11 full cell demonstrates a stable
cycling performance and with a capacity retention rate of 92.6% after
100 cycles. Throughout these cycles, the Li/CP||NCMS811 full cell,
although devoid of capacity fade tendency, exhibits the presence of
abundant Li® after 30 cycles (Supplementary Fig. 33), while
CP@Zn0 o0z continues to exhibit stable and uniform Li deposition/
stripping, as well as a clear CNTs framework after 100 cycles (Sup-
plementary Fig. 34). This occurrence is mainly due to the accumulation
of Li dendrites and Li® at the negative electrode interphase, leading to a
severe soft short circuit within the high-nickel positive
electrode-equipped LMBs. Consequently, despite its high capacity
retention rate, the Li/CP | | NCMS8I1 suffers unexpected capacity drops
and failures. Therefore, Li/CP@Zn0Oo0y), as both a Li accommodation
space and an activation network for Li°, perfectly addresses this safety
hazard and improves the capacity degradation prediction for LMBs.
Furthermore, through electrochemical impedance spectroscopy (EIS)
and cyclic voltammetry (CV) tests (Supplementary Fig. 35), we found
that the NCMS8L11 full cell with CP@ZnO o0, exhibited a more stable
interface impedance and efficient electrochemical reaction kinetics.
This finding confirms that CP@ZnOo, promotes the sustainable
deposition and stripping of Li, leading to a stable SEI membrane.
Additionally, CP@ZnOo enhances the migration and uniform
deposition of Li ions on the negative electrode side due to the electron
conductive CNTs networks and the adequate Li accommodation
space, which also constitute essential mechanisms for improving bat-
tery cycle life. Remarkably, CP@ZnO ooz has demonstrated a notable
enhancement in cycling performance in high-voltage (4.6V) Li/
CP@ZnO ooz | | LCO (LiCo0,) batteries, compared to Li/CP in Li/CP||
LCO batteries (Supplementary Fig. 36). The efficacy of CP@ZnO ooy, in
optimizing interface and kinetics, as well as enabling dendrite-free
LME, is further verified and substantiated (Supplementary Figs. 37, 38).
However, for higher specific-energy anode-free LMBs systems, con-
strained by the active Li consumption brought about by the side
reactions between conventional organic electrolytes with Li, and ZnO
with Li, utilizing CP@ZnOo0,) as the anode-free electrode of LMBs will
lead to a 30% capacity decay after 5 cycles (based on CE from Figs. 3b
and 3c). This underscores the need for subsequent integration of other
optimization strategies for LMBs (such as electrolyte engineering) to
collectively tackle this challenge.

Li metal pouch cell

In order to fully exploit the capacity of LME and overcome the specific
energy limitations of LMBs, the continuous advancement of NCM
positive electrode technology has led to the emergence of
higher-nickel-content (Ni > 90%) NCM materials with enhanced
capacity. In this context, we have synergistically combined
CP@ZnO o0y With a high-nickel ternary positive electrode (NCM90)
featuring an high areal loading (5.3 mAhcm™), alongside a
30 pm-thick Li metal negative electrode. Notably, with limited elec-
trolyte usage (2.45gAh™) (Fig. 3h), we successfully assembled prac-
tical Li/CP@ZnO o0z | |NCM90 pouch cells, demonstrating an average
specific energy of 380 Wh kg™ (based on the mass of the whole pouch
cell) and remarkable stability over 50 cycles at 0.33 C, along with an
impressive average capacity retention rate of 94.3% (Fig. 3i). This
achievement signifies a promising future trend for LME technology to
match higher-nickel-content NCM positive electrodes (Fig. 3j).
Moreover, after cycling in the Li/CP@ZnO oz || NCM90 pouch cells
for 50 cycles, the electrodes maintain intact physical structures with a
smooth and the microscopic image of CP@ZnO oo, show no struc-
tural degeneration and no Li cluster (Supplementary Fig. 39). This
observation provides compelling evidence for the remarkable cap-
ability of CP@ZnOo in enduring Li deposition restoration and
accommodation, thereby promoting the reactivation and utilization of
Li®>. These findings also align well with the mechanisms for
dendrite-free LME and Li® “catalytic” effect observed in Li/
CP@ZnO o0z | INCMS8I1 and Li/CP@ZnOooy) | | LCO full cells. Conse-
quently, these results fully demonstrate the promising potential of
CP@ZnO0y Wwith its unique structure and chemical properties in
practical application for advancing LMBs.

