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Upgrading Electrode/Electrolyte Interphases
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ABSTRACT: Interface instability that stems from highly catalytic Ni-rich
layered cathode and highly reactive lithium metal anode is the key to
hindering the development of high-voltage lithium metal batteries (LMBs).
Herein, we designed a multifunctional polyamide-based quasi-solid . S
electrolyte (PAM-QSE) to construct a robust cathode electrolyte interphase g Xo \eé}
(CEI) and stable solid electrolyte interphase (SEI) layers on both Ni-rich e =
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cathode and Li metal anode and improve flame-retardancy simultaneously.
The SEI structure consists of rich lithiophilic N—(C); to homogenize ion

distribution and high ionic conductive Li;N to guide the rapid transform of e <\
mitigates the detrimental parasitic reactions between active materials and
electrolytes and alleviates surface structure degradation of cathode. As a
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the CEI structure comprises high antioxidative amide organic species, which
delivers excellent long-term cyclability even with high cathode loading (~6 mg cm™2) and ultrathin Li (~50 gm).
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ith the ever-increasing demand of high-energy
Wstorage technologies, traditional lithium-ion bat-

teries (LIBs) are approaching to the theoretical
energy density limit, which can no longer satisfy the
application needs in diverse electronic devices and electric
vehicles.' > The combination of high-voltage, high-capacity
nickel-rich layer LiNi,Co,Mn,_,_,O, (Ni-rich NCM, x > 0.5)
cathode with Li metal anode that possesses an extremely high
specific capacity (3860 mAh g™') and a low reduction potential
(—3.04 V vs standard hydrogen electrode) has therefore been
recognized as a promising way to raise the battery energy
density up to 400 Wh kg™.*"® However, the practical
application of high-voltage Li metal batteries (LMBs) is
greatly hampered by the poor interfacial stability on both
cathode and anode.””'” On one hand, the interphase
constructed by commercial carbonate electrolytes has a low
stability especially under the oxidation of Ni-rich NCM
cathode, which results in inevitable accumulation of electro-
Iytes oxidative decomposition products and irreversible surface
degradation of cathode, leading to rapid capacity loss and
voltage decay.''~'” On the other hand, the high reactivity of Li
metal anode promotes undesirable electrolyte consumption
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and uncontrollable Li dendrite growth, thus bringing about
declined Coulombic efficiency and severe safety hazards.'®™**

In order to tackle the above issues and maintain interfacial
stability between electrodes and electrolyte during long-term
cycling, considerable approaches have been explored.” Surface
coating, considered as an artificial interface layer strategy, can
substantially decrease the direct contact between electrodes
and electrolytes.”**® For instance, Li et al. successfully coated
LiTaO; on LiNi,;;Co;/3Mn;,;0, by means of atomic layer
deposition (ALD), and the coating layer effectively avoids the
dissolution of cathode material in organic electrolytes.”” Lang
et al. demonstrated that a LiF layer on Li anode constructed
via a solution coating method can minimize the side reactions
with electrolyte and hinder the Li dendrite formation,*
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Scheme 1. Design Strategy of PAM-QSE: Schematic Illustration of the Interface Stabilization Mechanism for PAM-QSE
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Figure 1. Molecular orbital energies, characterizations, and flame-retardant property of PAM-QSE: (a) calculated HOMO and LUMO energy
levels of PMBA and electrolyte components; (b) optical photograph of PAM-QSE electrolyte with different weight fractions of PMBA; (c)
scanning electron microscopy (SEM) images of PAM-QSE membrane; (d) FTIR spectra of the MBA, LE, and PAM-QSE; (e, f) specific
burning test of cellulose membrane soaked with (e) LE and (f) PAM-QSE.
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Figure 2. Electrochemical properties of PAM-QSE: (a) ionic conductivities of PAM-QSE at various temperatures; (b) linear sweep
voltammograms of PAM-QSE at a scan rate of 5 mV s~ using stainless steels as the working electrodes and Li foils as the counter and
reference electrodes; (c) chronoamperometry profile of a symmetric Li/PAM-QSE/Li battery under a polarization potential of $ mV and the
corresponding Nyquist plots of electrochemical impedance spectroscopy before and after polarization (inset); (d) interfacial resistances of
symmetric Li/PAM-QSE/Li battery with Nyquist plots (inset) at various aging times; (e) Li plating/stripping profiles of symmetric Li/Li
batteries with PAM-QSE (red line) and the LE (black line shown in the inset) at a current density of 0.5 mA cm™>

