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Design Lithium Exchanged Zeolite Based Multifunctional
Electrode Additive for Ultra-High Loading Electrode Toward
High Energy Density Lithium Metal Battery

Yunnan Gao, Yi Yang, Tingzhou Yang, Zhen Zhang, Liang Tang, Zhiyu Mao,
Yongguang Zhang,* Dan Luo,* and Zhongwei Chen*

The practicalization of a high energy density battery requires the electrode to
achieve decent performance under ultra-high active material loading.
However, as the electrode thickness increases, there is a notable restriction in
ionic transport in the electrodes, limiting the diffusion kinetics of Li+ and the
utilization rate of active substances. In this study, lithium-ion-exchanged
zeolite X (Li-X zeolite) is synthesized via Li+ exchange strategy to enhance Li+

diffusion kinetics. When incorporated Li–X zeolite into the ultra-high loading
cathodes, it possesses i) high electron conductivity with a uniform network by
reducing tortuosity, ii) decent ion conductivity attributes to modulated Li+

diffusivity of Li-X and iii) high elasticity to prevent particle-level cracking and
electrode-level disintegration. Moreover, Li–X zeolite at the solid/liquid
interface facilitates the formation of a stable cathode electrolyte interface,
which effectively suppresses side reactions and mitigates the dissolution of
transition cations. Therefore, an ultra-high loading (66 mg cm−2) cathode is
fabricated via dry electrode technology, demonstrating a remarkable areal
capacity of 12.7 mAh cm−2 and a high energy density of 464 Wh kg−1 in a
lithium metal battery. The well-designed electrode structure with
multifunctional Li–X zeolite as an additive in thick cathodes holds promise to
enhance the battery’s rate capability, cycling stability, and overall energy
density.

1. Introduction

Lithium-ion batteries (LIBs) play a vital role in storing energy
and powering electric vehicles (EVs), thereby mitigating the
CO2 emissions associated with traditional fossil fuel-powered
vehicles.[1,2] To address the issue of electric vehicle range and
improve energy density, increasing the active material loading of
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electrodes is a crucial direction in battery
development to enhance the energy
density of LIBs. This approach effectively
reduces the proportion of non-active
substances such as the current collector,
electrode tabs, and battery casing.[3]

Nevertheless, traditional manufacturing
of LIB electrodes involves the use of
N-methyl pyrrolidone (NMP) as a solvent
for cathodes. This wet-film approach
leads to electrode cracking in thick elec-
trodes and results in high energy con-
sumption during the drying process.[4,5]

Therefore, there is an urgent need for
an advanced LIB electrode processing
method for high-loading electrodes.

The dry process is well-suited for fab-
ricating thick electrodes with ultra-high
mass loading to increase the energy den-
sity of the battery.[6] However, as the
electrode thickness increases, there is a
notable restriction in ionic transport in
the electrodes, limiting the diffusion ki-
netics of lithium ions and resulting in
a decrease in the utilization rate of ac-
tive substances.[7,8] The well-percolated
ion/electron transport pathways can be

achieved by implanting a certain amount of solid-state electrolyte
into the electrodes.[9,10] Moreover, the infiltration of electrolytes
also plays a pivotal role in thick electrodes. Incomplete wetting
has the potential to create “dead electrode zones,” which may con-
tribute to the formation of dendrites, causing short circuits and
diminishing the overall cycle life of batteries.[11,12] Hence, the de-
sign and optimization of electrode structure for thick electrodes
with high loading have become crucial technical approaches to
enhance energy density.

The lithium-ion-exchanged zeolite X (Li-X zeolite) showed
great potential in energy-storage systems.[13,14] In this study, we
synthesized Li-X zeolite via Li+ exchange strategy. Density func-
tional theory (DFT) calculations investigated the distinctive struc-
ture’s impact on the adsorption and storing behavior of Li+,
which indicated the promising performance of Li-X as a solid-
state electrolyte for applications requiring high-performance ion
storage and rapid charge-discharge capabilities. Furthermore,
we employed the binder fibrillation process to manufacture a
LiNi0.8Co0.1Mn0.1O2 (NMC811) electrode with ultrahigh loadings
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Figure 1. Schematic of the preparation of the Li–X zeolite.