Analysis and discussion of Li®

The quantification of Li® content after cell cycling serves as a crucial
indicator for validating the utilization efficiency of active Li and plays a
significant role in ensuring the safety of LMBs. Therefore, we employed
the time-of-flight secondary ion mass spectrometry (TOF-SIMS)
characterization technique to identify the surface configuration and
concentration of Li in cycled LMBs (1 mA cm™ current densities and in
the discharged state). The test outcomes exhibit remarkable uni-
versality and persuasiveness due to the expansive testing area as
100*100 um?. In the negative ion mode, there is a significant presence
of anions on the surface of the CP after Li stripping. The predominant
anions observed include F- (m/z=19), OH- (m/z=17), while organic
species such as C, - (m/z=24), C,H - (m/z=25), and CN- (m/z=26)
are also found in substantial quantities on the CP surfaces (Fig. 4a,
Supplementary Figs. 40, 41). This finding indicates that the decom-
position of the electrolyte solvent on the CP surface cannot be over-
looked and we speculate this phenomenon is primarily due to the
ineffective suppression of Li dendrite growth by the CP, leading to
severe deformation of the CP interface during continuous Li deposi-
tion and stripping process. Consequently, the SEI film becomes vul-
nerable, causing the dynamic reaction of fresh Li with the electrolyte
and thus the formation of various Li-compounds adhering to the CP
surface. Additionally, during Li stripping process, the collapsed Li
dendrites lose electronic conductivity due to their encapsulation by
the SEI film, resulting in the depletion of active Li and the accumulation
of fragile SEI fragments. In contrast, the residual anion species on the
CP@ZnO o0y surface are significantly decreased, and the content of
organic components is greatly suppressed (Fig. 4b, Supplementary
Figs. 42, 43). From the depth elemental distribution results, it can be
inferred that compared to the CP, CP@ZnO o0y, exhibits a more uni-
form elemental distribution and a smaller amount of Li salt decom-
position/reduction products (F- (m/z =19)/LiNO; — (m/z = 69)/LiSNOF
- (m/z=88)). This result suggests that during the initial stages of
battery operation, a dense and desired ion-conductive SEI film is
completely established on the CP@ZnOo, surface due to the
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uniform and dense Li deposition. Consequently, the decomposition of
Li salt and solvent is effectively inhibited. In this way, a higher ionic
transference number in the electrolyte is ensured, while the formation
of organics-dominated and fragile SEI films is avoided. Moreover, in
the cation mode, the elemental spectra and mappings show that the CP
(Fig. 4c, Supplementary Figs. 44, 45) exhibits a more complex pattern
of cationic complexes compared to CP@ZnO(ooy) (Fig. 4d, Supple-
mentary Figs. 46, 47). Moreover, the presence of characteristic infor-
mation representing metallic Li (Li+ (m/z=7), Li,+(m/z=14))"

provides robust evidence for the Li°® “catalytic’ conversion within
CP@ZnOp0y, Which is instrumental in achieving stable cycling of
LMBs under limited Li resources.

Discussion

In this work, we conducted first-principles calculations to investigate
the Li affinity and migration energy barriers of ZnO with different
crystal orientations, revealing an inherent trade-off between these two
properties in the target material. By utilizing kilogram-scale ALD
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technology with specific design, we successfully obtained precise
ZnOoz~modified carbon nanotubes with moderate Li adsorption and
low Li migration energy barriers. In situ optical microscopy observa-
tions provide compelling evidence that CP@ZnO g0, exhibits sufficient
and persistent Li accommodation capability. Electrochemical tests
demonstrate that CP@ZnO oy achieves an Li deposition/stripping
efficiency of 99.89% and exhibits a cycle life that is 10 times longer than
that of CP. Furthermore, by conducting practical Li metal pouch cell
validation, CP@ZnO0y) achieves Ah-level Li metal pouch cells with
high-nickel positive electrodes (Li/CP@ZnO ooz | | NCM90). The pouch
cells exhibit an impressive specific energy of 380 Wh kg™ (based on the
mass of the whole pouch cell) and stable cycling for 50 cycles at 0.33 C
under critical conditions (positive electrode areal capacity:
5.3 mAh cm?, E/C ratio: 2.45, N/P ratio: 1.13). It is worth noting that the
specific energy is up to -424 Whkg™, excluding the mass of packing
foil, which could be a valuable index for evaluating the specific energy
of larger-size batteries. This achievement demonstrates that the
matching of LME with high nickel or higher capacity positive electrodes
is essential to harness the high specific energy advantages of LME.
Finally, TOF-SIMS characterization results reveal that the CP@ZnOoo2)
surface of the LMBs exhibits less electrolyte decomposition product
and Li metal on after cycling, which not only confirms the stability of
the negative electrode interface and the high Li utilization rate but also
sheds light on the underlying mechanism of the Li® “catalytic” con-
version. We believe that this work offers valuable insights into the
selection suitable Li-hosting materials and demonstrates the immense
potential of our proposed CP@ZnO o, material in advancing the
commercialization of LMBs.

