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ABSTRACT: Lithium (Li) metal has attracted great attention as a promising high-capacity anode material for next-generation high-
energy-density rechargeable batteries. Nonuniform Li* transport and uneven Li plating/stripping behavior are two key factors that
deteriorate the electrochemical performance. In this work, we propose an interphase acid—base interaction effect that could regulate
Li plating/stripping behavior and stabilize the Li metal anode. ZSM-5, a class of zeolites with ordered nanochannels and abundant
acid sites, was employed as a functional interface layer to facilitate Li* transport and mitigate the cell concentration polarization. As a
demonstration, a pouch cell with a high-areal-capacity LiNij45C00,0,Mng;0, cathode (3.7 mAh cm™) and a ZSM-5 modified thin
lithium anode (S0 pm) delivered impressive electrochemical performance, showing 92% capacity retention in 100 cycles (375.7
mAh). This work reveals the effect of acid—base interaction on regulating lithium plating/stripping behaviors, which could be
extended to developing other high-performance alkali metal anodes.

KEYWORDS: lithium metal anode, concentration polarization, Li* transference number, acid—base interaction, interface

Lithium-ion batteries (LIBs) are currently the main power
sources for portable electronics and electric vehicles.' ™
However, their energy density is gradually approaching the
theoretical limit, which calls for the development of new
battery systems with a higher energy density.* ¢ Among
lithium (Li) chemistries, rechargeable Li metal batteries
(LMBs) have received great attention, which employ Li
metal anodes with the highest theoretical capacity of 3860
mAh g~' and the lowest electrochemical potential (—3.04 V vs.
SHE).**~® However, the practical application of the Li metal
anode is hindered by serious challenges, including nonuniform
Li" transport and inhomogeneous Li plating/stripping behavior
at the electrode interphases, and even hazardous Li dendrite
growth.”™"? To improve the electrochemical stability of the Li
metal anode, various strategies of interface design have been
adopted to improve electrochemical Li plating/stripping
cycling. Typically, functional components, such as Li-based
alloys (Li—Sn,"*"? Li—AL'® Li—Si,"” Li—Zn,"® etc.) with good
lithiophilicity, have been constructed on the surface of the Li
metal anode. Their lithiophilic property enabled Li plating with
low overpotential and uniform structure. Some lithium
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compounds, including LiF," Li;N,*° Li,PO,”" and Li,S,>
were employed as effective components for Li metal interphase
protection, which endowed high interphase ionic conductivity
and stability, and improved the Li metal plating/stripping
behavior.

Besides the functional components, the rational structural
design of interphases could regulate Li" transport character-
istics. It has been revealed that lithium dendrite formation is
closely associated with the Li* transport property in the vicinity
of the lithium electrode.”” *° During the charge/discharge
processes, an inevitably large Li* concentration gradient exists
at the electrode interface, and the situation becomes even more
serious under high current density conditions, which would
cause an increase in the overpotential, known as concentration
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Figure 1. (a) Schematic of the functional ZSM-5 layer for a Li metal anode. PF4~ anions could be anchored on acid sites of ZSM-5 via acid—base
interaction, enabling improved Li* transport property. (b) TEM image of ZSM-S. (c) High-resolution Si 2p and Al 2p XPS spectra of ZSM-5. (d)
N, adsorption/desorption isotherms of a ZSM-5 zeolite (inset is the pore size distribution plot). (e) Py-FTIR analysis of a ZSM-S zeolite at 200 °C.
SSNMR spectra of (f) '°F and (g) "Li of ZSM-5 filled electrolyte compared with a blank electrolyte.

