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The rapid evolution of portable electronics and electric vehicles necessitates
batteries with high energy density, robust cycling stability, and fast charging
capabilities. High-voltage cathodes, like LiNig gCogMng;0, (NCM-811), pro-
mise enhanced energy density but are hampered by poor stability and sluggish
lithium-ion diffusion in conventional electrolytes. We introduce a metal-
organic framework (MOF) liquid-infusion technique to fully integrate MOF
liquid into the grain boundaries of NCM-811, creating a thoroughly coated
cathode with a thin, rigid MOF Glass layer. The surface electrically non-
conductive MOF Glass layer with 2.9 A pore windows facilitating Li-ion pre-
desolvation and enabling highly aggregative electrolyte formation inside the
Glass channels, suppressing solvated Li-ion co-insertion and solvent decom-
position. While the inner Glass layer composes of Li-ion conducting compo-
nents and enhancing fast Li-ion diffusion. This functional structure effectively
shields the cathode from particle cracking, CEl rupture, oxygen loss, and
transition metal migration. As a result, Li | |Glass@NCM-811 cells demonstrate

good rate capability and cycling stability even under high-charge rates and
elevated voltages. Furthermore, we also achieve a 385 Wh kg” pouch-cell
(19.579 g, for pouch-cell), showcasing the practical potential of this method.
This straightforward and versatile strategy can be applied to other high-
voltage cathodes like Li-rich manganese oxides and LiCoO,.

The proliferation of various electronic devices and electric vehicles
(EVs) eagerly calls for batteries with high energy density, long cycle life,
and excellent fast-charging performance”. Cathode materials with
high specific capacities and high voltage are essential for constructing
batteries with high energy density and long cycle life properties®>.
However, those high-voltage and high-capacity cathode materials
usually suffered from poor stability and slow lithium-ion diffusion
when coupled with electrolyte, which make it difficult to construct
batteries with high energy density, long cycle life, and fast-charging

properties®™. Take LiNixCoyMn;.,0» (NCM) as an example: during
electrochemical cycles, NCM cathodes undergo various detrimental
processes, including significant phase transformations, extensive
cracking along grain boundaries of secondary particles, continuous
rupture of cathode electrolyte interphases (CEls), and violent side
reactions induced by constant electrolyte decomposition (accelerated
by catalytic NCM cathode)'°"%. Those annoying detrimental problems
are closely related to the co-insertion of solvated Li-ion/solvent into
the structure of cathodes, consequently lead to the generation of gases

'School of Materials Science and Engineering, Key Laboratory of Electronic Packaging and Advanced Functional Materials of Hunan Province, Central South
University, Changsha 410083 Hunan, China. 2Center of Energy Storage Materials & Technology, College of Engineering and Applied Sciences, National
Laboratory of Solid State Micro-structures, Nanjing University, Nanjing 210093, PR China. *These authors contributed equally: Lishun Bai, Yan Xu.

e-mail: zhichang@csu.edu.cn; hszhou@nju.edu.cn

Nature Communications | (2025)16:3484


http://orcid.org/0000-0002-3935-8283
http://orcid.org/0000-0002-3935-8283
http://orcid.org/0000-0002-3935-8283
http://orcid.org/0000-0002-3935-8283
http://orcid.org/0000-0002-3935-8283
http://orcid.org/0000-0001-8112-3739
http://orcid.org/0000-0001-8112-3739
http://orcid.org/0000-0001-8112-3739
http://orcid.org/0000-0001-8112-3739
http://orcid.org/0000-0001-8112-3739
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-025-58639-z&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-025-58639-z&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-025-58639-z&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-025-58639-z&domain=pdf
mailto:zhichang@csu.edu.cn
mailto:hszhou@nju.edu.cn
www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-58639-z

(oxygen, carbon dioxide etc.) and transition metals (TM) dissolution
and migration”™, It is important to note that the migration of TM to
the anode and the production of gases can severely degrade the anode
and pose significant safety concerns'®®. Even worse, these issues
become more severe when electrolytes penetrate the interior of sec-
ondary cathode particles, accelerating particle cracks, CEl rupture,
gases production, and transition metal dissolution/migration, ulti-
mately leading to premature cell failure and potential safety
hazardsll,lz,l‘)lo.

Significant research efforts have been made to stabilize high-
voltage cathodes, including heterogeneous element doping”?,
structural engineering” %, electrolyte modification®**™, and surface
coating®*. Among these strategies, surface coating is considered the
simplest yet most effective method for markedly improving the sta-
bility of high-voltage cathodes. By constructing highly stable and cat-
alytically inert coating layer on cathode surfaces, those afore-
mentioned detrimental issues induced by the co-insertion of sol-
vated Li-ion/solvent can be effectively addressed® . However, several
inherent defects significantly counteract the positive effects of surface
coating strategies for high-voltage cathodes. First, achieving complete
coating coverage is still challenging®. Most coatings remain only on
the surface of secondary cathode particles, making it difficult to
penetrate and coat the interiors and grain boundaries of primary
particles®. Second, many coating processes are complex, time/energy-
consuming, and conducted in solutions, which may adversely affect
the stability of the cathode materials®. Additionally, the introduction
of a common type of coating layer may impedes lithium-ion transport
to some extent, which is detrimental to the rate performance of the
cathode materials. Lastly, although most coatings can partially block
direct contact between the electrolyte and cathode particles, they
often have large gaps which typically larger than solvated lithium
ions®. This limitation makes it difficult to fundamentally inhibit elec-
trolyte penetration, thus failing to effectively prevent electrolyte
decomposition and the co-intercalation of solvated lithium ions into
the cathode materials®. Optimized coating strategies have been
developed to address these issues, yet few can simultaneously resolve
all the aforementioned limitations. Therefore, it is highly desirable to
develop a simple but effective coating strategy to address those lim-
itations simultaneously.

In this work, we present a straightforward metal-organic fra-
mework (MOF, Zn-P-dmblm) liquid-infusion strategy for high-voltage
cathodes like (LiNiggC001Mng;0,/NCM-811). The process involves
heating MOF powder to 175 °C, transforming it into a flowable MOF
liquid that thoroughly infuses into the inner primary cathode parti-
cles before rapid cooling to room temperature. This process ensures
the MOF Glass thoroughly coats both the grain boundaries and the
surfaces of the primary NCM-811 particles, achieving complete
(100%) MOF Glass coverage (Glass@NCM-811). This strategy sig-
nificantly outperforms conventional coating techniques by forming a
unique double-layer structure: the surface electrically non-
conductive MOF Glass layer with 2.9 A pore windows facilitating Li-
ion pre-desolvation and enabling highly aggregative electrolyte for-
mation inside the Glass channels, suppressing solvated Li-ion co-
insertion and solvent decomposition. The inner Glass layer consists
of Li-ion conductive components, which significantly enhance fast Li-
ion diffusion. This Glass coating shields the NCM-811 cathodes from
particle cracks, CEl rupture, gas generation, and transition metal
dissolution/migration while demonstrating fast Li-ion diffusion
(Fig. 1a, b). Consequently, Lil|Glass@NCM-811 cells demonstrate
good rate capability and cycling stability, even under harsh condi-
tions of high charge rates (5C) and elevated voltages (4.6 V). The
versatility of this MOF Glass coating strategy can also be extended to
other high-voltage cathodes, such as Li-rich manganese oxides
(LRMO) and LiCoO, (LCO). The practical application of this strategy
is evidenced by a 385Whkg® pouch-cell assembled with

Glass@NCM-811, showcasing its effectiveness and potential for
advancing high-energy-density batteries.