Methods

Materials

Carbon nanotubes (CNTs) were acquired from M-Grade MWNT’s, and
the number is NTL-12112. Biofibers was obtained from the corporation
of Hainan Guang Yu Biotechnology. Anhydrous ethanol (AR, > 99.8%)
was purchased from Xin Shen Shi corporation (Wuhan). Atomic layer
deposition (ALD) equipment was from Yun Mao technology corpora-
tion (Xiamen), and ALD technique was provided by BattFlex corpora-
tion (Wuhan). Li foil and 30 um Li/Cu/Li foil were purchased from
China Energy Lithium Co., Ltd. Separator used was Celgard 2400
monolayer PP film. ZnO powder (Purity = 99.9%), Polyvinylidene
difluoride (PVDF) (average Mw -880,000), N-Methyl pyrrolidone
(NMP) (AR, > 99%), the solvent, 1,2-dimethoxyethane (DME) (AR, >
99.5%), dioxolane (DOL) (Purity > 99%), ethylene carbonate (EC)
(Purity > 99%), dimethyl carbonate (DMC) (Purity > 99%), vinylene
carbonate (VC) (Purity > 99.5%), diethyl carbonate (DEC) (Purity >
99%), ethyl methyl carbonate (EMC) (Purity > 98%), fluoroethylene
carbonate (FEC) (Purity > 98%), lithium bis(fluoromethyl)imide (LiFSI)
(Purity = 99.9%), lithium hexafluorophosphate (LiPF¢) (Purity = 99.5%),
lithium bis(trifluoromethanesulphonyl)imide (LiTFSI) (Purity > 99.9%),
and lithium nitrate (LINO3) (Purity = 99.99%) were purchased from
Sigma-Aldrich without further purification. Carboxyl methyl Cellulose
(CMC) (Purity: column chromatography), Styrene, 1,3-butadiene
polymer (SBR) (average Mw ~140,000) was purchased from Sinopharm
Chemical Reagent Co., Ltd. Super P was purchased from AkzoNobel
corporation. NCM90 (Li[Nip.00C00.05sMnNg.05]02), NCMS8I11
(Li[Nip §C001Mng;]10,), and LCO (LiCoO,) positive electrode materials
were obtained from Rong Bai technology corporation. Aluminum (Al),
copper (Cu) and nickel (Ni) foil purchased from Aladdin Scientific
Corp., specifications for battery grade, where the thickness of Al and
Cu foil are 10, 6 um respectively, and the areal weight are 2.7 mgcm™
and 5.88 mg cm™ respectively.

DFT computational method
The adsorption and migration simulations of Li on ZnO and LiZn alloy
surfaces are conducted by Vienna Ab-initio Simulation Package®