polarization.”>?*® According to Sand’s time theory, Li*
depletion at the electrode interface during Li plating leads to
accumulation of electrons and induces the formation of space
charge at the electrode interface, and the deficient Li ions tend
to plate at the protrusions, leading to nonuniform Li growth
and even dendritic lithium deposits.”” Such behavior
deteriorates Li electrochemical cycling, and even causes safety
hazards. Ideally, accelerating Li" transport while inhibiting the
transport of anions can effectively suppress the concentration
polarization. Construction of ion-conductive interphase layers
on the Li metal anode can help to selectively increase the Li*
transference number (#,;*) and thus buffer concentration
polarization. Recently, metal—organic-frameworks (MOFs)>®
and covalent—organic-frameworks (COFs)*® have been
employed as functional interphases for the Li metal electrode
and have shown their success in regulating Li* flux and
enabling uniform Li plating due to their ordered pore
structures and abundant adsorption sites. However, the
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chemical stability of such organic frameworks with Li metal
anodes should be further verified, and the high cost and
complex preparation process can be an obstacle for their
implementation in Li metal batteries.>”*" Thus, it is desirable
to rationally design interphase structures that could regulate
Li* flux and reduce concentration polarization of the Li metal
electrode, and to reveal their underlying working mechanism.

Herein, we propose that the Li plating/stripping behavior of
the Li metal electrode could be regulated by a novel functional
interphase that could anchor anions and facilitate Li* transport
(Figure S1). Experimentally, a zeolite layer (ZSM-S) was
constructed on the Li metal electrode, which possessed
abundant nanochannels with a large surface area The abundant
acid sites on the ZSM-5 framework could anchor anions
through acid—base interactions, thus selectively allowing fast
Li* transport and enabling homogeneous Li plating at the
electrode interface (Figure 1a). The “sieving” effect of ZSM-5§
improved the Li* transport property at the Li anode surface,
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Figure 2. (a) Digital photograph of bare Li and Li/ZSM-S electrodes. (b) XRD patterns of ZSM-S and Li/ZSM-S. (c) Top-view and (d) cross-
sectional SEM images of the Li/ZSM-$ electrode. Measurement of the Li* transference number of (e) LillLi and (f) Li/ZSM-SIILi/ZSM-$ cells by
the potentiostatic polarization method. Insets of (e,f) were the EIS curves of LillLi and Li/ZSM-SIILi/ZSM-S cells before and after polarization. (g)
Nyquist plots of the EIS test of the bare separator and ZSM-S coated separator (inset: enlarged EIS curves). (h) The Li* transference number and
Li* conductivity of liquid electrolyte using bare Li and Li/ZSM-S as electrodes, respectively. (i) Comparison of the voltage response to a current of
S mA of the bare Li and Li/ZSM-S electrode sandwiched between two stainless current collectors. (]) CV curve of CullLi and Cu/ZSM-S cells.
Schematic of the Li* concentration gradient at (k) bare Li and (1) Li/ZSM-S electrode interfaces.

which could efficiently compensate for the continuous Li the material could interact with lithium salt in the electrolyte,
depletion and minimize the concentration polarization. altering the Li* mobility.”*~** The acidic properties of ZSM-$
Furthermore, the chemical inertness and strong mechanical were measured by pyridine adsorption Fourier transform
strength of ZSM-5 enabled good structural integrity of the infrared spectroscopy (Py-FTIR). Pyridine can serve as a probe
electrode interface, and thus long-term cycling stability of the molecule, which can be adsorbed on the acidic sites of ZSM-S,
Li metal anode. With such a design, we demonstrated that a and the pyridine adsorbed by the Br@nsted acid site and Lewis
full pouch cell with a high-areal-capacity LiNijo5Coq0,Mng g3 acid site can be detected by an infrared spectrum at different
cathode (3.9 mAh cm™2) and thin Li metal anode (50 um) wavenumbers (Figure $3).°*%7 As shown in Figure le, three
exhibited superior electrochemical performance with 90% bands were observed at wavenumbers of 1450, 1545, and 1490
capacity retention for 100 cycles. cm™, which could be assigned to pyridine adsorption onto the

Zeolites are known as a class of crystalline silicoaluminates, Brensted acid site (B), Lewis acid site (L), and a common
which are widely used for petroleum refining (Figure $2).*” peak for both Brénsted acid site and Lewis acid site,