Results and discussion

MOF liquid-infusion preparing MOF Glass infused high-voltage

cathode

In their previous studies, researchers demonstrated that coating
electrode surfaces with porous materials featuring sub-nanochannels
can facilitate the pre-desolvation of Li-ions**~*.. This approach effec-
tively suppresses electrolyte decomposition and prevents the co-
intercalation of solvated Li-ions into electrode materials. Yet, these
benefits were achieved only on electrode level as the porous materials
were directly coated on the electrode surface, which means it cannot
achieve real particle-level Li-ions pre-desolvation*’. However, attempts
to thoroughly mix cathodes with porous materials like metal-organic
frameworks (MOFs) face significant challenges. Due to the powdery
nature of MOFs, achieving comprehensive and uniform coverage of
the cathode particles is difficult. Furthermore, this method only coats
the surface of secondary particles, leaving the inner primary particles
uncoated, thus failing to ensure complete coverage®. Additionally, the
introduction of a coating layer can often impede lithium-ion transport
to some extent, which can negatively impact the rate performance of
the cathode materials. Complex and time-consuming liquid phase
methods, which involve water or other solvents to coat cathodes with
MOFs, introduce further complications. These processes can adversely
affect the stability of the cathodes due to the presence of additional
solvents.

To achieve effective Li-ion pre-desolvation, the pore windows of
porous materials should be smaller than the size of solvated Li-ions,
which is approximately 7.0 A*>**, Ideally, the porous coating material
should also be capable of transforming into a flowing liquid state. This
allows the liquid MOF to diffuse into the inner voids of the secondary
cathode particles and infuse into the grain boundaries between the
primary cathode particles, thus ensuring 100% MOF coverage. Taking
into account the above two prerequisites, a unique MOF namely Zn-P-
dmblm comes into our consideration (Supplementary Fig. 1)**. Besides
its narrow 3.4 A pore window and the one-dimensional (ID) sub-
nanochannels, the Zn-P-dmblm MOF powder can easily transform into
liquid state (MOF liquid) upon heating under low temperature of 175 °C
(Supplementary Fig. 2). The MOF liquid would transform into glass
state (MOF Glass) after a rapid cooling process (Fig. 1c, the top panel).
It worth noting that there are several differences between the Zn-P-
dmblm MOF powder and the MOF Glass. Even both of them all possess
1D channels, the MOF Glass exhibits much narrower pore windows of
about 2.9 A (Supplementary Fig. 3 and Supplementary Table 1). On the
other hand, unlike crystalline Zn-P-dmblm MOF powder with long-
range ordered channels, MOF Glass possesses only short-range
ordered channels, giving it an amorphous characteristic (Fig. 1c, the
bottom panel, Supplementary Fig. 4). The MOF liquid demonstrates
quite similar amorphous characteristic as that of the MOF Glass. These
results inspired us to preparing MOF Glass infused high-voltage cath-
ode using MOF liquid-infusion strategy. By melting the mixture of Zn-
P-dmblm MOF powder and cathode material, the low-viscosity and
flowable MOF liquid can easily diffuse into the inner voids of the sec-
ondary cathode particles and constantly infuse into the grain bound-
aries between the primary cathode particles (Supplementary Fig. 5).
Before a rapid cooling process, MOF liquid can completely wet the
cathode from inside to outside (100% MOF coverage), and finally
obtain cathode coated with rigid and thin MOF Glass (Fig. 1d, Sup-
plementary Fig. 6). This unique coating effect cannot be achieved
through typical strategies, such as simply mixing MOF particles with
cathode materials. For example, when the MOF Glass is physically
mixed with the NCM-811 cathode without further low-temperature
treatment, it fails to successfully coating the NCM-811 (Supplementary
Fig. 7). This highlights the importance of the MOF liquid-infusion
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strategy with further low-temperature treatment for achieving even
coverage. The seamless MOF Glass is expected to facilitate the particle-
level Li-ions pre-desolvation (Fig. 1e, f, Supplementary Figs. 8-10). It
was found that the thickness of the MOF Glass layer can be controlled
by adjusting the amounts of MOF particles added. Obviously, NCM-811
materials with relatively lower MOF additions (0.25, 0.5 and 1wt%)
demonstrate a much thinner and less uniform MOF Glass coating
(Supplementary Fig. 11, with parts of the NCM-811 particles left
uncovered), while increasing the MOF additions (2, 5 and 10 wt%) leads
to a thicker and much uniform MOF Glass layer (Fig. 1g, h, Supple-
mentary Figs. 12-16). We find that a uniformly and thoroughly covered
MOF Glass layer would effectively suppress direct contact between the
electrolyte and cathode, thus significantly preventing particle cracks
(Supplementary Fig. 17) and reducing transition metal dissolution and

migration (defined as TM loss) (Supplementary Fig. 18). Notably, bat-
teries utilizing NCM-811 cathodes coated with 5wt% and 10 wt% MOF
glass exhibited nearly the same TM loss as those with a 2 wt% MOF
Glass coating. Additionally, NCM-811 cathodes with 2 wt%, 5 wt%, and
10 wt% MOF glass coatings all maintained good stability without sig-
nificant cracking. These findings highlight the critical importance of a
uniform and complete MOF Glass coating. However, increasing the
thickness of the MOF Glass coating beyond 2 wt% does not lead to a
further reduction in TM loss, likely because the cathodes are already
effectively coated. We also find that Glass@NCM-811 cathode material
with 2wt% Glass coating demonstrates almost the same electro-
chemical performance as Glass@NCM-811 cathode material with 5 wt%
and 10 wt% Glass coating (Supplementary Fig. 19). In general, a high
mass loading of the MOF Glass coating on the NCM-811 cathode
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Fig. 1| MOF liquid-infusion enabled MOF Glass infused high-voltage cathode to
stabilize cathode stability and enhance fast Li-ion diffusion. a, b A double-layer
coating is applied to the surface of the high-voltage cathode material, featuring an
outer layer of non-conductive porous material with sub-nanometer channels which
can promotes Li-ion pre-desolvation and an inner layer that facilitates rapid Li-ion
conduction. ¢ Schematic of the transformation of Zn-P-dmblm MOF powder to
MOF liquid and MOF Glass and the corresponding XRD patterns of Zn-P-dmbIlm
MOF powder and MOF Glass. d Schematic illustration of using MOF liquid-infusion
strategy to prepare MOF Glass infused cathode, with the MOF liquid uniformly
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coated the surface of NCM secondary particle and infused into GBs between the
NCM primary particles before MOF liquid vitrificated into MOF Glass. SEM and TEM
images of (e) Zn-P-dmblm MOF powder and (f) MOF Glass. SEM image of (g) bare
NCM-811 and (h) Glass coated NCM-811 (Glass@NCM-811). i Contact angles of the
MOF liquid on NCM-811 electrode. TEM images of (j, k) bare NCM-811 and (I, m)
Glass@NCM-811. The TEM in (m) verified the uniform MOF Glass outer layer and the
formation of inner layer. n In-depth etching XPS of the prepared Glass@NCM-811.
XPS results confirmed that the inner layer was composed of components that
accelerate Li-ion conduction.
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increases fabrication costs and reduces the energy density of batteries
utilizing the Glass@NCM-811 cathode material. Therefore, based on
these afore-mentioned results, we think that a 2 wt% MOF Glass coating
is the optimal thickness, and finally selected 2 wt% MOF Glass coated
NCM-811 (shorted as Glass@NCM-811) as the as our main sample. In
this article, for consistency, unless specified otherwise, Glass@NCM-
811 refers to this configuration thereafter (Fig. 1h, Supplementary
Fig. 20 and 21). The MOF Glass coating did not noticeably reduce the
electrical conductivity of the cathode material, nor did it contribute
additional capacity to the batteries with MOF Glass-coated cathodes.
(Supplementary Fig. 22). More importantly, the MOF liquid, heated to
175 °C, can quickly wet the electrodes in just several seconds (Fig. 1i,
Supplementary Fig. 23 and 24) benefits from the low viscosity of the
MOF liquid**. This rapid wetting highlights the high efficiency of MOF
liquid for quick infiltration and complete coating towards cathode
primary/secondary particles. The corresponding TEM images and the
corresponding Fourier-transform infrared spectroscopy (FTIR)/X-ray
photoelectron spectroscopy (XPS) results verify the successful com-
plete MOF Glass coating on NCM-811 (Fig. 1j-m, Supplementary
Figs. 25-27). For the pristine bare NCM-811, only apparent layered
structure can be clearly observed (Fig. 1j, k). For sharp contrast, a thin
15 nm Glass layer can be clearly found on the Glass@NCM-811 material
(Fig. 11). More importantly, we also find that a special inner region Il
within the MOF Glass layer (Fig. 1m, highlighted by the green rectangle
line) can be clearly observed. Based on the high-resolution TEM (HR-
TEM) image, the inner region Il that directly attached with the NCM-811
demonstrates slightly narrower layered structure than that of the bare
NCM-811. This unique structure is further verified by in-depth etching
XPS measurements (Fig. 1n, Supplementary Fig. 28). In the P 2p XPS
spectrum collected after the first etching, despite a weak peak related
to Zn 3s, only a single peak corresponding to O-P-O (green curve,
situated at about 133.3 eV) is observed®. This peak can be attributed to
the P-O interactions within the MOF Glass (Fig. 1In). We also compare
the XPS results collected after the first-time etching with that of the
pristine MOF Glass and the surface of the Glass@NCM-811 cathode
material without etching (Supplementary Fig. 29). The clear overlap of
these three curves indicates that the outer layer (surface and after one-
time etching) of the Glass@NCM-811 still belongs to the electrically
non-conductive MOF Glass. As the etching progresses, two new peaks
appear at about 130.9 and 134.7 eV, which can be assigned to Li-P and
O-P-Li interactions, respectively (Fig. In). It has been reported that Li-P
and O-P-Li components can accelerate Li-ion diffusion and enhance the
rate performance of batteries*®. Therefore, based on these results, we
conclude that this MOF liquid-infusion strategy successfully constructs
aunique double-layered Glass structure on the surface of the NCM-811,
with the outer-layer consisting of electrically non-conductive porous
MOF Glass with 2.9 A pore windows and the inner-layer comprising Li-
ion conducting components. It is believed that chemical reactions
occurred during the MOF liquid phase at 175 °C and the MOF glass
formation process (rapid cooling to 25 °C), leading to the formation of
a Li-ion conductive layer containing Li-P and Li-P-O components.