whereas most coating layers are vulnerable to failure due to and nonelectrochemically active coating layers will sacrifice the

repetitive mechanical deformation during prolonged cycling battery energy density.””*"
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Considering the electrolyte contacts with both cathode and
anode, functional electrolyte additives are extensively utilized
to regulate electrode/electrolyte interphases.””™* Liang et al.
adopted lithium difluoro(oxalato)borate salt to in situ
construct an amorphous cathode electrolyte interphase,
resulting in preferable interfacial stability.”® Sun et al.
developed sodium bis(trifluoromethanesulfonyl)imide as a
novel additive to provide electrostatic shielding and interfacial
passivation effect for Li metal anode, boosting the high
reversibility of Li metal batteries.”’ Nevertheless, most
electrolyte additives could only optimize a single interphase
layer on either cathode or anode, and electrolyte leakage and
flammability aggravate the safety hazards of Ni-rich NCM/Li
metal batteries.”””” Hence, it is of significant importance to
develop a quasi-solid/solid electrolyte to stabilize both cathode
electrolyte interphase (CEI) layer on Ni-rich cathode and solid
electrolyte interphase (SEI) layer on Li anode and upgrade
flame-retardancy concurrently.

In this work, we proposed a polyamide-based quasi-solid
electrolyte (PAM-QSE) via in situ gelation with 3 wt % N,N’-
methylenebisacrylamide (MBA) as cross-linker and interface
reinforced component. Compared to the basic liquid electro-
Iyte (LE), PAM-QSE delivers remarkable electrode/electrolyte
interphase stability and flame-retardancy (Scheme 1): (1) A
composite organic/inorganic SEI structure comprising abun-
dant nitrides such as N—(C); and Li;N is spontaneously
constructed on the surface of Li metal, in which lithiophilic
N—(C); guides the homogeneous Li* distribution and the
Li;N with high ionic conductivity inhibits the growth of
lithium dendrite. (2) Durable CEI structure derived from high
antioxidative amide organic groups could effectively isolate
cathode materials from direct contact with electrolyte and thus
suppresses interfacial parasitic reactions and structural
degradation of Ni-rich NCM cathode. (3) Highly cross-linked
structure of PMBA ensures a high electrolyte uptake with
marginal ion-conduction loss and substantially improved
flame-retardant property. This study could open up the
possibilities for electrode/electrolyte interphases via function-
alized quasi-solid electrolyte design and promote the develop-
ment of practical high voltage LMBs with high energy density
and high safety.

Synthesis and Characterization of PAM-QSE. Density
functional theory (DFT) calculations were first utilized to
estimate the oxidation and reduction activities of poly(N,N’-
methylenebisacrylamide) (PMBA) and other electrolyte
components according to their molecular orbital energy levels.
As shown in Figure la and Table SI, PMBA exhibits a
relatively lower lowest unoccupied molecular orbital (LUMO)
than solvent molecules, making it more preferential to be
reduced at Li anode interface, and hence dominates the
formation of SEI layer with beneficial N-containing com-
pounds as verified by previous studies.**™* Meanwhile, the
highest occupied molecular orbital (HOMO) of PMBA is also
lower than that of most solvents and lithium salts,
demonstrating a high oxidation stability. It is expected to
enclose the electrolyte inside the PMBA cross-linked structure
and to protect them from continuous decomposition during
high voltage operations. The effective regulation of electro-
chemical behavior on both high-voltage cathode and Li anode
interfaces endows the PAM-QSE with great application
potential in Ni-rich NCM/Li metal batteries.

The PAM-QSE was prepared via in situ thermal initiated
radical polymerization (Figure S1) with MBA as cross-linking
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agent and porous cellulose membrane (CM) consisting of
randomly arranged nanofibers as supporting framework
(Figure S2). After heating at 60 °C for 4 h, the gelatinous
electrolyte components (Figure 1b) evenly covered and
infiltrated into the pores of cellulose membrane, and a dense
quasi-solid polymer electrolyte membrane with the thickness of
~60 um was obtained (Figure 1c). To verify the polymer-
ization of MBA monomer, Fourier transform infrared (FTIR)
spectra were conducted (Figure 1d). Apparently, the
absorption peaks at around 1626 and 3065 cm™' that
correspond to the vibrations of C=C and =C-H,
respectively, appear in the spectrum of MBA and disappear
after thermal polymerization, demonstrating that the PAM-
QSE was successfully synthesized.