(≈66 mg cm−2). To address the aforementioned challenges, we
have introduced Li–X zeolite as a multifunctional additive to the
cathode. The optimally composed dry film with Li–X multifunc-
tional additives (DF/LiX) is compared with dry film (DF). The in-
corporation of Li–X as a solid-state electrolyte i) enhances elec-
trolyte infiltration by increasing electrode porosity (ɛ), ii) acceler-
ates electron conduction by reducing electrode tortuosity (𝜏) and
iii) regulates ion transport by providing extra and rapid ion trans-
fer channel, as shown in Figure 1. As a result, a remarkably high
areal capacity of 12.7 mAh cm−2 and a high energy density pouch
cell of 464 Wh kg−1 are obtained, holding great potential to be
used for practical Li-metal batteries (LMBs).

2. Results and Discussion

2.1. Properties Characterization of Li–X Zeolite

As depicted in Figure 1, the Li–X zeolite was synthesized
through immersing Na–X zeolite in a concentrated solution
of LiCl for the exchange of Li to Na ions. In Figures 2a and
S1 (Supporting Information), the X-ray diffraction (XRD) pat-
terns for Na–X and Li–X zeolites are presented. The main diffrac-
tion peak of the materials corresponds to Na2Al2Si2.5O9·6.2H2O
(JCPDS #38–2073), indicating that the Li-X zeolite extends the
structure of Na-X zeolite during the exchange of Na with Li ions.
Furthermore, following the exchange of Li ions, the Bragg reflec-
tion shifted to higher 2𝜃 angles, and the intensity of the peak in-
creased, suggesting the successful introduction of Li ions with
a smaller radius than Na ions. The results of X-ray photoelec-
tron spectroscopy (XPS) further confirmed the successful intro-
duction of Li ions (Figure 2b). The ion-exchange capability of
zeolites is fundamentally linked to the number and activity of
cationic sites, which can be regulated by tailoring the Si/Al ratio
and allocation of the zeolite matrix, respectively. The low silicon-
to-aluminum ratio of X zeolite leads to a limited concentration of
negative charges due to the aluminum-oxygen tetrahedra, which
requires a limited quantity of exchangeable cations to balance

these charges and ensure the stability of the structure.[15,16] The
results from the inductively coupled plasma optical emission
spectrometer (ICP-OES) (Table S1, Supporting Information) fur-
ther confirmed Li cation replacement with the content of 2.27%,
and the decrease in the Si/Al ratio favored cation adsorption dur-
ing the cycling of batteries. Both Na–X and Li–X zeolite compos-
ites exhibited a type I N2 adsorption/desorption isotherm, shown
as the BDDT (Brunauer–Deming–Deming–Teller) classification
(Figure 2c). The Li–X zeolite exhibits an increased surface area of
720 m2 g−1 compared to the 680 m2 g−1 observed in Na–X. The
micropores with a pore size of 1.7 nm and several mesopores with
a pore size of 4–6 nm indicate that Li–X retained a well-bridged
porous conductive skeleton. To validate the morphology of zeo-
lites, the scanning electron microscopy (SEM) image (Figure 2d)
of Li–X exhibits a polyhedral morphology with crystallite sizes
of ≈1 μm, consistent with that of Na–X. This suggests that Li–X
maintains the stable structure of Na–X after the cation exchange.
The high-resolution transmission electron microscopy (HRTEM)
image (Figure 2e) of Li–X reveals a lattice spacing at 1.3 nm,
in line with the (111) zeolite lattice. Compared with Na-X, the
smaller lattice spacing after Li exchange is in accord with the re-
sult of XRD, indicating the successful introduction of Li ions into
Na-X zeolite.