Fast Li-ion desolvation and diffusion of the Glass@NCM-811
cathode

To study the functions of this unique MOF Glass coating, further
characterizations are conducted. In the XRD pattern, the intensity ratio
between (003) and (104) peaks (Ip03)/l104)) Of the Glass@NCM-811 is
nearly the same as that of the bare NCM-811, which indicates the Glass
coating does not severally damage the layered structure of NCM-811
(Fig. 2a)*. Both the bare NCM-811 and Glass@NCM-811 are coupled
with metallic Li to evaluate their rate performances. Compared with
the cell based on bare NCM-811 which demonstrates poor rate per-
formance, the Li||Glass@NCM-811 battery exhibits much good rate
performance from 0.1C to as high as 5C current rates. The biggest
difference comes from the capacity obtained under 5 C, in where the

Li||Glass@NCM-811 battery delivers about 165 mAh g™ capacity, while
the bare NCM-811//Li battery sustains only 80 mAh g™ (Fig. 2b). This
indicates that the MOF Glass constructs on NCM-811 surface can
remarkably enhance the Li-ion transporting rate during battery dis-
charge/charge processes. The state of charge (SoC) vs. time curves of
bare Li|[NCM-811 and Lil|Glass@NCM-811 cells are also tested under
constant current-constant voltage (CC-CV) mode (see Experimental
Section for detail). As shown in Fig. 2¢c, the Lil|Glass@NCM-811 cell
reaches 100% state of charge (SoC) in just 1080 seconds, much faster
than the bare Li|[NCM-811 cell, which takes 1400 seconds. Additionally,
under CC mode, the Li||Glass@NCM-811 cell achieves a much higher
SoC of 75%, compared to only 41% for the bare Li|[NCM-811 cell. This is
benefits from the remarkably low interfacial resistance of Lill
Glass@NCM-811 cell®®*¢, Then, galvanostatic intermittent titration
technique (GITT) measurements of two cells are measured after 100
cycles (same cells in Fig. 2b after rate performance test). Obviously, the
bare Li|[NCM-811 cell exhibits significantly higher battery polarization,
with an average voltage loss approximately 3.5 times higher than that
of the Li||Glass@NCM-811 cell (0.14V vs. 0.04V, Fig. 2d). The corre-
sponding Li* diffusion coefficient of the battery based on Glass@NCM-
811 is one order of magnitude higher than that of the cell assembled
with pristine NCM-811 cathode (Supplementary Fig. 30), demonstrates
that the MOF Glass coating significantly enhances lithium diffusion
kinetics. These results collectively verify the crucial role of the MOF
Glass coating, particularly the inner-layer of the Glass, in promoting
fast Li-ion diffusion in the NCM-811 cathode. The outer-layer of MOF
Glass is also under further investigation by FTIR and Raman spectro-
scopy. In order to facilitate our data collection, we increase the
thickness of the MOF Glass layer (see Experimental Section for detail).
Then, by etching away the surface MOF Glass layer (about 2 nm, see
Experimental Section for detail), we detect the electrolyte information
inside the MOF Glass. Compared with the FTIR result of typical elec-
trolyte (1M LiPF4-EC/DMC, the bottom panel in Fig. 2e), electrolyte
signals detect from inside the surface MOF Glass demonstrate much
stronger Li*-solvent interactions (Li-EC and Li-DMC, the top panel in
Fig. 2e). This indicates that the electrolyte forms an aggregative con-
figuration inside the MOF Glass*, highlighting the crucial role of MOF
Glass in facilitating Li-ion pre-desolvation and accelerating Li-ion
migration before reaching the NCM-811 cathode surface*. Raman data
of electrolyte inside MOF Glass layer and LiPF4-EC/DMC electrolytes
with different concentrations consists well with the FTIR result (Sup-
plementary Fig. 31), which further verifies the effectiveness of MOF
Glass in promoting pre-desolvation of Li-ions. Considering the average
pore window of the MOF Glass and the sizes of solvent molecules and
PF¢~, we propose that the pre-desolvated Li-ions confined inside the
MOF Glass channel maintain configuration as schematically illustrated
in in Supplementary Fig. 32.

EIS measurement is used to calculate the activation energy during
Li-ion (pre) desolvation and its migration/transport across the cathode
electrolyte interphase (CEI) (Supplementary Figs. 33 and 34). To sim-
plify the calculation process, we combine the activation energies from
both processes for a unified calculation. Clearly, the activation energy
(E,) of Li||Glass@NCM-811 cell is 45.7 kJ mol ™, which is much lower than
104.3 k) mol™ of bare Li|[NCM-811 cell (Fig. 2f). The facile Li-ion pre-
desolvation and fast Li-ion transport is further verified by data shown
in Fig. 2g. Compared with the energy barrier (42.6 k] mol™) of Li-ion
desolvation within bare NCM-811, the much lower energy barrier
(19.3 k) mol™) during Li-ions pre-desolvation of the Glass@NCM-811
further verifies the facile Li-ion pre-desolvation inside the 2.9 A pore
windows of MOF Glass outer-layer. Additionally, the significantly lower
energy barrier for Li-ion transport in Glass@NCM-811 (26.4 k] mol™
compared to 61.7 k) mol™ for bare NCM-811) indicates much faster Li-
ion diffusion through the dual-layer structure of Glass on NCM-811
surface. We attribute the significantly reduced pre-desolvation and Li-
ion transport activation energy of Li||Glass@NCM-811 to the narrow
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Fig. 2 | The MOF Glass coating positively stabilizes the NCM cathode and
enhances Li-ion desolvation and transport. a XRD patterns of bare NCM-811 and
Glass@NCM-811 cathodes. b Rate performances of batteries based on bare NCM-
811 and Glass@NCM-811 cathodes (defined 1 C=220 mA/g). ¢ The state of charge
(SoC) vs. time curves of Li|[NCM-811 and Li||Glass@NCM-811 cells. This indicated the
much faster Li-ion desolvation and transport of Li||Glass@NCM-811 cell due to the
much lower interfacial resistance. d Discharge curves of the GITT measurements
conducted after the 100th cycle (same cells used in Fig. 2b). Inset: average voltage
loss and its standard deviation over different GITT steps. e FTIR spectra of typical
electrolyte (LiPFs-EC/DMC, the bottom panel) and electrolyte formed inside the