Flammable liquid electrolyte (LE) is a major safety hazard
associated with high-voltage LMBs. To demonstrate the flame-
retardant property upon thermal initiation, combustion tests
with LE and PAM-QSE are presented in Figure lef. Upon
exposure to direct flame, the cellulose membrane soaked with
quantitative LE was ignited and burned out rapidly with no
materials left. In contrast, PAM-QSE effectively shortened the
burning time as well as inhibited the spread of flame and
ultimately realized self-extinguishing after ignition. The
underlying reason is that the amide polymer network could
generate N-containing radicals and noncombustible ammonia/
water gas to weaken or even terminate the transfers of heat,
fuel, and oxygen.***

Electrochemical Tests of PAM-QSE. Figure 2a displays
the temperature dependence of ionic conductivity of PAM-
QSE in a temperature range from 10 to 60 °C. The PAM-QSE
manifests a high ionic conductivity of 1.385 X 107> S cm™" at
25 °C, approaching that of liquid electrolyte (1.885 X 107> S
cm™"), which can be attributed to the high electrolyte uptake
(97 wt %) of the PMBA cross-linked network. Linear sweep
voltammetry (LSV) measurements were performed to explore
the electrochemical stability of electrolytes (Figure 2b and
Figure S3). Notably, the introduction of antioxidant PMBA
broadens the electrochemical oxidation decomposition poten-
tial to 5.64 V, when compared to 5.28 V for the basic liquid
electrolyte. Such a high electrochemical window of PAM-QSE
is sufficient to meet the requirement for high-voltage LMBs.
Besides, the Li" transference number (t;;") of the PAM-QSE
reaches up to 0.63, greatly exceeding the value of liquid
electrolyte (0.39) as shown in Figure 2c, Figure S4, and Table
S2. The increased t;;* benefits from the additional Li*
migration channels provided by lithiophilic amide groups
with high dielectric constant, which is favorable to reduce the
nonuniform concentration gradient and improve the cycling
stability of Li metal anode.**™*

To investigate the aging stability of PAM-QSE, Li/PAM-
QSE/Li symmetrical battery was fabricated for alternating
current (AC) impedance spectroscopy tests with storage times.
As shown in Figure 2d, the interfacial resistance displays minor
increase from 184 Q to 229 Q within 8 days and becomes
steady in the subsequent time, indicative of outstanding
interfacial compatibility between PAM-QSE and Li metal
anode. Electrochemical detection of Li plating/stripping
behavior on Li metal anode and the cycling stability was
further performed by the galvanostatic charge/discharge
voltage profiles in symmetric batteries with PAM-QSE and
LE (Figure 2e). It is observed that PAM-QSE endows the
symmetric battery with a small polarized potential and
outstanding long-term cycling performance over 1000 h at 1
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Figure 3. Electrochemical performance of Ni-Rich NCM/Li metal batteries: (a) cycling performance, (b) charge—discharge curves, and (c,
d) dQ/dV profiles of polycrystalline NCM/excess Li metal batteries with LE and PAM-QSE at 1 C; (e) rate performance of the
polycrystalline NCM/Li metal battery using PAM-QSE; (f) single-crystalline NCM/excess Li metal batteries at 1 C using LE and PAM-QSE;
(g) cycling performance of polycrystalline NCM/ultrathin Li metal batteries at 1 C.

mA cm % revealing a durable SEI layer and highly stable Li for LE based battery, the battery using PAM-QSE achieves a

plating/stripping reversibility without the safety hazard from Li remarkable capacity retention of ~80% after 700 cycles with a
dendrites growth. On the contrary, the LE based symmetric high reversible capacity of 129.3 mAh g~', which is also
battery presents a gradually increased polarized potential superior to the other reported NCM/Li metal batteries in the
hysteresis due to the thick accumulated SEI layer and literature (Table S3). To attain more insights into the
ultimately short circuit in 280 h caused by excessive dendritic improved cycling performance, the profiles of differential
Li piercing through the separator.'” Additionally, the capacity versus the electrode potential (dQ/dV) derived from
remarkable interfacial compatibility between PAM-QSE and different charge—discharge curves are displayed in Figure 3c,d.
Li metal is also validated by stable cycling performance at other Noticeably, the variation of reduction peaks of the battery with
current densities of 0.5 and S mA cm™ (Figure SS) as well as PAM-QSE exhibits a smaller potential increment of 21.4 mV
the relatively steady interfacial resistance during cycling than that of LE based battery (45.1 mV) over 700 cycles,
(Figure S6). implying that PAM-QSE is effective to mitigate the undesirable