Figure 1b,c shows the high-resolution Si 2p and Al 2p X-ray respectively (Figure S4).** This result verified the existence
photoelectron spectroscopy (XPS) spectra for ZSM-S. The of the surface acid sites of the ZSM-5 zeolite. To explore the
binding energy located at 102.4 and 72.8 eV could be regulatory roles of acid sites on the ion transport property, the

attributed to Si—O and Al-O bonds of the silicoaluminate molecular interaction between ZSM-5 zeolite and the electro-
structure of ZSM-S. The results of the adsorption/desorption lyte was investigated by solid state nuclear magnetic resonance
curve (Figure 1d) and the pore size distribution plot (inset in (SSNMR) spectroscopy. Figure 1f,g shows the SSNMR signals
Figure 1d) indicate the microporous structure of ZSM-S and of F and Li for LiPF-based electrolytes. For pure LiPF
its reasonably high specific surface area of 267 m?* g~'. With electrolyte, the sharp peaks were derived from the isotropic
abundant nanopores and channels with a size of 0.54 nm,” diffusion of PF,~ and Li* in the electrolyte. With the addition
ZSM-S allowed Li* with a smaller size (0.15 nm) to pass of ZSM-S, the corresponding peaks became broad, verifying
through and redistribute its flux at the electrode/ZSM-5 film the anisotropic feature of LiPFy that interacted with ZSM-S.
interface, which was beneficial for homogenizing lithium The addition of ZSM-5 markedly shifted '°F downfield from
plating/stripping behavior. Moreover, the acid/base sites of —77.599 ppm and —79.460 ppm to —77.211 ppm and —79.012
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Figure 3. (a, b) Voltage profiles of LillLi and Li/ZSM-SIILi/ZSM-S cells at 1 mA cm™ and 1 mAh cm™ Top-view SEM images of (c) Cu and (g)
Cu/ZSM-5 electrodes after initial Li plating at 1 mA cm™ and 4 mAh cm™, and (d, h) the corresponding cross-sectional SEM images. Top-view
SEM images of (e) LillLi and (i) Li/ZSM-SIILi/ZSM-S cells after 50 cycles at 1 mA cm™ and 1 mAh cm™ and (f, j) the corresponding cross-

sectional SEM images.

ppm due to the binding effect between PF,~ anions and the
surface acid sites of ZSM-5, and the signal for "Li also shifted
downfield from —0.644 ppm to —0.334 ppm, supporting
weakened ion association of the Li*-PF4~ pair.”” The obvious
chemical shifts indicated the decreasing electron cloud density
around both PF,~ and Li*, which can be explained as follows:
the acid—base interaction of ZSM-5 with LiPF facilitated the
dissociation of LiPF, and the electron-deficient acid sites
would interact with anionic PF4~, by which the migration of
PFs~ was inhibited. Meanwhile, the PF¢~ anions anchored by
acid sites weakened their interaction with Li*, which could
promote the release of “free” Li*. This effect of regulating the
chemical environment of Li* and PF,~ in the electrolyte based
on the acid—base interaction was beneficial for improving the
Li* mass transfer and promoting the Li* transference
number.***’

A smooth ZSM-S film was constructed on the Li metal
electrode to produce Li/ZSM-$ electrodes as described in the
experimental section (Figures S5—S6, Figure 2a). The Li/
ZSM-S electrode showed characteristic powder X-ray
diffraction (XRD) peaks for ZSM-S and metallic lithium
without impurities, suggesting the chemical inertness between
ZSM-S and metallic Li (Figure 2b). The top-view SEM image
showed that ZSM-5 zeolites were tightly stacked on the surface
of the Li metal surface without cracks (Figure 2c and Figure
S7) and the cross-sectional SEM and corresponding elemental
mapping images revealed a compact ZSM-5 layer on the Li
metal surface with a thickness of ~9 um (Figure S8, Figure
2d).