based on density functional theory. The ZnO (002), (020), (202) sur-
faces and LiZn (220), (112) surfaces are considered according to the
experimental XRD tests and the structural regularity. The surface
models were created from their geometry optimized bulk structures,
and the vacuum thickness between periodic mirror images were set to
20 A. The atom numbers and the dimensions of optimized surfaces are
listed in Supplementary Table 1, the calculation parameters and con-
figurations of Li and ZnO (002), ZnO (020), ZnO (202), LiZn (220), LiZn
(112) in Supplementary Data 1-5. In adsorption simulations of Zn (002)
and (202) surfaces, two cases distinguished by the category of the top
atoms (either Zn or O) were involved. For geometry optimizations,
Perdew-Burke-Ernzerhof functional®* was applied to deal with the
exchange-correlation interactions, and projector augmented-wave
(PAW) method® with energy cutoff of 520eV was involved. The
k-mesh of Brillouin zone is sampled using Gamma scheme with a
density of 0.04*2m/A. The energy threshold of electronic
self-convergence iteration is 10°eV, and the force threshold for
geometry optimization is 0.02 eV/A. In all the surface simulations, the
positions of bottom two layers of atoms were fixed to approximate the
solid parts. The van der Waals interaction was considered using
Grimme-D3 method with Becke-Johnson damping function®. Climb-
ing Image Nudged Elastic Band (NEB) method*” was employed for
simulating the transport of Li on different surfaces, the calculation
parameters for NEB and the corresponding initial and final configura-
tions of Li atoms on ZnO (002), ZnO (020) and LiZn (220) in Supple-
mentary Data 6. The binding energy of Li is calculated by summing the
energies of a surface and a Li atom, and then subtracting the energy of
a surface-Li adsorption structure.

Materials synthesis

After a 12 h drying process, the CNTs were coated with a 15 nm thick
ZnOooz) layer using ALD technology, resulting in the formation of
CNT@ZnO o0z The specifications of CNTs used in this work are shown
in Supplementary Table 2, including the radius and length of CNTs. In
addition, the four-probe method was used to test the compaction
density, resistivity and conductivity with pressure of CNTs, the pres-
sure set was 2.000-30.000 MPa. As pressure escalated, the compac-
tion density rose, leading to a decrease in the resistivity of the CNTs
and a subsequent enhancement in conductivity, the specific test spe-
cifications and parameters are shown in Supplementary Table 3. Before
the deposition process, there are several experimental procedures we
had to do with the reaction chamber: it was evacuated and filled with
argon for cleaning at first, and then ozone was introduced under
vacuum conditions to create a large number of defects on CNTSs sur-
faces, followed by the re-evacuation and re-fill of argon for cleaning
again. During the deposition process, diethylzinc (DEZ) was intro-
duced to attach to the CNTs surfaces, and the unattached DEZ was
completely drained out. Subsequently, the CNTs was put into deio-
nized water (H,0), which reacted with DEZ to produce the target
product ZnO(oy). After the reaction, argon was applied again to
completely remove the gaseous H,O0, to elaborate, the included details
such as pulse time, gas flow, carrier gas, among others, with specifics
on pulse time and carrier gas conditions presented in Supplementary
Fig. 48. The attainment of gas pressure within the process chamber
upon the introduction of DZE and H,0 into the source is illustrated in
Supplementary Fig. 49, delineating three interim pressure points
preceding a conclusive pressure point. This arrangement aims to
enhance the adherence of DEZ to defects on the surface of CNTs and
promote a more comprehensive subsequent reaction. Repeated above
ALD steps to obtain the ideal ZnOo,) deposition, when the above
cavity is fed, it is divided into three small reach pressures of 6-7 Torr,
and the reaction is finally carried out under the condition of 20 Torr, all
above reaction the temperatures are 200 °C. According to areal den-
sity 1 mg cm2, CNT@ZnOo02) were mixed with biofibers in anhydrous
ethanol solvent with the mass ratio of 9:1. To ensure complete
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dispersion of the CNT@ZnOo02), the mixture was subjected to ultra-
sonic vibration for 30 min. Subsequently, the uniformly dispersed
mixture was filtered on a 500-mesh cloth to obtain the CP@ZnO o5
paper with dimensions of 200 cm x 80 cm. After drying at 80 °C, the
CP@ZnO o0z paper was stripped from the carbon cloth. Last but not
least, the CP@ZnO(go,) wWas further dried at 100 °C in a vacuum oven
for 12 h, which was cut using a 16 mm diameter slicer, followed by
carbonization at 600 °C for 5h in a tube furnace with flowing argon
gas. During the carbonization, the heating rate was 2 °C per minute.
The CP film was obtained through the same process, while skipping the
ALD deposition process.