Electrochemical Performance of Ni-Rich NCM/Li interface deterioration and reduce battery overpotentials
Metal Batteries. The electrochemical performance of NCM during cycling. Additionally, due to the trivial loss of ionic

(LiNiy4Coo,Mn,,0,)/Li metal batteries was examined to conductivity in PAM-QSE, the NCM/PAM-QSE/Li battery
evaluate the application feasibility of the PAM-QSE. Figure 3a can deliver specific discharge capacities of 198.5, 186.5, 175.2,
presents the long-term cycling performance of polycrystalline 166.5, 155.7, 144.5, and 130.2 mAh g_1 at 0.1,0.2,0.5, 1, 2, 4,
NCM/excess Li metal batteries with limited electrolyte (30 and 8 C, as shown in Figure 3e, indicating an excellent rate
uL) at 1 C (1 C = 160 mAh g') in the voltage range of 3—4.3 performance comparable to LE based battery (Figure S7 and
V. The batteries with both LE and PAM-QSE exhibit almost Table S4).

the same charge/discharge voltage profiles and deliver a similar Moreover, after replacement of polycrystalline Li-
specific capacity (~199.6 mAh g™') in the initial cycle (Figure Niy4Coy,Mng,0, cathode with single-crystalline Li-
3b). Differently, compared to the severe capacity degradation Niy¢Co0g,Mny,0, cathode, the capacity retention of NCM/
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Figure 4. Surface characterizations of cycled Li anodes and NCM cathodes. SEM images of the cycled Li metal anodes with LE (a, b) and
PAM-QSE (c, d) after 200 cycles. High resolution XPS spectra of C 1s (e, f) and N 1s (g, h) taken from cycled Li metal anodes with LE and
PAM-QSE after 200cycles. XPS spectra of C 1s (i, j) and N 1s (k, 1) taken from cycled NCM cathodes with LE and PQM-QSE after 200

cycles.

excess Li metal battery using PAM-QSE can further increase to
85.8% over 800 cycles (Figure 3f). In order to further verify the
superiority of PAM-QSE, we investigated the cycle reversibility
of polycrystalline NCM/ultrathin Li metal batteries using high
loading LiNiy¢Coy,Mng,0, (~6 mg cm™>) as cathode and Li
deposited copper (Cu) electrodes as anode (~50 um) (Figure
3¢ and Figure S8). Under practical conditions, the LE based
battery failed rapidly within 200 cycles, and severe electrolyte
side reactions accompanied by continuous consumption of
active Li may account for the drastic capacity decay, whereas
the cycle life of practical battery with PAM-QSE is extended
significantly with a reversible discharge capacity of 143.8 mAh
g~! after 200 cycles, showing notable enhancement on cycling
stability. This excellent electrochemical performance of NCM/
PAM-QSE/Li metal battery makes it a promising high energy
density battery system for large-scale energy storage
applications.

Interface Structure and Chemistry of Cycled Li Metal
Anodes and Ni-Rich NCM Cathodes. Considering that the
evolution of interface structure and chemistry play a key role in
battery performance, one question that is raised regarding the
improved performance is how the PMBA additive could
substantially change the interfaces structurally and chemically.
SEM analysis was first carried out to investigate the surface
morphology of the Li metal anodes after 200 cycles. The Li
anode with LE presents small deposited particles mixed with
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needle-like dendrites (Figure 4a). This surface layer cannot
shield the bulk Li against electrolyte attack, resulting in a thick
Li corrosion layer of more than 80 ym (Figure 4b). In contrast,
a smooth and compact surface with large and flat plate-like
structures is observed on cycled Li anode with PAM-QSE,
which can lessen the exposure of electrolyte toward the fresh Li
metal and thus lead to a much thinner Li corrosion layer of 35
um (Figure 4c,d).