Glass layer (the top panel). The aggregative electrolyte inside the Glass layer sug-
gested the successfully pre-desolvation enabled by the sub-nanochannels of the
Glass layer. f Comparison of activation energies during Li-ion desolvation and its
migration across the cathode electrolyte interphase (CEI) for Li[|[NCM-811 and Lil|
Glass@NCM-811 cells. g Comparison of the kinetics of desolvation/pre-desolvation
and Li-ion transport through the cathode electrolyte interphase (CEI) in Li|[NCM-811
cell (the top panel) and Li||Glass@NCM-811 cell (the bottom panel). h Schematic
illustration of solvated Li-ions penetrating through the typical CEl formed on cycled
bare NCM-811 cathode (top panel) and Glass layer on cycled Glass@NCM-811
cathode (bottom panel).

2.9 A pore windows of the MOF Glass outer layer, which facilitate facile
Li-ion pre-desolvation and create an aggregated electrolyte with a low-
solvent-coordination solvation structure*. Additionally, the inner-
layer, containing Li-ion transport-accelerating components (Li-P and
O-P-Li), promotes fast Li-ion transport. Based on those obtained
results, we propose how Li-ions passing through the typical CEI (mainly
solvent-derived organics) on bare NCM-811 and Glass layer of
Glass@NCM-811 cathode (Fig. 2h).

Glass@NCM-811 cathode suppresses cathode cracks, CEI rap-
ture, cation mixing and side-reactions

The cycled bare NCM-811 and Glass@NCM-811 cathodes underwent
further characterization to study the additional positive effects of the
MOF Glass coating. After cycling, the bare NCM-811 cathodes show
extensive side-reaction byproducts covering their surface (Fig. 3a,
Supplementary Fig. 35). In sharp contrast, the cycled Glass@NCM-811
cathodes exhibit much smoother surfaces without various byproducts

accumulation (Fig. 3¢, Supplementary Fig. 36), indicating significantly
suppressed electrolyte decomposition. Elemental mapping results
corroborate the SEM images of the two cycled cathodes (Supple-
mentary Figs. 37 and 38). Furthermore, apparent cracks are observed
inside the cycled bare NCM-811 cathodes (Fig. 3b, Supplementary
Figs. 39 and 40), whereas no obvious cracks were found inside the
cycled Glass@NCM-811 cathodes (Fig. 3d, Supplementary
Figs. 41 and 42). The TEM elemental mapping of the two cycled cath-
odes shows substantial differences, with disorganized and uneven
distributions of elements, especially P and F, in the cycled bare NCM-
811 cathodes, indicating severe byproduct accumulation from elec-
trolyte solvent decompositions (Supplementary Fig. 43). In sharp
contrast, the cycled Glass@NCM-811 cathode demonstrates uniform
distributions of elements (Fig. 3e—j). The Glass coating remains intact
even after various discharge/charge processes, further verifying the
MOF Glass’s role in protecting the NCM-811 cathode. Notably, the F
element mapping is slightly smaller than the cycled Glass@NCM-811

Nature Communications | (2025)16:3484


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-58639-z

Cycled
Glass@NCM-811

Cycled
bare NCM-811

(0}
Layered

Glass@NCM-811

Fig. 3 | The MOF Glass infusion strategy stabilizes NCM-811 cathode by effec-
tively suppressing cathode cracks, CEI rapture, cation mixing and side-
reactions. a SEM image and b cross-sectional SEM image of the cycled NCM-811
after 200 cycles. ¢ SEM image and d cross-sectional SEM image of the cycled
Glass@NCM-811 after 400 cycles. e-j TEM image and the corresponding elemental

k Glass@NCM-811 cycled
——NCM-811-cycled
l003/1(104=1.83
3
< |
100nm [N " A
‘@
c
o
£
l003fl(104=1-56
N ah

60 70 80

100 nm 0 30 4‘0 5b
2-Theta (Degree)

)
(ROCO,Li)

5-(C-C=0)
carbonate
carboxylates

Etching times

2
alkoxides alkoxides

Cycled
bare NCM-811

1200 1500
Wavenumber (cm™)

V'E—H'z
(PVDF)

PO i
(Glass) (Glass)

p-CH,

N-H
(PVDF) (Glass)

Etching times

Cycled
Glass@NCM-811

1200 1500
Wavenumber (cm™)

mapping images of the cycled Glass@NCM-811. k XRD of cycled Glass@NCM-811
and cycled bare NCM-811. I-n High-resolution transmission electron microscopy
(HR-TEM) images of the cycled bare NCM-811. o-q HR-TEM images of the cycled
Glass@NCM-811. r In-depth etching FTIR of the cycled bare NCM-811 cathode (the
top panel) and the cycled Glass@NCM-811 (the bottom panel).

cathode, and its shape corresponds well with the NCM-811 under the
MOF Glass coating (Fig. 3j). Since the only source of F is the LiPFg salt,
we attribute this to the decomposition of the PF¢ anion under the
electrically non-conductive MOF Glass layer, further confirming the
pre-desolvation of Li-ions through the MOF Glass sub-nanochannels.
Additionally, the cycled Glass@NCM-811 demonstrates much higher
loo3)/laos) value than the cycled NCM-811 cathode, which suggest it
does not experience serious structural degradation even after multiple
electrochemical cycles (Fig. 3k). The differential capacity (dQ/dV)
curves of two cells based on pristine NCM-811 and Glass@NCM-811
cathode are also recorded (Supplementary Fig. 44). For bare NCM-811
based cell, the H2/H3 (second hexagonal to third hexagonal) gradually
disappear and the other redox peaks (hexagonal to monoclinic, H1/M;
monoclinic to second hexagonal, M/H2) diminish, which was closely
related to cracks apparition*s. This indicates that mechanical stress
generated cracks in the cathode along the grain boundaries, and the
layered structure collapse over 100 cycles. Compared with that of the
battery based on bare NCM-811, the cell assembled with Glass@NCM-
811 cathode exhibits a reversible redox peak for the H2/H3 transition
even after 100 cycles. This indicates the MOF Glass helping in pro-
tecting the cathode from structural volume changes, which again
underscoring the significant role of MOF Glass in stabilizing the NCM-
811 cathode. Most cathode materials are highly susceptible to degra-
dation when exposed to water, with even minimal contact severely
impacting their electrochemical performance. Remarkably, the
Glass@NCM-811 cathode exhibits good water resistance, maintaining
its performance even under such conditions (Supplementary Fig. 45).

Specifically, the battery assembled with water-immersed Glass@NCM-
811 cathode (after 7 days of immersion) exhibits almost the same
electrochemical performance as a battery with a fresh Glass@NCM-811
cathode (Supplementary Fig. 46).