DFT calculations were employed to thoroughly investigate the
distinctive structure’s impact on the adsorption and storing be-
havior of Li ions. The models of Na-X and Li–X were constructed
according to the ratios of ICP results. From the perspective of
lattice dimensions (Table S2, Supporting Information), the op-
timized model structure of Li-X (Figure 2f) is of similar lattice
constants and porous structures with Na-X zeolite (Figure S2,
Supporting Information). The adsorption energy (Eads) of Li+ of
Li-X and Na-X was calculated to be −3.4 and −1.8 eV, respec-
tively, indicating stronger adsorption and interaction between
Li+ and Li-X compared to Na-X. The different adsorption mor-
phology, that is, three-coordinate configuration formed by Li+

and three oxygen atoms in Li-X, a two-coordinate configuration
in Na-X, leads to their significant difference in Li+ adsorption
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Figure 2. a) The XRD patterns, b) The XPS survey and Li 1s HRXPS spectra, c) N2 adsorption-desorption isotherms and pore-size distributions, d) SEM
images, e) HRTEM images of Li-X and Na-X zeolite. The squares in e illustrate the distance of the plane. f) The simulation model of Li-X zeolite, yellow
for Na, green for Li, white for Al, mazarine for Si, red for O. g) Charge density difference of Li-X and Na-X, in which yellow and cyan represent charge
accumulation and depletion, respectively. h) The migration path of Li+ in Li-X and corresponding diffusion energy barriers.

energy. In addition, the more charge transfer from Li+ to Li-X
(0.92 |e|) than to Na-X (0.45 |e|) is obtained by Bader charge anal-
ysis and charge density difference (Figure 2g). The robust in-
teraction in the Li-X provided an optimal environment for the
efficient adsorption of Li+, enhancing the diffusion kinetics of
Li+.[17] The Li+ migration process in Li-X (Figure 2h), involv-
ing the Li+ located at site 1 hops into the adjacent unoccupied
site 2, and then hops into the subsequent site 3 are discussed,
and the corresponding migration barrier is 0.36 eV, which is a
value comparable to typical modes observed in solid-state elec-
trolytes reported previously.[18] Therefore, the Li+ adsorption
and migrations behavior observed in Li-X indicate promising
performance as a solid-state electrolyte for applications requir-
ing high-performance ion storage and rapid charge-discharge
capabilities.

2.2. Properties Characterization of Dry-Film Electrodes

Dry-film cathodes were produced using the binder fibrillation
method. After the introduction of Li-X, the SEM-EDX elemen-
tal mapping images (Figure S3, Supporting Information) illus-
trate the uniform distributions of Li-X on the surface of NMC811.
The SEM image of the DF electrode (Figure S4, Supporting In-
formation) displays NMC811 spherical particles and uneven fili-
form. In contrast, the DF/LiX electrode (Figure 3a) prominently
showcases the elongated PTFE fibers with random nodules and
branched structure. Figure S4 (Supporting Information) exhib-
ited the particles of Li-X zeolite distributed on the PTFE fiber,
which interlock with carbon and NMC811, forming strong an-
chorage points, resulting in improved tensile strength (Figure S6,
Supporting Information). The prepared electrodes underwent
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Figure 3. a) SEM image of DF/LiX. b) Electrical resistivity and absorbency of electrolytes of DF and DF/LiX electrodes. c) Contact angles of DF/LiX
and DF electrodes. Micro-CT images of the d) DF and e) DF/LiX electrodes. NCM811 is labeled green, and carbon is labeled red. (inside) 3D electrode
structures of DF and DF/LiX reconstructed from X-ray nanotomography.