The differences in the morphology of cycled Li metal anodes
are closely correlated to the SEI layer structure, so X-ray
photoelectron spectroscopy (XPS) analysis was carried out on
the above Li anodes. Li anode with LE presents copious
organic species caused by severe electrolyte decomposition,
including C—C/C-H, C-0, C=0, CO;, C—F, and N-SO,,
(Figure 4e,g and Figure S9). Note that the content of above
commonly decomposed products is obviously reduced on the
Li anode with PAM-QSE (Figure 4f), and additional peaks at
286.4 eV (C—N) and 288.8 eV (O=C-N) in C 1s spectrum
as well as at 398.5 eV (Li;N) and 399.7 eV (N—(C);) in N 1s
spectrum also appear (Figure 4h), indicating the participation
of PMBA in the formation of organic/inorganic composite SEI
layer.*”*° It has been confirmed that lithiophilic N—(C); can
provide Lewis base sites to guide the uniform distribution of
Li*,>" and Li;N acts as an excellent Li-ion conductor to
facilitate Li* transport to Li metal anode surface.>' ™ Thus,
the stable and robust composite SEI layer containing
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Figure 5. Quantification of surface degradation on cycled NCM cathodes. HAADF-STEM images and corresponding FFT patterns of the
cycled NCM electrodes with (a) LE and (c) PAM-QSE after 200 cycles. Magnified HAADF-STEM images of the cycled NCM electrodes with
(b) LE and (d) PAM-QSE. EELS spectra for the Ni L-edge and O K-edge from surface to interior of NCM electrodes cycled with (e, f) LE

and (g, h) PAM-QSE.

synergistic N—(C); and Li;N not only suppresses the excessive
decomposition of electrolyte but also promotes homogeneous
Li* platting/stripping behavior.

XPS spectra of the cycled NCM cathodes were also collected
and compared in Figure 4i—] and Figure S10. The low intensity
of metal—O in O 1s spectrum and the high intensity of LiF in
F 1s spectrum illustrate that the surface of NCM electrode
cycled with LE was covered with more side reaction
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byproducts (Figure S10a,c), while the CEI layer with PAM-
QSE contains rich antioxidative N—C=O, which greatly
prevents the catalytic decomposition of electrolyte and
suppresses surface degradation of active cathode materials
(Figure 41). Besides, electrochemical impedance spectroscopy
(EIS) and cyclic voltammetry (CV) reveal an enhanced Li*
diffusion coefficient and decreased interfacial resistance for
PAM-QSE based battery (Figures S11 and S12 and Table SS),
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suggesting that the generated CEI with PAM-QSE is thinner
and more durable.

More evidence of surface protection for NCM cathode by
PAM-QSE can be obtained from atomic-resolution scanning
transmission electron microscopy (STEM) and electron
energy loss spectroscopy (EELS) characterizations. According
to high-angle annular dark-field (HAADF) STEM images and
corresponding fast Fourier transform (FFT) patterns, the
cycled NCM cathode with LE experiences severe irreversible
phase transformation from well-ordered layered phase to the
electrochemically inactive rock-salt phase with a thickness of
about 16 nm (Figures Sab and S13a). Remarkably, this
detrimental surface reconstruction is effectively suppressed by
PAM-QSE, showing only a few nanometes thick rock-salt
phase on the cathode surface after 200 cycles (Figures Sc,d and
S13b), which implies that PAM-QSE plays a key role to
stabilize surface chemistry and structure of NCM cathode
during extended cycling.

EELS line scanning was performed to further elucidate the
local chemistry evolution from surface to interior of the cycled
NCM with LE and PAM-QSE (Figure Se—h). Ni L, ;-edge of
NCM electrode cycled with LE presents noticeable leftward
energy shifts accompanied by a slight increase of the intensity
ratio of Ly and L, (Table S6), demonstrating a higher Ni*"
concentration on the external surface.>* Moreover, the O K-
edge prepeak becomes weaker as well as shifts to a higher
energy, indicative of the reduction of the average valence of
TM cations during the long-term cycling.SS By comparison, the
NCM with PAM-QSE barely exhibits peak shifts and intensity
variations. The EELS results suggest the reduction of highly
reactive Ni* toward Ni** and the structural robustness of
NCM cathode with PAM-QSE, strongly confirming the
superiority of antioxidative CEI layer that contains rich
polyamide molecules.

In summary, in pursuit of implementing high voltage lithium
metal batteries with high safety and superior cycling perform-
ance, we constructed a flame-retardant polyamide-based quasi-
solid electrolyte (PAM-QSE) with dual-reinforced interface
stability. During cycling, on the Li metal anode, the
participation of PAM-QSE in the composition of SEI layer
structure enables abundant inorganic Li;N with high ion
conductivity and lithiophilic N—(C); organic groups to
contribute the fast transport and homogeneous deposition of
Li". On the Nirich NCM cathode, the CEI layer comprises
high antioxidant components derived from polyamide
molecules, which is conducive to protect the active cathode
materials from electrolyte erosion and irreversible structural
degradation. These results not only indicate that PAM-QSE
represents a promising electrolyte for Ni-rich NCM/Li metal
batteries but also provide new perspectives for stabilizing
electrodes/electrolyte interphases through manipulation of
interface chemistry.
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