Assembly of cells

The electrochemical performance of the CP@ZnO o, was tested in
stainless-steel cells assembled in an argon gas-filled glovebox (MIK-
ROUNA). All the Li||ZnO, Li||CP, Li||CP@ZnO ooz half-cells, Li/CP||
CP/Li, Li/CP@ZnOoz) || CP@ZNO(0pzy/Li symmetric cells, Li/CP||
NCMB8I], Li/CP@Zn0002)/NCM8LL, Li/CP || LCO, and Li/CP@ZnOgo2)/
LCO full cells were assembled in CR2032 coin cells. For Li||ZnO, Li| |
CP, Li| |CP@ZnO(002) Li| |CP@ZnO(020), Li| |CP@ZnO(202), Lill
CP@ZnO half-cells, the diameter of ZnO, CP CP@ZnOoy),
CP@ZnO 020y and CP@Zn0 0, negative electrode slices is 12 mm. For
Li/CP || CP/Li, Li/CP@ZnO(ooy) | | CP@ZNnOpozy/Li symmetric cells, the
diameter of CP and CP@ZnOo0,) negative electrodes slices are 16 mm.
For Li/CP||NCMS8L11, Li/CP@ZnOo2/NCMS811, Li/CP||LCO, and Li/
CP@ZnO0p02)/LCO full cells, the diameters of NCM811 and LCO posi-
tive electrodes slices are 12 mm, and those of CP and CP@ZnO(ooy)
slices are 12 mm. In all coin cells, the Li electrode slices have a diameter
of 16 mm and a thickness of 100 pum, while the separator has a diameter
of 16.5 mm, a thickness of 25 pm, and an average porosity of 41%. 50 pl
of DME/DOL (1:1, v/v) electrolyte containing 1 M LiTFSI and 2 wt% LiNO5
was added to Li||CP, Li | ICP@ZnOooy), Li|1ZnO half-cells and Li/CP |
| CP/Li, Li/CP@ZnOoy) || CP@ZnOpoz/Li symmetric cells. For Li/
CP|INCM81], Li/CP@ZnO(po2/NCM811, Li/CP||LCO, and Li/
CP@Zn0p02)/LCO full cells, 50 pl of electrolyte composed of a mixed
solvent EC/DMC (1:1, v/v), 1 M LiPF¢, and 2.0 wt% VC was added for each
cell. The assembly and tests of the half-cells, symmetric cells and full
cells were carried out in a constant temperature room at 25+ 0.5 °C.

Preparation of Li metal deposition CP, CP@ZnO(oo2) and after
cycled CP, CP@ZnO(ooz). Li | ICP, Li | ICP@ZnO(o02) half-cells were
put to rest for 24 h for electrolyte to ensure complete electrolyte
infiltration and adaptation to constant temperature conditions,
and the Li plating was carried out at 1 mA cm™ current density.
For each cell, 50 pl of electrolyte composed of DME/DOL (1:1, v/v)
electrolyte containing 1M LiTFSI and 2 wt% LiNO; was added to
both Li||CP and Li||CP@ZnOoy half-cells. Half-cells and Li/
CP||NCMS8L1, Li/CP@ZnO oz | INCMS8I11 full cells with varied Li
deposition capacities (1, 3, 5mAh cm~2) were disassembled in an
argon-filled glovebox (H>0/0, <0.1 ppm). Electrodes were
sequentially processed through In situ optical microscopy analy-
sis, solvent cleaning (DME/DOL, 1:1v/v) to remove residual Li
salts, complete solvent evaporation under glovebox atmosphere,
and vacuum transfer to SEM for surface/cross-sectional imaging.
For chemical characterization, solvent-cleaned electrodes
underwent TOF-SIMS analysis, and XPS measurements, both
conducted under ultrahigh vacuum. All cycling experiments were
performed in a temperature-controlled environmental chamber
(25.0 £0.5°C) using a LANDMon V7 system. Cell disassembly for
post-test analysis was strictly conducted under identical thermal
conditions to prevent temperature-induced morphological
changes.