folding to assess their brittleness (Figure S6, Supporting Infor-
mation inside), which indicated the homogeneously distributed
PTFE fibrils and a tightly intertwined network of the electrode.
Furthermore, the results of the pull-off test (Figure S7, Support-
ing Information) showed the cohesive strength of the dry elec-
trode surpassed that of the wet electrode, suggesting superior co-
hesion and synergistic interaction between VGCF and PTFE. The
electrode porosity (ɛ) was calculated by Equation S1 (Supporting
Information). In comparison to the ɛ of DF (28.23%), the ɛ of
DF/LiX is 32.01%, indicating that the introduction of porous zeo-
lite increases the ɛ of the electrode. The BET (Brunauer–Emmett–
Teller) results (Figure S8, Supporting Information) confirm the
effect of porous zeolite. The surface area of DF/LiX is determined
to be 17.58 m2 g−1, higher than that of DF, which has a surface
area of 13.84 m2 g−1. The introduction of porous zeolites in the
electrode decreased the surface electrical resistivity and enhanced
the absorbency of the electrolyte (Figure 3b). The contact angle
test with the electrolyte was further confirmed the effect of porous
additives. As shown in Figure 3c and Figure S9 (Supporting Infor-
mation), the smaller contact angle of DF/NaX (32.5°) compared
to that of DF (35.6°) indicates that the introduction of porous ad-
ditive induced better electrolyte infiltration. With the larger sur-
face area than Na–X, the DF/LiX (30.2°) showed a smaller con-
tact angle than DF/NaX, suggesting the better electrolyte infil-
tration. This improvement increases the total electrochemically
active surface area and decreases dead electrode zones, further
enhancing the cell energy and power capability.

To elucidate the internal structures of the electrodes, micro-
computed tomography (micro-CT) was employed for compara-
tive analysis of the DF and DF/LiX electrodes (Figure 3d,e). The
resulting 3D images exhibited two distinct phases based on their
significant disparity in absorption contrast: an active material
phase (NMC811, depicted in green) and a carbon phase (Car-
bon, represented in red).[19] The DF and DF/LiX electrodes with
a dense and compact arrangement of the active materials and
carbon structure, provided evidence for the presence of a robust
conductive framework with minimal cracks. However, in com-

parison to DF, the surface of DF/LiX showed more conductive
carbon, which could function as a protective layer for NMC,[20]

and decrease the surface electrical resistivity of DF/LiX, accord-
ing with Figure 3b. Tortuosity (𝜏) represents the actual flow path
of the electrolyte in porous electrodes, playing a crucial role in Li+

diffusion and the rate performance of batteries. We measured the
𝜏 of DF/LiX (4.67) and DF (5.52) independently by reconstructing
the electrode microstructures from 3D nanotomography mea-
surements (Figure 3d,e inside). The computed 𝜏 only reflects the
pore space between NMC811 without considering carbon and
PTFE, which are transparent to X-rays used in the micro-CT tech-
nique. To further investigate the cause of the tortuosity differ-
ence, more accurate electrochemical impedance measurements
using symmetrical cells are conducted.[21,22] Figure S10 (Support-
ing Information) shows that DF/LiX has a much lower 𝜏 than DF
(5.15 vs 7.14), which is calculated using Equation S2 (Supporting
Information). The lower 𝜏 values align with the porous structure
of DF/LiX, where more open and penetrating pores could be ob-
served, as characterized above. In summary, the thick electrodes
with porous Li–X zeolite exhibited a conductive intertwined net-
work. Furthermore, Li-X additives play a crucial role in influenc-
ing the ion transport of the electrolyte within the electrode net-
work by increasing the porosity and lowering the tortuosity.

2.3. Electrochemical Performance of High-Loading Electrodes

The electrochemical performance of DF and DF/LiX are exhib-
ited in Figure 4. The Nyquist plot of the three electrodes (Figure
S11, Supporting Information) showed that DF/LiX and DF/NaX
demonstrate lower Rct than DF, indicating the porous structure
of the electrode decreases the impedance. DF/LiX with Li cations
located in the extra-framework further improved the Li+ trans-
portation and decreased the impedance, compared with DF/NaX.
The cyclic voltammograms (CV) plots (Figure 4a) display a
smaller peak voltage difference of DF/LiX of 0.15 V compared to
0.18 V for the DF, suggesting reduced polarization and improved
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Figure 4. a) CV plots of the DF and DF/LiX, respectively. b) DLi+ values of DF and DF/LiX. c) Rate capability at different current densities of 0.1, 0.3, 0.5,
and 1 C in a voltage range of 3.0–4.3 V. d) Cycling performance of the DF and DF/LiX at a charge/discharge current density of 1.0 C at a voltage range
of 3.0–4.3 V. e) Charge/discharge voltage profiles (in terms of areal capacities) with different areal mass loadings at 0.1 C. f) Cycling performance of the
DF/LiX with different areal mass loadings at 0.5 C at a voltage range of 3.0–4.3 V. g) Charge/discharge voltage profile of the Li-metal DF/LiX pouch cell
at 0.05 C. (inside) The image of the pouch cell. h) Cycling performance of the Li-metal DF/LiX pouch cells at 0.1 C.