TEM studies of the two cycled cathodes reveal further insights.
For the cycled bare NCM-811 cathode, thick and uneven cathode
electrolyte interphase (CEI) layers, varying from 30 to 60 nm and in
some cases reaching up to 80 nm, are distinctly observed (yellow
arrows highlighted in Fig. 3] and Supplementary Figs. 47, 48). More
importantly, various cation-mixed rock-salt phases are observed after
cycling (Fig. 3m, n and Supplementary Fig. 47e, 47f, highlighted with
yellow circles), indicating serious cation mixing originating from sur-
face oxygen loss followed by surface cation densification. In stark
contrast, the layered structure of the cycled Glass@NCM-811 and the
Glass layer is well preserved, with no obvious cation-mixed rock-salt
phases detected (Fig. 30-q and Supplementary Figs. 49, 50). This
further confirms the MOF Glass coating’s critical role in preventing
cation mixing and stabilizing the cathode. In-depth etching FTIR
measurement is used to investigate the surface information of cycled
two cathodes. For the cycled bare NCM-811 cathode (Fig. 3r, the top
panel), tremendous EC electrolyte solvent decomposition induced
byproducts (carboxylics (C-O), alkyl carbonates (ROCO,Li) and car-
bonyls (C = 0)) can be clearly found during the whole etching process.
Interestingly, during the initial etching of the cycled Glass@NCM-811
cathode, only faint peaks corresponding to the PVDF binder and MOF
Glass layer components (P-O, C-N, and N-H) are detected. Notably,
there are almost no peaks related to the decomposition products of
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panel) by ICP-OES after different cycles. h Ni XPS results collected on the cycled Li
anode from Li||Glass@NCM-811 (the top panel) and Li|[NCM-811 cell (the bottom
panel). i Schematic illustration of the MOF Glass infusion strategy shows stabili-
zation of the NCM-811 cathode by suppressing issues induced by electrolyte
penetration and solvated Li-ion/solvent co-insertion, including cathode particle
cracks, CEl rupture, oxygen loss, and transition metal migration. By implementing
the perfect particle-level pre-desolvation method, both the stability of cathode
and Li anode can be greatly enhanced.

the EC solvent (Fig. 3r, the bottom panel). Those results together verify
the significant role of non-conductive MOF Glass coating in sup-
pressed cathode cracks, CEI growth, cation mixing and side-reactions.

Glass@NCM-811 cathode significantly eliminates gases genera-
tion, transition metal dissolution/migration

In-situ differential electrochemical mass spectrometry (In-situ DEMS)
measurements are employed to investigate gas generation in cells
based on bare NCM-811 and Glass@NCM-811 cathodes. The bare Lill
NCM-811 battery produces significant amounts of carbon dioxide and
oxygen (CO,/0,) (Fig. 4a, b and Supplementary Fig. 51a, 51b), whereas
the Lil|Glass@NCM-811 battery generates only negligible amounts of
gas during the electrochemical cycling process (Fig. 4c, d). The
corresponding 'H Nuclear magnetic resonance (NMR) analysis results
of cycled electrolytes collected from the two batteries suggest that the
Li||Glass@NCM-811 cell exhibits greatly suppressed electrolyte
decomposition than its counterpart (Supplementary Fig. 51c). These
results suggest that the MOF liquid infusion coating strategy

effectively lowers surface and grain boundary oxygen activity and
suppresses electrolyte solvent oxidation. The complete MOF Glass
coverage effectively prevents electrolyte penetration into the interior
of the NCM-811 cathode, and the aggregative electrolyte formation
inside the MOF Glass sub-nanochannels during Li-ion pre-desolvation
together contributing to the suppression of electrolyte oxidation and
gas generation. We also observe distinct differences in the morphol-
ogies of the cycled Li anodes collected from the two batteries. The
cycled Li anode from the bare Li|[NCM-81icell exhibits a porous layer
consisting of mossy Li and unevenly distributed byproducts (Fig. 4e),
whereas the Li anode from the Li||Glass@NCM-811 cell maintains a
smooth surface without any dendrites and byproducts (Fig. 4f). This
smooth, dendrite-free Li anode is likely due to the greatly suppressed
transition metal dissolution/migration. Generally, the deposited TM
would degrade the performance of the Li anode. To further support
this, we assembled Li//Li symmetric cells using electrolytes with/
without 400 ppm Ni(TFSI), salt (see Experimental Section for detail).
As shown in Supplementary Fig. 52, the Li//Li symmetric cell with 400
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Fig. 5 | Superior electrochemical performance of Li||Glass@NCM-811 battery
over bare Li|[NCM-811 battery. Cycling performances and the corresponding
discharge/charge curves of Li||Glass@NCM-811 cell (blue/green curves) and
Li|[NCM-811 cell (light grey curves) cycled under the range of (a-c) 2.7-4.4V
and (d-f) 2.8-4.6 V (defined 1C =220 mA/g for NCM-811 based batteries).

g Cycling performance of Li||Glass@LRMO cell and Li|[[LRMO cell under 4.8V

Cycle Number (N)
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cut-off voltage (defined 1C =280 mA/g for LRMO based batteries). h Cycling
performance of Li||Glass@LCO cell and Li||[LCO cell under 4.6 V cut-off vol-
tage (defined 1C=220 mA/g for LCO based batteries). i 385 Wh kg™-level Lil|
Glass@NCM-811 pouch-cell and cycling performance of pouch-cell based on
bare Lil[NCM-811. Inset: the digital photo of the Li||Glass@NCM-811
pouch-cell.

ppm Ni(TFSI), salt added electrolyte short-circuited much faster than
the cell without Ni(TFSI), salt addition, indicating that the deposited
Ni-induced morphological instability would degrade the performance
of the lithium-metal anode. Corresponding ICP results of bare Li|[NCM-
811 and Lil|Glass@NCM-811 batteries are also recorded. As shown in
Fig. 4g, the bare Li|[NCM-811 battery (right panel) experiences more
than 20 times higher TM loss than its Li||Glass@NCM-811 counterpart
(left panel) after 200 and 500 cycles, respectively. Obviously, the Li
anode collected from the bare Li|[NCM-811 cell showed significantly
higher TM deposits than the Li anode from the Li||Glass@NCM-811
battery (Fig. 4g, the gap between fully-dyed and semi-dyed rectangles).
Additionally, we also evaluate the electrochemical performance and
transition metal (TM) loss in a bare Li|[NCM-811 battery with MOF Glass
directly coated on the NCM-811 electrode, termed Glass-NCM-811
(Supplementary Fig. 53a-c). The Li||Glass-NCM-811 cell demonstrates
significantly improved cycling stability and considerably reduced TM
loss compared to the bare Li|[NCM-811 battery (Supplementary
Fig. 53d-f). Notably, the cycled Glass-NCM-811 cathode also exhibits
much thinner and more uniform CEI layers across various cycles
(Supplementary Fig. 54) compared to the bare NCM-811 cathodes
(Fig. 3l-n, Supplementary Fig. 48), underscoring the benefits of
electrode-level Glass coating. Nevertheless, despite these advantages,
the TM loss of Li||Glass-NCM-811 cell is slightly higher and the elec-
trochemical stability lower than that of the Glass@NCM-811//Li bat-
tery, emphasizing the superior performance provided by particle-level

Glass coating (Supplementary Fig. 53d-f). The XPS of Li anodes from
two batteries also demonstrate the same results. By using XPS mea-
surement, we find the SEI of Li anode from Li||Glass@NCM-811 battery
exhibits much weaker Ni element signals than the Li anode pairs with
bare Li|[NCM-811 battery (Fig. 4h). Based on those results we have
obtained in Figs. 2-4, we conclude that the MOF liquid infusion
strategy effectively suppresses cathode particle cracks, CEl rupture,
gas generation, and TM loss. By implementing this perfect particle-
level pre-desolvation method, both the stability of cathode and Li
anode can be greatly enhanced (Fig. 4i).