In situ optical microscopy. The dimensions of the Li, CP, and
CP@ZnO o0y electrodes in the Li | |CP and Li | [CP@ZnO o0y, half-cells

in situ pool were all 0.8 * 0.8 cm? and the deposition window size is 0.4
* 0.2 cm?. Commercial Li discs with a diameter of 16 mm and a thick-
ness of 100 pm were used, the separator with a window size of 0.4 *
0.2 cm? and a thickness of 0.9 mm. A total of 4 ml of DME/DOL (1:1, v/v)
electrolyte containing 1M LiTFSI and 2 wt% LiNO5; was added to both
Li|ICP and Li||CP@ZnOoy half-cells. For the half-cells, in situ
optical microscopy imaging technique was employed under the con-
ditions of a current density of 18.7SmAcm™ and a capacity of
7.8 mAhcm™. All electrochemical energy storage performance eva-
luations were conducted in a temperature-controlled environmental
chamber with rigorously maintained ambient conditions at
25.0 £ 0.5 °C throughout the cell cycling experiments.

Preparation of NCM811, LCO positive electrodes and ZnO elec-
trode. The positive electrode mixture slurry comprised NCM811
(96.5 wt%), super P (1.0 wt%), PVDF (2.0 wt%) solution (PVDF 5.0 wt%,
the solvent is NMP), and multi-wall carbon nanotubes (MWCNTs,
0.5 wt%). The LCO positive electrode slurry was formulated with 80 wt
% active material, 10 wt% Super P conductive agent, and 10 wt% PVDF
(5.0 wt% in NMP). For the ZnO electrode, 92 wt% ZnO, 2.0 wt% Super P,
and 5.0 wt% CMC (1.5wt% aqueous solution) were homogenized for
4 h, followed by addition of 1.0 wt% SBR (SBR, 50 wt% aqueous dis-
persion) with 30 min further mixing. Slurries were blade-coated onto
Al foil using gap heights of 150 pum (NCMS811), 20 pm (LCO) and 15 pm
(Zn0), dried at 60 °C for 12 h under vacuum, and punched into 12 mm
discs. The NCM8I1, LCO and ZnO active material loading was cali-
brated to 20 mgcm=2, 2.5mg cm=2 and 0.8 mg cm?, respectively. All
electrode preparations were conducted in a climate-controlled envir-
onment (25.0 + 0.5 °C, humidity <30% RH) to ensure thermal stability
during processing.

Pouch cell. The fabrication components of Li/CP@ZnO ooz | | NCM90
pouch cells are provided in Supplementary Table 4. Commercial
NCM90 (Rong Bai Tech) electrodes were precision-cut using a die-
cutting system to dimensions of 4.5x 6.2cm? (positive electrode)
and 4.7 x 6.5cm? (negative electrode/CP@Zn00y). Stacking con-
figuration followed negative-to-separator-to-positive sequence (6
negative electrode/5 positive electrode layers) prior to ultrasonic tab
welding (0.3 mm-thick Al/Ni tabs for positive electrode/negative
electrode respectively). Pouch cells were vacuum-sealed after elec-
trolyte injection and 24h aging at 25.0+0.5°C. The negative
electrode-to-positive electrode capacity (N/P) ratio of Li metal
versus NCM90 was controlled at 1.13, enabling multi-layered pouch
cells to achieve 424 Whkg™1 core-specific energy. Electrode manu-
facturing was executed in a-55°C dew-point controlled dry room,
implementing strict lithium metal handling protocols to mitigate
oxidation risks and ensure electrochemical stability. All cycling
experiments were performed in a temperature-controlled environ-
mental chamber (25.0 + 0.5 °C) using a Neware BTS Client 8.0 system.
Cell disassembly for post-test analysis was strictly conducted under
identical thermal conditions to prevent temperature-induced mor-
phological changes.

Electrochemical tests

The Aurbach CE test follows the protocol outlined below: (1) an initial
formation cycle involves Li deposition of 3mAhcm™ at 0.3mAcm™,
followed by stripping to 1V; (2) Li deposition of 3 mAh cm™ occurs at
1mA cm™3; (3) ten cycles of stripping and deposition of Li repeat at
1mAh cm™ and 1mA cm™; (4) finally, all Li is stripped to 1V. For the
Coulombic efficiency (CE) tests of Li | |CP, Li| ICP@ZnO ooz half-cells,
three cycles of pre-cycling were applied under 0.2mAcm™ and
1mAh cm™ for SEI construction. To determine the CE, 1 mAh cm™ of Li
was deposited onto CP and CP@ZnO ooy, film at 1, 5mA cm™, respec-
tively and subsequently stripped to 1V. To determine the the elec-
trochemical reaction mechanism of Li | |ZnO half-cell, 1 mAh cm™ of Li