electrochemical kinetics in the DF/LiX electrode.[23,24] The gal-
vanostatic intermittent titration technique (GITT) was employed
to understand the behavior of ion transportation (Figure S12,
Supporting Information). As displayed in Figure 4b, based on the
calculation of GITT, DF/LiX exhibited a higher diffusion coeffi-
cient (1.90 × 10−8 cm2 s−1) than DF (1.55 × 10−8 cm2 s−1), indi-
cating that DF/LiX has faster ionic transportation. The enhanced
lithium diffusivity and reduced impedance growth contribute to
the improved battery performance. As shown in Figure 4c, at
a low rate of 0.1 C, the coin cells with DF and DF/LiX all de-
liver a discharge capacity of ≈204 mAh g−1. The DF/LiX coin cell
shows a discharge capacity of 181.1 and 142.7 mAh g−1 at the
current density of 0.5 C and 1 C, respectively, which is higher
than that of DF with a capacity of 181.2 and 125.0 mAh g−1. In
comparison to DF, DF/LiX demonstrates improved rate perfor-
mance, particularly at the high rate. Notably, the DF/LiX enables
high coulombic efficiency (CE%) of 92.9% during the first cycle,
while DF can only reach 84.5% (Figure S13, Supporting Informa-
tion), due to the side reactions between PTFE and lithium at low

potential.[25] The Li-X zeolite with extra Li-ion can replenish the
consumption of Li during the side reactions with PTFE, result-
ing in a higher CE% than DF. Considering the capacity degra-
dation of thick cathodes, the extended cycling was tested at the
mass loading of 10 mg cm−2. As shown in Figure 4d, the DF/LiX
cathodes are significantly enhanced by the incorporation of Li-
X. The DF/LiX electrode maintains almost 99.9% of its capacity
(140.1 mAh g−1) at 1C after 400 cycles, while only 88.7% is re-
tained for the DF. It is supposed that Li–X with high ionic con-
ductivity offers additional pathways for Li diffusion, which is cru-
cial for the homogenization of Li-ion.[26] As a result, the DF/LiX
cathode with high Li+ diffusivity and low impedance boosts the
rate capability and cycling performance impressively.

High-loading electrodes play a crucial role in improving the
battery’s performance. As shown in Figure 4e, as the mass load-
ing increases, the areal capacities of all the electrodes also in-
crease. The DF/LiX electrodes, even with mass loadings as high
as 66 mg cm−2, still delivered a high capacity of 192 mAh g−1, en-
abling high areal loading up to 12.7 mAh cm−2. This correlation
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Figure 5. a) O 1s XPS spectra of DF and DF/LiX were collected from the cathode surface with Ar+ etching at various skin depths. b) The 3D views,
c) chemical imaging of ToF-SIMS for F−, PO2

−, NiF3
− and MnF3

− in DF and DF/LiX.

highlights the potential to improve the capacity of cathodes by op-
timizing mass-loading parameters. The cycling performances at
the rate of 0.5C (Figure 4f) show that the electrodes with mass
loading of 16–30 mg cm−2 demonstrated consistent cyclic sta-
bility over the testing cycles. When the mass loading increases
to 40 mg cm−2, the thickness of the electrode contributes to the
limited ion/electron transfer, poor kinetics, and high impedance,
leading to the decay of capacity.[27,28] However, at a low rate of 0.1
C, with the slow transmission of ion/electron, the electrodes with
a high mass loading of 66 mg cm−2 exhibited a stable cycling per-
formance, as depicted in Figure S14 (Supporting Information).