Enhanced cycling stability and energy density

The cycling stability and energy density are evaluated in both coin-cell
and pouch-cell configurations by pairing MOF Glass-coated high-vol-
tage cathodes with Li anodes. When cycles at a 1C rate under a 4.4V
cut-off charge voltage, the bare Lil[NCM-811 coin-cell demonstrates
rapid capacity decay (Fig. 5a, c) after only 400 cycles. In sharp contrast,
the Li||Glass@NCM-811 coin-cell exhibits remarkably enhanced cycling
performance, retaining 80% of its capacity (calculated from the fourth
cycle) after a long 1000 cycles (Fig. 5b, c). This trend is even more
apparent when the cells are cycled under an elevated 4.6 V cut-off
charge voltage. The bare Li|[NCM-811 coin-cell fails quickly after only
300 cycles, while the Li||Glass@NCM-811 coin-cell delivers a high
specific capacity of 180 mAh g™ after 400 cycles (Fig. 5d-f). It worth
noting that the MOF Glass layer within Glass@NCM-811 remains intact
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without any apparent morphological changes, even after cycling at a
high voltage of 4.6 V (Supplementary Fig. 55a). The XPS data of the
cycled Glass@NCM-811 closely matches that of the uncycled sample,
further indicating the good structural stability of the MOF Glass
(Supplementary Fig. 55b, 55c). Two other typical high-voltage cath-
odes, Li-rich manganese (LRMO) and LiCoO, (LCO), are also coated
with MOF Glass and paired with Li anodes to evaluate their cycling
stability. Similarly, the Glass@LRMO and Glass@LCO coin-cells
demonstrated superior performance compared to cells without MOF
Glass coating. It is widely acknowledged that LRMO cathodes tend to
suffer from severe voltage attenuation, rapid capacity decay, and poor
cycling stability during electrochemical cycling, especially under high
cut-off voltage. This is evidenced by the poor cycling performance of
the Lil[LRMO coin-cell under a high 4.8 V cut-off voltage, which main-
tains a capacity of 158.3 mAh g™ after 260 cycles (only 56% capacity
retention, calculated from the 3 cycle). Remarkably, the Lill
Glass@LRMO coin-cell demonstrates good cycling performance
(Fig. 5g), retaining a high capacity of 237.8 mAh g™ after 400 cycles
(82% capacity retention, calculated from the 3" cycle). The same trend
was observed for the Li||Glass@LCO coin-cell, which also showed
much more stable cycling than the Lil| LCO coin-cell (Fig. 5h). The
corresponding first galvanostatic curves of different coin cells
demonstrated in Fig. 5a-h can also be found as shown in Supplemen-
tary Fig. 56. These results further underscore the universality and
importance of using MOF Glass coating to improve the stability of
high-voltage cathode materials.

Inspired by these promising results, a 2.0 Ah-level pouch-cell
consisting of Glass@NCM-811 and a Li anode was fabricated (Fig. 5i,
inset). The Li||Glass@NCM-811 pouch-cell exhibits improved cycling
stability, retaining 86.9% of its capacity (calculated from the 2" cycle)
after 300 cycles (Supplementary Fig. 57), compared to 37.6% capacity
retention (calculated from the 2™ cycle) after 58 cycles for the bare Lil|
NCM-811 pouch-cell (grey curve in Fig. 5i, Supplementary Fig. 58).
Based on the pouch-cell parameters (Supplementary Table 2), the
output energy density of the Li||Glass@NCM-811 pouch-cell is calcu-
lated to be as high as 385.5Whkg™ (calculates from the 2™ cycle,
19.579 g for the whole pouch-cell). These electrochemical perfor-
mances achieved with this MOF liquid infusion strategy rank among
the highest compared to other state-of-the-art coating strategies
(Supplementary Tables 3-6). Noting that all these performances are
achieved on a laboratory scale, we believe that the pouch-cell energy
density and cycling stability can be further improved to over
400Whkg™! by optimizing the pouch-cell parameters, especially
electrolyte modification. In addition, the MOF liquid infusion strategy
used to create MOF glass-coated cathodes in this work is fundamen-
tally different from other studies employing MOF glasses. And the key
novelty of our work lies in its unique structure and specialized func-
tions (Supplementary Fig. 59, Supplementary Table 7)**~2, The MOF
liquid infusion strategy for preparing highly stable high-voltage cath-
odes offers promising prospects for practical industrial battery pro-
duction, thanks to its good electrochemical performance and its
simple, cost-effective, and time-efficient synthesis process.

In summary, we introduce a straightforward and efficient metal-
organic framework (MOF, Zn-P-dmblm) liquid-infusion strategy that
fully infuses MOF liquid into the grain boundaries of high-voltage
cathodes like NCM-811, LRMO, and LCO, achieving complete MOF
Glass coverage (e.g., Glass@NCM-811). The surface electrically non-
conductive MOF Glass layer with 2.9 A pore windows facilitating
Li-ion pre-desolvation and enabling highly aggregative electrolyte
formation inside the Glass channels, suppressing solvated Li-ion
co-insertion and solvent decomposition. While the inner Glass layer
attaches with cathode composes of Li-ion conducting components
and enhancing fast Li-ion diffusion. This MOF Glass coating prevents
cathode particle cracks, CEI rupture, gas generation, and transition
metal migration, while promoting rapid Li-ion transport.

Consequently, Lil|Glass@NCM-811 cells exhibit superior electro-
chemical performance, with remarkable rate capability and cycling
stability, even at high charge rates (5 C) and elevated voltages (4.6 V).
Similarly, Li||Glass@LRMO and Lil|Glass@LCO batteries demonstrate
good cycling stability over 400 cycles at 4.8 V and 4.6 V, respectively.
The practical viability of this strategy is underscored by successfully
achieving a 385 Wh kg™level pouch cell using Glass@NCM-811.

Methods
All the chemicals employed in this synthesis section were purchased
without additional exception.

Preparation of Zn-P-dmbIm MOF powder

Typically, Zn(OAc),+2H,0 (439 mg, 2mmol, Sigma-Aldrich), 5,6-
dimethylbenzimidazole (584.8 mg, 4 mmol, Sigma-Aldrich), and
phosphoric acid (420 pL, 6 mmol, Sigma-Aldrich) were placed in a
mortar and manually ground for 15 minutes. The powder was washed
with dichloromethane three times and dried at 70 °C for 10 h. Then, the
Zn-P-dmblm MOF powder was obtained.

Synthesis of MOF glass

The as-prepared Zn-P-dmblm MOF powder was heated under 175°C
under vacuum for 30 minutes before fast cooling to room temperature
(25°C). During this low temperature heating process, Zn-P-dmbim
MOF powder transformed into MOF liquid and went rapid vitrification
to form MOF Glass (Zn-P-dmblm Glass). The as-prepared MOF Glass
was then used for further physical/chemical measurements.

Synthesis of MOF glass film

MOF Glass film was also prepared for diffusion test to verify its crack-
free property. Typically, the as-prepared Zn-P-dmblm MOF powder
was mechanically pressed into pellets with diameter of 15 mm under
2MPa for 60 seconds, and the obtained pellets were heated under
175°C under vacuum for 30 minutes to melt the Zn-P-dmblm MOF
powder into MOF liquid and then MOF Glass. The self-standing film
was obtained after rapid cooling to room temperature. The prepared
MOF Glass film was then sandwiched between a home-made V-type
device, with one side filled by LIiTFSI-G; (lithium bis(tri-
fluoromethanesulfonyl)imide (LiTFSI) solvated by triethylene glycol
dimethyl ether(G3), Sigma-Aldrich, 2 mL) and the other side injected
with LiTFSI-Pyr;sTFSI (Aladdin Scientific Corp., 2mL). Certain trace
amount of electrolyte (40 L per time) can be taken out for IR obser-
vation after aging to verify the crack-free property of the MOF Glass
with sub-nano pore windows of 2.9 A.