Nature Communications | (2025)16:5462

10


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-60609-4

was deposited onto ZnO film at 1 mA cm?, and subsequently stripped
to 1V. Li/CP || CP/Li and Li/CP@ZnOooy) | | CP@ZNnOpoz)/Li symmetric
cells were tested under 1, 3 mAh cm™ areal capacities and 1, 3 mA cm™
current densities, respectively. The cycle performance of Li | INCM811
full-cells was evaluated within a voltage range of 2.8-4.3V and a
charge/discharge rate of 0.5 C. Similarly, the cycle performance of Li| |
LCO full-cells was assessed within a voltage range of 3.0-4.6 V and a
charge/discharge rate of 1C. Li/CP@ZnOooz) | INCM90 pouch cells
underwent an initial two cycles of formation process at a rate of 0.1C/
0.1C (1C=1400 mA) (Supplementary Fig. 50), followed by the cycling
performance measurement at a charge/discharge rate of 0.33 C, within
a voltage range of 2.75-4.25V and an external pressure of 0.34 MPa.
Cyclic voltammetry (CV) measurements were conducted on Li/CP||
NCMSI1 and Li/CP@ZnOooz) | |NCMSI1 coin cells using an Autolab
PGSTAT 302 N instrument. The scanning rates were set at 0.1mVs™,
and a 12-hour rest period was allowed for electrolyte infiltration and
interface stabilization. The electrochemical characterization voltage
window for these cells was defined as 2.8-4.3 V. Similarly, CV mea-
surements were performed on Li/CP | | LCO and Li/CP@ZnOgoy) | | LCO
coin cells under identical conditions, with the voltage window set at
3.0-4.6 V. CV measurements were performed on Li||ZnO coin cells
under identical conditions, with the voltage window set at 0-1.0V.
Electrochemical impedance spectroscopy (EIS) measurements of Li/
CP|INCMSI11 and Li/CP@ZnOoy) | INCMS811 coin cells were per-
formed after one activation cycle and discharging to 2.8V, the same
process but discharging to 3.0V for Li/CP||LCO and Li/
CP@ZnOpoz | | LCO for EIS test in potentiostatic mode, a frequency
range from 4 MHz to 0.01 Hz, sinus amplitude is 10 mV, data points are
acquired by measuring at per decade of frequency, OV quasi-
stationary potential applied before carrying out the EIS measure-
ment. All electrochemical energy storage performance evaluations
were conducted in a temperature-controlled environmental chamber
with rigorously maintained ambient conditions at 25.0+0.5°C
throughout the cell cycling experiments.

Structural/Physicochemical characterization

X-ray diffraction (XRD) characterization was performed using a
non-monochromated Cu Ka X-ray source on an X-ray dif-
fractometer (Miniflex600). Time-of-flight secondary ion mass
spectrometry (TOF-SIMS) was conducted using the ToF.SIMS 5-100
instrument (IONTOF GmbH) in a vacuum chamber to prevent expo-
sure to ambient air. A primary beam of Bi3 + + (30 kV) was utilized for
sample detection. Scanning electron microscopy (SEM) images were
acquired using the JEOL JSM-7100 F and Hitachi SU-8010 electron
microscopes. Transmission electron microscopy (TEM), selective
area electron diffraction (SAED) and high-resolution TEM (HRTEM)
images were obtained using the Titan G2 60-300 instrument
equipped with an energy dispersive spectroscopy (EDS) image cor-
rector. Thermogravimetric (TG) curves were generated using a
thermal analyzer (Netzsch STA 449 C), while X-ray photoelectron
spectroscopy (XPS) measurements were conducted using the VG
MultiLab 2000 instrument. In situ microimaging was performed
using an in situ characterization device provided by Beijing Zhong-
yan Huanke Science & Technology Corporation. Raman spectral data
of the carbon paper were collected using a Witec-Raman Spectro-
meter Alpha 300 device with an excitation wavelength of 532 nm.
Oxygen elemental analysis was performed using an Eltra ONH2000
analyzer (Eltra GmbH, Germany).

Data availability

All data supporting the findings described in this manuscript are
available within the paper and its Supplementary Information, and the
source data is available on the public data repository Figshare (https://
doi.org/10.6084/m9.figshare.28682144). Source data are provided
with this paper.
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