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lithium-metal batteries (LMBs). By combining Li-metal anodes with R 1 g ettt = pr— aenoiion
high-performance Ni-rich transition-metal oxide cathodes, LMBs can Lo —=

meet the goal of a high specific energy density of more than 500 Wh _ .
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the nonuniform lithium deposition and uncontrollable SEI formation. In 0 S
this work, Li-metal anodes were protected by thin-film LiNbO; coatings.
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physical characterization methods. Postmortem analyses of pristine and 3. e LR
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prolonged cycled Li-metal anodes were performed. The results revealed  ©%; m P = = 200

the formation of more stable SEI films at the protected Li-metal anodes e

in comparison to unprotected electrodes. Consequently, the LiNbOj; layers improved the cycle-life performance of Li-metal anodes
in LMBs. Furthermore, X-ray photoelectron spectroscopy (XPS) analyses showed that the reduction of metallic ions stemming from
the Ni-rich cathodes was also inhibited by the protective LiNbO; layers, thereby further controlling the degradation of Li-metal
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Bl INTRODUCTION

Lithium-ion batteries (LIBs) are commercially successful and
intensively studied over several decades, thanks to the growing
number of energy storage applications, including portable
devices and (hybrid) electric vehicles.' ™ Nevertheless, the
development of conventional LIBs, which are based on the
intercalation chemistry of both electrodes, is gradually
approaching the capacity limit of about 300 Wh kg™.* The
demand for rechargeable batteries with a higher energy density
is therefore of crucial importance for future applications.

Considering Li metal offers a very high theoretical specific
capacity as an anode of 3860 mAh g~' at the lowest redox
potential of 0 V vs Li*/Li, lithium-metal secondary batteries
are likely to be the most promising alternative for the next
generation of LIBs.>® In this regard, Li-metal electrodes are
considered the ultimate goal as anode materials in rechargeable
batteries. In combination with high-performance Ni-rich
nickel—cobalt—manganese (NCM)-layered oxides, such a
new battery system is expected to deliver a capacity of more
than 500 Wh kg™'.”” Despite these advantages, the remaining
challenges associated with serious safety concerns severely
constrain further commercialization of Li-metal anodes in
LIBs.* ™"

On the one hand, Li, by nature, has an extremely high
reactivity toward organic electrolytes. Multiple side reactions
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spontaneously occur at metallic lithium electrodes in contact
with the electrolyte, leading to numerous byproducts at the
anode surface. These side reactions will be accelerated during
battery operations, resulting in an even increased electrolyte
consumption and, consequently, severe battery degradation.''
Furthermore, uneven Li-metal deposition will lead to
unfavorable dendrite formation, generating severe safety issues,
such as internal short circuiting and thermal runaway.'”
Therefore, unlike graphite anodes that form a relatively stable
solid-electrolyte interphase (SEI), the SEI formation at Li-
metal anodes is rather uncontrolled and accompanied by the
growth of a surface with a highly porous morphology."’
Many approaches have been adopted to tailor the surface of
Li-metal anodes by controlling both the SEI formation and Li-
metal deposition morphology.'*™"” Most studies only focused
on symmetric metallic Li cells or Li/Cu cells where Cu is used
as a current collector.® >° However, the influence of cathode
materials on the electrochemistry of Li-metal anodes is rarely
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Figure 1. SEM images of (a) pristine bare Li metal and (b) pristine LiNbOj;-coated Li-metal electrode. (c) EDX spectrum and elemental Nb
mapping of the LINbO; protective layer. (d) XPS spectra of the as-deposited amorphous LiNbO; layer and optical images of the Li corrosion
process under ambient atmospheric conditions of (e) bare Li metal and (f) LiNbOs-coated Li metal.

discussed. Notably, it has been identified that the surface
reactions at the anode show a strong correlation with the
cathode material.”"** Tt was found that applying various
cathode materials leads to different SEI surface layers at the
anodes. Up to now, several reports have presented this so-
called crossover effect between the cathode and anode in LIB
chemistries, such as LiCoO,/Li,”> LiFePO,/Li,”* and
LiNij sCog3Mng,0,/ graphite21 cells, while a detailed analysis
of Ni-rich NCM/Li batteries is still lacking.