To investigate the enhanced Li* mobility of the Li/ZSM-5
electrode, values of #;" of the electrolyte with pristine metallic
Li and Li/ZSM-S electrodes were compared, which were
determined by the electrochemical impedance spectroscopy
(EIS) corrected response current. As shown in Figure 2e/f, the
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value of t;" increased from 0.24 to 0.42 after a combination
with the ZSM-S zeolite (Figure 2h). Such results indicated that
the Li" electromigration in the Li/ZSM-5 electrode could be
accelerated, which was beneficial for mitigating the concen-
tration polarization and inhibiting the formation of Li
dendrites. The ionic conductivity of electrolyte was further
characterized by EIS (Figure 2g). The ionic conductivity of
ZSM-5 coated separator with the electrolyte was calculated to
be 1.49 mS cm™', which was slightly lower than that of the bare
electrolyte (1.82 mS cm™"). The decreased ionic conductivity
could be attributed to the immobilized PF¢~ anions by ZSM-S.
The conductivity of Li* was calculated according to the total
ionic conductivity and f;". A higher conductivity of 0.62 mS
cm™ was achieved for the ZSM-5 coated separator in
comparison to 0.44 mS cm™' for the bare separator (Figure
2h). Therefore, the presence of ZSM-S in the Li/ZSM-S
electrode could effectively improve the Li* transport due to its
ordered pore structure and abundant acid sites. The electrical
insulation of Li/ZSM-S was also tested by a direct voltage—
current measurement using a stainless steel sandwiched Li
metal coin cell. The Li/ZSM-S electrode showed a 6 times
higher voltage response at S mA cm™ than the bare Li
electrode (7 mV vs. 1 mV), verifying the high electronic
resistance of the ZSM-S interface, which could eficiently block
electron leakage and induce Li plating at the bottom of the
ZSM-S layer (Figure 2i).

The electrochemical property of the ZSM-5 layer was
evaluated by a cyclic voltammetry (CV) test. As shown in
Figure 2j, the much higher current peak of the Cu/ZSM-$§
electrode indicated a higher Li* diffusion coefficient according
to the Randles-Sevcik equation.”’ Moreover, the initial
potential during lithium plating on Cu/ZSM-5 was more
positive than that on the Cu foil (Figure S10), suggesting a
mitigated potential polarization for Li plating.

https://doi.org/10.1021/acs.nanolett.3c00258
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Figure 4. (a) Cycling performances of LCOIILi and LCOIILi/ZSM-S full cells at an N/P ratio of 3. (b) Charge/discharge median voltage profiles
for the LCOIILi and LCOIILi/ZSM-S full cells at the 100th cycle and (c) the corresponding EIS results after S0 cycles. (d) CV curves of the LCOIl
Li/ZSM-S cell at various scan rates (0.2—1 mV s™') in the voltage range of 2.8—4.5 V and (e) the corresponding linear fit of the cathodic/anodic
peak current as a function of the square root of the scan rates. (f) Cycling performance of the NCMIILi/ZSM-S pouch cell at 0.2 C and (g) the
corresponding voltage—capacity curves of the NCMIILi/ZSM-S pouch cell at different cycle numbers.

Based on the above results, the Li plating behavior at the
Cu/ZSM-5 electrode interface could be explained by the
following model (Figure 2k). The continuous consumption of
Li* leads to a distinct concentration gradient in the space close
to the electrode interface for the bare Li electrode. Since the
Li" concentration gradient in this region is mainly controlled
by electromigration and diffusion, this region is referred to as
the “diffusion region”. According to the Nernst equation, the
decreased Li" concentration at the Li anode interface would
lead to increased overpotential for lithium plating. The large
and nonuniform Li* concentration gradient resulted in an
uneven distribution of the overpotential for Li* reduction
within the diffusion region, thus leading to severe concen-
tration polarization. Since the Li metal was preferentially
deposited at the area with lower overpotential, the plated Li
metal tended to grow in three dimensions in the diffusion
region, which easily induced the generation of Li dendrites. On
the contrary, due to the improvement of Li* transport by the
ZSM-S layer, the Li" concentration gradient was minimized,
which resulted in reduced overpotential (Figure 21). The
suppression of concentration polarization induced two-dimen-
sional Li metal plating with hindered growth of Li dendrites.
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Besides, the rigid interface of the ZSM-S layer could physically
suppress Li dendrite growth.