A Li||DF/LiX pouch cell (40 × 60 mm2 in size) was assembled
with Li metal (20 μm) and DF/LiX (50 mg cm−2) (Figure 4g). The
pouch cell exhibited an initial discharge capacity of 193 mAh g−1

at 0.05 C, corresponding to an areal capacity of 9.7 mAh cm−2

and an energy density of 464 Wh kg−1 calculated based on the
entire cell weight. However, the breakdown of Li metal, which
becomes dark and rough on the surface (Figure S15, Support-
ing Information), leads to limited cycling. A pouch cell assem-
bled with DF/LiX (28 mg cm−2) and Li-metal anode (100 μm) was
evaluated for cycling performance. As shown in Figure 4h, the
result showed the cyclability of the DF/LiX with a capacity re-
tention of 97%. The specific energy, calculated including the cell
package weight, was 390 Wh kg−1 (Table S3, Supporting Informa-
tion). The cycle life of Li metal batteries is limited by the dendrite
growth and continuous reactions between Li and electrolytes.[29]

Further research directions are to enhance the performance of
Li metal anodes, such as protection of anodes for inhibition of
dendrite formation, electrolyte formula to regulate SEIs, all-solid-

state LMBs, and so on.[30,31] In addition, the full cell assembled
with graphite as the anode showed a capacity retention of 98%
over 100 cycles (Figure S16, Supporting Information), indicating
the great stability of DF/LiX cathodes.

2.4. Analysis of the Cycled Cathodes

To better understand the impact of interphase properties, we
characterized the CEI (cathode-electrolyte interphase) products
from electrodes after 100 cycles. As presented in the XRD pattern
of cycled electrodes (Figure S17, Supporting Information), the
DF/LiX exhibits robust structural stability with well-maintained
crystallinity of NCM811 (JCPDF#87-1553). In addition, EIS re-
sults (Figure S18, Supporting Information) showed that the
DF/LiX sample has lower Rct than the DF sample after cycling, in-
dicating the better electrochemical activity of DF/LiX, attributable
to the beneficial effects of the Li-X zeolite. From the F 1s spec-
tra of the XPS result (Figure S19, Supporting Information), the
intensity of the P-F-O peak (686.7 eV) in the cycled DF/LiX is
higher than that in the cycled DF. It is worth noting that or-
ganic species of P-compounds, primarily originating from the
decomposition of solvents and salts in the electrolyte, tend to ac-
cumulate on the surface of CEI.[32] This implies that the CEI of
DF/LiX is better formed to fully cover the NMC811 surface than
DF, as illustrated in Figure S20 (Supporting Information), with
large variations in thickness ranging from 3 to 7 nm. XPS-related
Ar+ sputtering depth analysis (Figure 5a) shows that no signals
from the lattice oxygen (529.7 eV) of NMC in the O 1s region
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can be observed due to the shielding by the homogeneous CEI
layer. Through the stripping of the CEI layer during Ar+ etch-
ing, the lattice oxygen peak is gradually exposed. At the depth
of 672 nm (after 600 s of Ar+ etching), the intensity of the P-F-
O peak still existed in DF/LiX, while it disappeared in DF, indi-
cating that the electrolyte immersed repletely in DF/LiX, in ac-
cord with the results of the contact angle. In this case, the re-
leased nucleophilic O2

− reacts with the PTFE, resulting in the
formation of the O-Fx composites. For NMC811 materials with
high nickel content, the transition metal is easy to dissolve into
electrolyte due to the cationic mixing and oxygen evolution.[33]

We tested the content of metal in the electrolyte and on the
Li metal after cycling by ICP-OES (Figure S21, Supporting In-
formation). Li-X zeolite is introduced to form a positive elec-
trode interface film on the surface, which effectively inhibits the
dissolution of transition metal elements and improves cycling
performance.