A single report discussed the influence of three different
cathode materials (LiNiy¢Mn,; ;O,, LiNiysCoy,Mn,,0,, and
LiFePO,) on the morphology of Li-metal deposition, but the
investigation of the SEI formation was somewhat limited.”
Another report has recently presented results of cathode—
anode crossover, occurring in LiNijoCogosMngsO,/Li and
LiNig 9Coyg gsMny osO,/graphite cells.”® However, this work
only explored the SEI formation for the cells (dis)charged up
to 50 cycles, which is unrepresentative for long-life batteries as
some effects induced by the cathode, such as the dissolution of
transition-metal ions, can only be appropriately detected
during prolonged cycling. In view of the growing number of
strategies to improve Li-metal anode operation, it is therefore
of vital importance to understand the SEI evolution at metallic
Li anodes.

In this paper, LiNbOj;, a solid-state electrolyte possessing a
high ionic conductivity, is proposed as the protective layer for
Li-metal anodes. After protection, the Li-metal anodes show an
enhanced stripping/plating stability in symmetric cells,
indicating that the surface reactions are well controlled by
the presence of these LiNbO; layers. Subsequently,
LiNiyCog,Mn,,0,/Li cells were assembled and investigated.
The electrochemical performances of cells using bare Li anodes
and LiNbOj-coated Li anodes are compared comprehensively.
Particular attention is drawn to the differences of the SEI
surface film evolution and Li-metal deposition morphology on
both types of anodes during initial and prolonged cycling. The
distinct responses of Li anodes toward the crossover induced
by the cathode have been investigated, and the insights
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regarding the optimization role of LINbO; protective layers in
achieving the suppressed SEI formation are revealed.

B EXPERIMENTAL SECTION

LiNbO;-Coated Li-Metal Electrodes. A Li-metal foil with 0.75
mm thickness was purchased from Alfa Aesar, commercial Ni-rich
LiNiy¢Coy,Mn,,0, powder (NCM) was obtained from Tianjin
B&M Science and Technology (China), and LiNbO; sputtering
targets were obtained from Lesker (U.K.). The whole process was
operated in a glovebox, avoiding any exposure to air. LINbO; thin
films were deposited on the Li foil by radio frequency (RF)
magnetron sputtering. The distance between the substrate and target
was fixed at 15 cm. The substrates kept rotating at a speed of 20 rpm
to guarantee homogeneous deposition. The sputtering process was
performed in an Ar atmosphere under a chamber pressure of S mTorr
and 60 W sputtering power. The thickness of the obtained LiNbO;
layers was determined to be 30 nm at a deposition rate of ~2 A min™".

Material Characterization. Scanning electron microscopy
(SEM) and energy-dispersive X-ray spectroscopy (EDX) experiments
were carried out using a Quanta FEG 650 (FEI) environmental
scanning electron microscope operated at a voltage of 20 kV. X-ray
diffraction (XRD) measurements were carried out between 10 and
80° using Cu Ka radiation using an EMPYREAN X-ray diffractometer
(Panalytical, The Netherlands). X-ray photoelectron spectroscopy
(XPS) was performed by a Thermo Scientific K-Alpha instrument
with a monochromatic X-ray source (Al Ka). The anodes were
dismantled from the cycled cells, rinsed several times by dimethyl
carbonate (DMC) solvent and ethanol absolute, and dried in the
glovebox overnight before XPS measurements.

Electrochemical Measurements. The electrochemical perform-
ance was investigated in Swagelok cells. All electrochemical tests were
performed in an MKF120 climate chamber (Binder, Germany), using
a VMP3 potentiostat (Bio-Logic, France). For the symmetric Li cells,
Li-metal foils with a diameter of 12 mm were used as both working
and counter/reference electrodes. The symmetric cells were subjected
to pulse (dis)charging at current densities of 0.5 and 1 mA cm™
during 0.5 h for each step.