To investigate the electrochemical Li plating/stripping
performance, LillLi and Li/ZSM-SIILi/ZSM-5 symmetric cells
with an electrode thickness of 50 um (10 mAh cm™?, Figure
S13) were assembled and cycled (Figures S14—S17). As shown
in Figure 3a,b, the large and increasing voltage polarization
suggested the unstable interface of the bare Li electrode. In
contrast, the Li/ZSM-S electrode displayed a much lower
overpotential of 20 mV and a more stable voltage response
even after 350 h cycling. The electrochemical performances of
symmetric cells under lean electrolyte conditions (20 uL) were
also investigated (Figure S18). The Li/ZSM-SIILi/ZSM-S
symmetric cell showed a lower overpotential and longer cycling
stability than that of the LillLi cell. To explore the tuning effect
of the ZSM-S layer, the Li plating behavior of electrodes with
the ZSM-5 layer was further investigated. Top-view SEM
image of the bare Cu electrode showed a rough surface with
dendritic protrusions after initial Li plating under 1 mA cm™
and 4 mAh cm™ (Figure 3c). The corresponding cross-
sectional SEM image revealed the gradual evolution from
planar Li to dendritic Li deposits with an increase in the
electrochemical deposition time. A loose and whisker-like
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deposition layer with a thickness of 29 ym was formed on bare
Cu electrode after 4 h Li plating (Figure 3d), displaying a high
porosity of 34% (calculated based on the density of metallic
lithium). There was no apparent metallic Li on the top surface
of the ZSM-S layer for the Cu/ZSM-S electrode after 4 h Li
plating, which supported the Li plating behavior below the
ZSM-S layer. The Cu/ZSM-§ electrode displayed a dense and
uniform Li metal layer with a thickness of ~21 pym under
ZSM-5 after Li plating under the same test conditions as the
bare Cu electrode, showing a very low porosity of 8% (Figure
3h). The structures of Li/ZSM-S and Li electrodes after initial
Li stripping were compared in Figure S19. An overall uniform
surface was shown for the Li/ZSM-S electrode, while irregular
pits with a size of tens of micrometers were observed on the
bare Li electrode. The morphology and structure of cycled bare
Li and Li/ZSM-$ electrodes were further studied. Much less
“dead lithium” (the dark products on the electrode surface)
was observed for the Li/ZSM-S electrode than the bare Li
electrode after 50 cycles at 1 mA cm™ and 1 mAh cm™
(Figure S20), which was consistent with the EIS results that
the Li/ZSM-S cell exhibited a lower interfacial resistance than
that of the bare Li cell (Figure S21). The surface of cycled bare
Li electrode was porous (Figure 3e), and the thickness of the
reaction layer reached 30 um (Figure 3f). Due to the
continuous electrolyte consumption and uneven lithium
plating, the reaction layer further increased to 80 um after
100 cycles. Such a thick Li reaction layer with abundant “dead
lithium” and accumulated organic byproducts further aggra-
vated the degradation of Li metal anode. Interestingly, the Li/
ZSM-5 electrode showed a flat and smooth surface without
apparent pores or cracks after SO cycles (Figure 3i). The
thickness of the deposited Li layer was only 10 um for the 50th
cycle, and it slowly increased to 17 ym after 100 cycles (Figure
3j, Figure $22), indicating the much denser Li plating structure
than the bare Li electrode.