Time-of-flight secondary ion mass spectrometry (TOF-SIMS)
analysis (sputtering rate was 1.12 nm s−1 for 1200 s) is employed
to further elucidate the surface compositions of DF and DF/LiX
and reveal the CEI film after cycling.[34] Interactions with organic
electrolytes lead to surface structural degradation and the gener-
ation of transition metal fluorides (e.g., NiF3

− and MnF3
−) in-

side the CEI film.[35] However, the quantity of F−, PO2
−, NiF3

−,
and MnF3

− species identified in the CEI film of DF/LiX cath-
odes is significantly lower compared to those observed in DF
(Figure S22, Supporting Information). 3D rendering (Figure 5b)
and TOF-SIMS chemical imaging (Figure 5c) show the accumu-
lated signals of F−/PO2

− and NiF3
−/MnF3

− on the surfaces of
DF and DF/LiX, revealing the presence of degradation-induced
fragments. This suggests that the thick CEI layer in DF/LiX
effectively mitigates cathode/electrolyte side reactions and al-
leviates the dissolution of transition cations, contributing to
enhanced stability and reduced degradation. Furthermore, the
structural stability of the materials was examined through fo-
cused ion beam scanning electron microscopy (FIB-SEM) im-
ages (Figure S23, Supporting Information). Several cracks can be
observed in cycled DF cathodes, which may facilitate increased
parasitic reactions and impedance, subsequently resulting in ca-
pacity fading.[36] In contrast, the cycled DF/LiX cathode exhibited
smaller cracking along grain boundaries, indicating increased ro-
bustness against structural degradation. As a result, Li-X zeolite
distributed on the surface of NMC811 served as a buffer layer
between the active materials and electrolyte, contributing to the
favorable formation of CEI, the dissolution of metal elements,
and the structural integrity, further enhancing the battery’s
performance.

3. Conclusion

In this study, we synthesized Li-X zeolite via the Li+ exchange
method. The results of DFT calculations showed that Li-X with
the robust interaction and migrations behavior enhanced the dif-
fusion kinetics of Li+, indicating the promising performance as
a solid-state electrolyte. The porous Li-X zeolite was incorporated
in ultrahigh-loading cathodes, which facilitated a uniform net-
work and improved electrolyte infiltration by increasing electrode
porosity (ɛ). The Li-X also accelerated electron conduction by
reducing electrode tortuosity (𝜏). Furthermore, Li-X zeolite act-

ing as a solid-state electrolyte provided extra lithium diffusion
channels/pathways that can homogenize Li ion fluxes during
lithiation and facilitated the formation of a comprehensive CEI
layer at the solid/liquid interface. This effectively suppressed
cathode/electrolyte side reactions and mitigated the dissolution
of transition cations, further against structural degradation. Ben-
efitting from the advantages, the DF/LiX cathodes exhibited su-
perior rate and cycling performance, in comparison to DF. Even
with mass loadings as high as 66 mg cm−2, the DF/LiX elec-
trodes, still delivered a high capacity of 192 mAh g−1, enabling
high areal loading up to 12.7 mAh cm−2. Additionally, high-
loading pouch cells of DF/LiX, with a capacity of 9.7 mAh cm−2,
were fabricated, demonstrating a remarkable energy density of
464 Wh kg−1, inclusive of the cell package weight. Considering
the breakdown of Li anode and cycling performance, the spe-
cific energy of pouch cells of DF/LiX controlled to 390 Wh kg−1,
showing stable cycling performance. The success achieved at the
pouch-cell level suggests promising possibilities of Li-X for high-
loading electrodes to enhance energy density. This methodology
could be extended to other additives (such as porous solid-state
electrolyte, Li-exchange MOF, and so on), which can be added to
other cathode materials, such as Li-rich layer oxide. Furthermore,
the compatibility of additives makes the dry electrode technology
a promising solution for the scalable manufacturing of ultrahigh-
loading electrodes to achieve the practicalization of high-energy
density batteries.
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