For the complete cells, NCM cathode slurries were prepared by
mixing the commercial NCM powder with carbon black (Super P,
Alfa Aesar) and a poly(vinylidene fluoride) binder (PVDF, Sigma-
Aldrich) at a weight ratio of 8:1:1. The mixture was then dissolved in
N-methyl pyrrolidone (NMP). The slurry was uniformly coated onto
aluminum foils and dried overnight at 90 °C and then cut into discs of

https://doi.org/10.1021/acsaem.1c02278
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Figure 2. EIS spectra of symmetric Li cells with (a) bare Li and (b) LiNbOs-protected Li during storage at room temperature. (c) Overview of

galvanostatic cycling experiments of symmetric Li cells at 0.5 mA cm™
cycling. (f) Overview of galvanostatic profiles of symmetric Li cells cycled at 1 mA cm

h cycling.

and at a higher magnification after (d) 80 h cycling and after (e) 195 h
~? and in more detail after (g) 80 h cycling and after (h) 175

12 mm diameter. Bare metallic Li and LiNbOj-coated Li-metal

electrodes were used as anodes in full cells. LiPFy (1 M) in a 1:1 Hz.

mixed solvent of ethylene carbonate (EC)/dimethyl carbonate
(DMC) (BASF) was used as an electrolyte. Galvanostatic cycling
was performed in the voltage range of 3.0-43 V wvs Li‘/Li
Electrochemical impedance spectroscopy (EIS) tests were conducted
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B RESULTS AND DISCUSSION

Figure la,b shows the SEM results of the surface morphology
of bare Li metal and LiNbOj-protected Li metal. The surface

with an amplitude of 10 mV in the frequency range of 200 kHz to 0.1

https://doi.org/10.1021/acsaem.1c02278
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Figure 3. EIS spectra of symmetric Li cells at (a) pristine state, (b) 20th cycle, (c) 50th cycle, (d) 100th cycle, and (e) 150th cycle. (f) Equivalent
circuit and R, evolution during cycling. SEM images of cycled (g) bare Li and (h) LiNbO;-protected Li.

of bare Li demonstrates an overall smooth surface morphology
with several intrinsic microscratches. After deposition of
LiNbO;, it can be seen that the layer has been homogeneously
and conformally coated onto the Li metal. This layer
compactly covers the microscratches at the Li-metal surface.
It should be noted that the LiNbO; layer prepared via
sputtering at room temperature is amorphous. No diffraction
peaks can be identified in the XRD pattern (Figure S1). The
EDX spectrum of the obtained LiNbOj;-Li sample shows a
strong Nb signal. The mapping analysis reveals a uniform
elemental distribution of the LiNbO, layer (Figure 1c).

The elemental valence state of Nb in the amorphous
LiNbO; layer was also analyzed by XPS. The Nb 3d spectra
shown in Figure 1d imply that Nb ions exist in the amorphous
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LiNbO, layer on Li metal as Nb**; the peaks located at 207.2
and 210.5 eV are attributed to Nb*>* 3ds,, and Nb>* 3d,,,,
respectively. In addition, to evaluate the compactness of the
coating, both protected and unprotected metal samples were
placed under ambient atmospheric conditions at 25 °C for §
min. It is well known that Li metal is highly reactive with
oxygen, nitrogen, and water in the air. Thus, after exposure, the
surface of the bare Li sample rapidly gets tarnished within a
few minutes to become ultimately black after S min (Figure
le). The color change is associated with multiple compounds
formed at the Li-metal surface, including Li,CO;, Li,O, LiOH,
Li3N, etc.”

In contrast, the surface of LiNbOj-protected Li metal
remained stable. It nearly maintained its original metallic

https://doi.org/10.1021/acsaem.1c02278
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Figure 4. (a) Galvanostatic (1C) cycling of the initial 10 and 100 cycles and (b) voltage profiles of NCM/Li cells at various cycles. (c) EIS spectra
of the Li anodes after cycling. Top view and cross-sectional view of SEM images of the bare Li anode after (d) 10 cycles and (e) 100 cycles. Top
view and cross-sectional view of SEM images of the LiNbO;-Li anode after (f) 10 cycles and (g) 100 cycles.

shining state after S min of exposure to air (Figure 1f). This
observation indicates that a homogeneous coating of LINbO,
might be effective as a protective layer at metallic Li electrodes.