Synthesis of MOF glass coated high-voltage cathodes

The LiNiggC0piMng;0, (NCM-811) cathode was purchased from
Tianjin Lishen Battery Joint-Stock Co., LTD. Li-rich manganese oxides
(LRMO) and LiCoO, (LCO) cathode was purchased from Dodochem
Co,. Ltd. To prepare MOF Glass coated cathodes, the as-prepared Zn-P-
dmblm MOF powder was mixed with cathode materials (including
NCM-811, LRMO, LCO etc.). And the weight ratio between cathodes
and Zn-P-dmblm MOF powder were varies from 2 wt% to 5 wt%, and
10 wt% in a mortal and manually ground for 10 minutes. The mixtures
were then heated under 175 °C under vacuum for 30 minutes before
fast cooling to room temperature (25°C). Finally, the MOF Glass
coated cathode materials were successfully obtained, and defined as
Glass@NCM-811, Glass@LRMO, and Glass@LCO, respectively. Based
on the results obtained, we found the 2wt% MOF Glass coating
demonstrated nearly the same performances as that of the 5 wt% and
10 wt% MOF Glass coating samples. Considering the advantages of cost
and energy density, we finally selected the sample with 2 wt% coating
as the main samples. Therefore, unless otherwise specified, the
Glass@Cathode (Glass@NCM-811, Glass@LRMO, and Glass@LCO) in
this article refers to cathodes with 2 wt% MOF Glass coating.
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Electrodes preparation

Generally, 1.0g Glass@NCM-811, Glass@LRMO, and Glass@LCO
powders were mixed with Carbon black (Dodochem Co,. Ltd.) and
polyvinylidene fluoride (PVDF, Aladdin Scientific Corp.) powder in a
ratio of 8:1:1 and then directly stirring in 1-Methyl-2-pyrrolidone
(NMP, Sigma-Aldrich) for 4 hours to get a viscous solution, respec-
tively. For comparisons, uncoated cathodes (bare NCM-811, LRMO
and LCO) were also fabricated following the same processes. MOF
Glass electrode was prepared by mixing MOF Glass, Carbon black
and PVDF in a ratio of 8:1:1. Carbon black electrode was prepared by
mixing Carbon black and PVDF in a ratio of 9:1. The obtained slurry
was then homogeneously coated onto Al foil current collector by a
scraper. After tiny pressing procedure, the active materials-loaded Al
foil was vacuum dried at 110 °C overnight. The mass loading of the
cathodes used for coin-cells was about 7.0 mg/cm? (corresponding to
NCM-811, LRMO and LCO, electrode size: 12 mm in diameter), the
mass loading of the Glass@NCM-811 cathode materials was about
31.8 mg/cm? for pouch-cell fabrication (to improve the energy den-
sity of pouch-cell, the ratio between Glass@NCM-811, carbon black
and PVDF was 9:0.5:0.5, corresponding to 28.0 mg/cm? NCM-811). It
is worth noting that for Li||Glass@NCM-811, Li||Glass@LRMO, and Lil|
Glass@LCO half-cell, thick unlimited lithium metal (400 um Li) was
used as anode, while for the Li||Glass@NCM-811 pouch-cell, thin
limited lithium metal (negative to positive areal capacity equals to
3.89:1, N/P ratio ~ 3.9:1) was used as anode.

Cell assembly and electrochemical measurements

CR2032 coin cells were assembled in an argon-filled glove box, in
which both the moisture and oxygen contents were controlled to be
less than 1 ppm. Glass@NCM-811, Glass@LRMO, Glass@LCO, MOF
Glass electrode and Carbon black electrode were employed as cath-
odes, Celgard 2500 (purchased from Neware) as separators (18 mm in
diameter for coin-cells, 4.5 x 9.5 cm? for pouch-cells), and lithium foils
were employed as anodes. For comparisons, bare NCM-811, LRMO and
LCO were also coupled with lithium metals to fabricate coin-cells.
Typical carbonate electrolyte (1mol/L LiFP¢-EC/DMC, 60 uL, Dodo-
chem Co,. Ltd.) was used for all those coin-cells. For Li||Glass@NCM-
811 pouch-cell assembling, 2.6 g liquid typical electrolyte (corre-
sponding to an low E/C ratio of 1.3 g Ah™) was added. The low E/C ratio
can be ascribed to the greatly suppressed electrolyte decomposition.
The Lil|Glass@NCM-811 coin-cells and bare Li|[NCM-811 coin-cells were
operated with a potential limit between: 2.7-4.4V, 2.7-4.6 V, respec-
tively (defined 1C=220mA/g, for NCM-811 based battery). The Lil|
Glass@LRMO coin-cell and bare Li||[LRMO coin-cell were operated with
a potential limit between 2.0-4.8 V (defined 1 C =280 mA/g, for LRMO
based cells). The Li||Glass@LCO coin-cells and bare Li||[LCO coin-cells
were operated with a potential limit between 3.0-4.6V (defined
1C=220mA/g, for LCO based cells). The Lil|Glass@NCM-811 pouch-
cell was measured under a potential limit between: 2.7-4.4 V. It worth
noting that the prepared Li||Glass@NCM-811 pouch-cell was measured
under external pressure. Enclosure for applying stack pressure, pouch
cells are uniaxially constrained in a steel enclosure with an adjustable
wall which can be tightened to apply varying uniaxial pressures (the
stack pressure was about 10 MPa). Glass@NCM-811 cathode material
immersed in water after 7 days was also coupled with Li metal to
fabricate Lil|Glass@NCM-811 coin-cell following the afore-discussed
process to evaluate the water stability of the Glass@NCM-811 cathode
material. The bare Li|[NCM-811 battery with MOF Glass directly coated
on the cathode electrode (defined as Lil|Glass-NCM-811) was also
assembled and test for comparison. The state of charge (SoC) vs. time
plots of cells were collected at a CC charging rate of 6 C, followed by
CV charging with a 0.2 C cut-off current. Rates performances of both
Li||Glass@NCM-811 coin-cell and bare Li|[NCM-811 coin-cell were mea-
sured under 2.7-4.4 V for 100 cycles (from 0.1C to 5 C). After the rate
performance test, GITT measurements were then conducted after

100th cycle of rate performance cycling between 3.0 and 4.4 V (versus
Li/Li*) with a titration step at 0.5 C of 8 min and a relaxation step of 1 h.
Before each electrochemical characterization, the cells were kept on
open circuit for 16 hours. All the potentials in this study were refer-
enced to Li/Li*. The galvanostatic electrochemical measurements were
carried out under potential control using the battery tester system
HJ1001SD8 (Hokuto Denko) at room temperature (25°C in a climatic
chamber). For the EIS tests, the electrochemical experiments were
carried out under the control of a potentiostat (Potentiostat/Galva-
nostat PGSTAT30, Autolab Co. Ltd., Netherlands). Nickel-containing
electrolytes were prepared by dissolving 400 ppm Ni(TFSI), salt
(Sigma-Aldrich) in the base electrolyte (1M LiPF4-EC/DMC). Li|lLi
symmetric cells were assembled in the glove box with 60 pL of the
prepared electrolyte for each cell. Galvanostatic cycling was per-
formed on a symmetric LillLi cell at a Li plating/stripping current
density of 1.0 mA cm™ with a cycling capacity of 1.0 mAhcm™ (1 h for
each step). It should be noted that in order to obtain more accurate
results, at least 8-10 batteries (fabricated and measured following the
same procedure) were tested in one electrochemical experiment, and
the data finally reported in this study were selected from the average
performance of these batteries.