To further demonstrate the effect of the ZSM-S interphase
in stabilizing the Li metal electrode, the electrochemical
performances of Li metal batteries pairing with LiCoO, and
LiFePO, cathodes were investigated (Figures $23—526). The
LCOIILi/ZSM-S cell with a low N/P ratio of 3 exhibited a high
specific capacity of 166 mAh g' and a high areal capacity of
2.6 mAh cm™ at 0.5 C (1 C = 200 mA g™') in a wider voltage
range from 2.8 to 4.6 V (Figure 4a), delivering a reasonable
capacity retention of 83% over 100 cycles. In contrast, the
LCO full cell with bare Li showed a fast capacity decay with a
decreased capacity retention of 58% (111 mAh g™') after 100
cycles. The corresponding charge/discharge median voltage
profiles of the tested cells are shown in Figure 4b. At the stage
of lithium plating, the LCOIILi/ZSM-S cell performed a stable
charge median voltage curve over 100 cycles, while the LCOIl
Li cell exhibited an obvious voltage rise after 60 cycles. The
LCOIILi/ZSM-5 cell also exhibited a higher discharge median
voltage than the LCOIILi cell, suggesting the ZSM-5 layer can
effectively alleviate the voltage hysteresis (Figure 4b). The
corresponding EIS results showed that the LCOIILi/ZSM-5
cell exhibited a charge transfer resistance of 51.5 €, which was
lower than 63.4 Q for the LCOIILi cell (Figure 4c). The results
of SEM measurements also suggested the more uniform
surface structure of the Li/ZSM-5 electrode in comparison to
the bare Li electrode after SO cycles (Figure S27). Figure 4d
shows the CV results of the cell with bare Li and Li/ZSM-§
electrodes with different scan rates from 0.2 to 1 mV s~ and
the LCOIILi/ZSM-S cell showed a smaller voltage separation
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than the LCOIILi cell between the redox peaks (peak A and
peak C in Figure 4d and Figure S28a, 753 mV for the LCOIILi/
ZSM-S cell and 806 mV for LCOIILi cell). The Li* transfer
kinetics was further investigated by calculating the diffusion
coefficients of Li* (D;;*) based on the Randles-Sevick equation
(Figure 4e and Figure S28b). The peak currents of A and C at
different scan rates showed linearly proportional relationship to
the square root of the voltage scan rates (1), indicating the
diffusion-controlled step of the full cells. Figure S28c shows
that the calculated D;;* values of the LCOIILi/ZSM-S cell for
peaks A and C were 1.38 X 107 cm” s™" and 8.41 X 10~7 cm”
s~!, respectively, both of which were higher than those of the
LCOIILi cell (1.1 X 1078 cm? 57" for peak A and 6.9 X 1077
cm?® 57! for peak C).

Due to the significant role of the ZSM-S interphase in
regulating Li* transport and Li plating/stripping behavior, a
stable electrochemical performance of the LCOIILi/ZSM-5 full
cell was realized even under harsh conditions. With a high areal
capacity of over 4 mAh cm 2, small electrolyte dosage of 9 uL
mAh™}, and low N/P ratio of 2.5, the LCOIILi/ZSM-5 full cell
showed much a higher capacity retention of 80% for 70 cycles
than the LCOIILi cell at 0.3 C (20% capacity retention for 20
cycles, Figure S$29). Furthermore, the potential practical
application of the ZSM-5/Li electrode was demonstrated in
the pouch cell. Employing a LiNijg5Cog0,Mnge;0, (NCM)
cathode with a high mass loading of 17.3 mg cm™ areal
capacity of 3.7 mAh cm™, and SO pm-thick Li anode, the
NCMIIZSM-5/Li pouch cell (N/P ratio = 2.7) delivered
discharge capacities of 407.7 mAh and 375.7 mAh for the
initial and 100th cycle at 0.2 C, respectively (Figure 4f),
showing satisfactory cycling performance with a high capacity
retention of 92%. Small voltage hysteresis was observed
according to the charge—discharge curves of the NCMIILi/
ZSM-S pouch cell (Figure 4g). The excellent cycling
performance of the NCMIILi/ZSM-$ pouch cell suggests the
huge potential of the Li/ZSM-$ anode for rechargeable Li
metal batteries with a high energy density and long cycle life.

In summary, acid—base interaction of PF,~ and acid sites in
the framework of ZSM-S was designed to stabilize the Li metal
anode by employing a readily available zeolite, ZSM-S, as a
model system. The improved distribution and mass transfer of
Li* could facilitate uniform Li plating and suppress
concentration polarization at the electrode interface. Benefit-
ting from the multiple effects of a functional ZSM-S layer,
improved electrochemical performance of full cells was realized
under high cathode mass loading, low N/P ratio, and small
electrolyte dosage. A 400 mAh-level NCMIILi/ZSM-S pouch
cell with a high cathode mass loading of 17.3 mg cm 2 and N/
P ratio of 2.7 displayed a high capacity retention of 90% for
100 cycles at 0.2 C. The regulation of distribution and mass
transfer of Li" on the electrode surface by zeolite provides a
novel approach for the development of reliable lithium metal
electrodes for high energy density Li metal batteries.
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