Morphology and structure characterization

SEM, TEM and XRD characterizations. The morphology of the as-
prepared Zn-P-dmblm MOF powder, MOF Glass, bare NCM-811 cath-
ode material, Glass@NCM-811 cathode material, and the correspond-
ing cycled bare NCM-811 cathode material, Glass@NCM-811 cathode
material, cycled Li anodes were characterized with scanning electron
microscopy (SEM, JEOL JSM-6380LV FE-SEM), focused ion beam
scanning electron microscopy (FIB-SEM, TESCAN-AMBER) and high-
resolution transmission electron microscopy (HR-TEM, ARM300,
JEOL). X-ray diffraction (XRD) measurements were performed on a
Bruker D8 Advanced diffractometer fitted with Cu-Ka X-rays
(A=1.5406 A) radiation at a scan rate of 0.016 °/s to investigate the
structure information of the as-prepared Zn-P-dmblm MOF powder,
MOF Glass, bare NCM-811 cathode material, Glass@NCM-811 cathode
material, and the corresponding cycled bare NCM-811 cathode mate-
rial, Glass@NCM-811 cathode materials. For the pre-treatment proce-
dures: The cycled cells were transferred into an Ar glove box once the
electrochemical treatments were finished, and the electrodes were
extracted from the cell and placed in a glass bottle. The electrodes
were twice rinsed by dimethoxyethane (DME, Sigma Aldrich, 99%) to
wash off the electrolyte salt and the residual solvent, and then eva-
porated in a vacuum chamber, connected to the glove box, for
12 hours. Note that, in order to restrain the exposure time to the
ambient, samples (cycled electrodes) were tightly sealed into a glass
bottle (fill with Ar gas), and transferred to the related chambers (SEM)
as quickly as possible. Thus, we assumed the morphology and the
component of electrode surface would not obviously change for such
a short time exposure to the open air. FIB-SEM (TESCAN-AMBER) was
also used to characterize the inside morphology of the cycled NCM-811
and cycled Glass@NCM-811 cathodes. HR-TEM (ARM300, JEOL) was
conducted at 150 and 300 keV to collect scanning transmission elec-
tron microscopy images of Zn-P-dmblm MOF powder, MOF Glass, bare
NCM-811 cathodes, Glass@NCM-811 cathodes, and the corresponding
cycled bare NCM-811 cathodes, Glass@NCM-811 cathodes for the
atomic and structural analysis. The corresponding SEM/TEM EDS
mapping of the cycled cathodes were also recorded.

Differential scanning calorimetry (DSC) measurement. DSC of Zn-P-
dmblm powder was carried out on a thermal analyzer (NETZSCH, STA
409) from 30 to 300 °C at the rate of 5°C min™ under dry flow of Ar.

Positron annihilation lifetime spectroscopy (PALS). The pore size of
Zn-P-dmblm MOF powder and the corresponding MOF Glass was
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estimated by PALS. The Zn-P-dmbIm MOF powder was pelleted into a
cylinder with a radius of 1.5 cm and thickness of ~1 mm, and the MOF
Glass film was larger than 1 x 1cm? square with a thickness of ~1 mm.
The source of positrons was provided by ??Na. The PALS measure-
ments were carried out at 25°C and the experimental data were ana-
lyzed by a four-finite lifetime component using LT 9.0.

FTIR characterizations. Attenuated Total Reflection Fourier-
transform Infrared (ATR-FTIR) Characterization for Typical Electro-
lyte and Electrolyte Inside MOF Glass

ATR-FTIR measurements were carried out on a FT/IR-6200 spec-
trometer (JASCO Corp.) coupled with Platinum Diamond ATR, which
consists of a diamond disc as an internal reflection element. The typical
electrolyte (1M LiPF¢-EC/DMC) and cycled Glass@NCM-811 cathode
with thick MOF Glass coating (weight ratio of MOF Glass and NCM-811
was about 1:1) were placed on the ATR crystal. Then the spectrum was
recorded to detect the liquid electrolyte peaks of typical electrolyte.
The washed cycled Glass@NCM-811 cathode was attached on the plate
of O, plasma etching instrument. By etching away the surface MOF
Glass layer (etching for two times, about 5 nm), we detected the elec-
trolyte information inside the MOF Glass by using the ATR-FTIR
measurement.

Raman characterizations of electrolyte inside MOF glass and dilu-
ent (0.5 M), normal (1.0 M) and saturated LiPFs-EC/DMC electro-
lyte. Liquid electrolytes under different concentrations (0.5M, 1.0M
and saturated LiPF¢-EC/DMC electrolyte) were prepared for Raman
measurement. The Raman spectra were recorded using a JASCO
microscope spectrometer (NRS-1000DT). Electrolyte inside MOF Glass
layer was also recorded following the same procedure as discussed in
the ATR-FTIR test towards electrolyte inside MOF Glass layer.

Depth-resolution etching FTIR characterization for cycled NCM-811
and glass@NCM-811 cathode. For pretreatment, the cycled cells were
transferred into an Ar glove box once the discharge finished, and the
cathodes were extracted from the cell and twice rinsed by dimethox-
yethane (DME, Sigma Aldrich, 99%) to wash off the electrolyte salt and
the residual solvent, and then evaporated in a vacuum chamber, con-
nected to the glove box, for ~15 min. The washed cycled cathodes were
attached on the plate of O, plasma etching instrument. And the FTIR
spectra were collected after each etching process. As a result, 10 points
were recorded. The cycled bare NCM-811 cathode and the cycled
Glass@NCM-811 cathode were tested using the etching FTIR following
the aforementioned experiment processes.

Depth-resolution etching X-ray photoelectron spectroscopy (XPS)
characterization. XPS measurement was performed using a VG sci-
entific ESCALAB 250 spectrometers with monochromic Al Ka Ka
source (1486.6 eV) under high vacuum. Similarly, to prevent long-time
exposure to air environment, the samples (after rinsing and dry) were
tightly sealed into an Ar-filled bottle and then soon transferred into
XPS chamber as quickly as possible. The XPS was equipped with
etching with different depth to analysis the component distribution.

Nuclear magnetic resonance (NMR) spectroscopy characteriza-
tions. The NMR spectra were recorded using a spectrophotometer
(500 MHz Ultra-ShieldTM, Bruker). Typically, 256/128 (*H/*F) times
were accumulated for one spectrum. The electrodes and separators
were extracted from the cycled cells without further pretreatment.
750 uL of D,0 (99.9 atom % D, Sigma Aldrich) was used to extract the
residual electrolyte and soluble parasitic products (mainly carbox-
ylates and fluorides) from the electrodes and the separators, then the
solution was transferred to septa-sealed NMR tube. To quantify the
number of related components, 1 uL of benzene (C¢Hg, Sigma Aldrich,
99%) and 1pL of fluorobenzene (C¢HsF, Sigma Aldrich, 99%) were

mixed and injected through the septa and employed as an internal
standard. The method here was very similar as the ones introduced in
our previous works.

Inductively coupled plasma-optical emission (ICP-OES) spectro-
metry characterizations. ICP-OES (optical emission spectroscopy)
results were recorded using Thermo Scientific iCAP 5600 and Perki-
nElmer Optima 4300 DV. Metal dissolutions from cycled batteries
were quantitatively confirmed measuring the Mn, Co and Ni-ion con-
centrations both in the electrolyte solutions and on the lithium-metal
anode. The cycled separators (infiltrated by cycled electrolyte solu-
tions) and lithium electrodes were bathed in DME solvent for 4 hours
aging. The separator was salvaged out then the DME solution and Li
anode were mixed with a mixture of concentrated hydrochloric acid
and nitric acid mixture (3:1in volume ratio). The solution was heated in
a microwave for 2 hours (150 °C).

In-situ differential electrochemical mass spectrometry (In-situ
DEMS) measurements. In-situ DEMS analysis was conducted to
monitor gases generated during the initial charge process. NCM-811
and Glass@NCM-811 cathodes (22 mm diameter, prepared as descri-
bed in the Electrode Preparation section, -8 mg/cm? NCM-811 mass
loading) were used with 1 mol/L LiPF4-EC/DMC electrolyte (150 uL per
cell) and glass fiber separators (Whatman GF/D). The electrodes were
assembled into Swagelok-type cells with metallic lithium as the coun-
ter and reference electrode. The Swagelok-type cells were connected
to a mass spectrometer, continuously purged with argon, which car-
ried evolved gases for MS analysis. In-situ DEMS cell operation was
performed using a VSP electrochemical workstation (Biologic), with
mass signals recorded as a function of time and cell voltage. Temporal
resolution of ion current intensity was optimized by selectively scan-
ning m/z 32 and 44 signals.

Data availability
The data generated in this study are provided in the Supplementary
Information/Source Data file. Source data are provided with this paper.
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