Lithium stripping and plating were performed in symmetric
Li—Li cells to investigate the interfacial stability of Li-metal
electrodes. Figure 2 shows the evolution of the cell impedance
with storage time, keeping the cells under open-circuit
conditions. The impedance of the bare Li cell (Figure 2a)
increases significantly over time. This phenomenon is caused
by the spontaneous reaction of metallic Li with the electrolyte,
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leading to the continuous growth of the passive layer.
However, the impedance of the symmetric LiNbO;-Li cell
(Figure 2b) shows that the charge-transfer resistance reached a
highly stable state after ~20 h storage. This can be attributed
to the effective isolation properties of the LiNbO; coating,
which suppresses parasitic reactions at the Li-metal surface.
Notably, the pristine LiNbO;-Li symmetric cell (Figure 2b)
shows a larger initial resistance, owing to the additional ionic
conductivity of the protective coating. It has been extensively
reported that Li metal is thermodynamically unstable in

https://doi.org/10.1021/acsaem.1c02278
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https://pubs.acs.org/doi/10.1021/acsaem.1c02278?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.1c02278?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.1c02278?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.1c02278?fig=fig4&ref=pdf
www.acsaem.org?ref=pdf
https://doi.org/10.1021/acsaem.1c02278?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Energy Materials

www.acsaem.org

organic solvents.'> Thus, protecting Li-metal electrodes from
side reactions with the electrolyte is essential to stabilize the
anodes of LMBs.

The stability of the Li stripping/plating process was further
investigated in symmetric cells. Figure 2c shows the voltage
profiles of bare Li (green) and LiNbO;-Li (orange) symmetric
cells cycled in a commercial electrolyte (1 M LiPFq in 1:1 EC/
DMQC) at a current density of 0.5 mA cm™" during 0.5 h for
each step. It can be seen that the bare Li symmetric cell
revealed significantly enlarged overpotentials with increasing
cycling time. As shown in Figure 2d, the stripping/plating
overpotentials after about 80 h are very similar for both
symmetric cells (160 mV vs Li*/Li). However, the over-
potential of the bare Li cell continuously increases up to 600
mV at the end of cycling and encounters a sudden voltage drop
after 195 h (green curve in Figure 2e), implying a detrimental
cell failure caused by short circuits. The unstable voltage is
attributed to the nonuniform Li-metal nucleation and SEI
formation during cycling. The end of life is clearly related to
the formation of detrimental short circuits. In contrast, the
performance of the LiNbO;-Li symmetric cell (orange curve)
demonstrates improved stability with no sign of any short
circuits even after 200 h of cycling.

Remarkably, at a higher current density of 1 mA cm™, the
LiNbO;-Li symmetric cell still demonstrates highly stable
behavior with negligible overpotential changes. The overview
of Figure 2f shows a sharp contrast between the two voltage
profiles. The summation of the overpotentials, occurring
during charging and discharging the bare Li symmetric cell,
increases from 400 mV after 80 h (Figure 2g) to around 900
mV after 175 h (Figure 2h). Also, the significant increase of
overpotential was followed by considerable noisy fluctuations
at 173 h (Figure 2h). Cell failure can be observed after 180 h,
whereas for the LINbO;-protected Li cell, the voltage profile at
a higher current density shows similar behavior to that of 0.5
mA cm™ In this case, the overpotentials only slightly increase
from 220 to 250 mV at the end of cycling. The much longer
cycle life and improved stability of the LiNbO;-Li symmetric
cells show that the LiNbO; protective layer facilitates
unobstructed Li-ion transport, leading to homogeneous Li
deposits and only moderate volume expansion during the
stripping and plating process.

EIS measurements have been conducted with both
symmetric cells after various cycles (Figure 3a—e). The
adopted equivalent circuit and the surface film resistance
obtained by spectra fitting are shown in Figure 3f. The bare Li
and LiNbOj-coated Li have shown surface film resistance of
341 and 529 Q for the pristine cells, respectively (Figure 3a).
The larger resistance of pristine LINbO;-Li must be attributed
to the deposited LINbOj; layer, which acts as a barrier for Li*-
ion transport, in contrast to the bare Li case. Figure 3b shows
that after the initial cycles of stripping and plating, both
symmetric cells experience a significant reduction of R, to 35
and 53 Q. Subsequently, the R, of the LINbO;-Li cell increases
from 122 € after 50 cycles to 276 Q after 150 cycles, while for
the bare Li symmetric cell, a much larger increase of R; is
observed. The impedance of the bare Li cell gradually rises
from 183 (50th cycle) to 543 Q (150th cycle), displaying ~2
times higher resistance than that of the LiNbO;-Li cell after
long-term cycling.

The electrode morphologies have been further examined by
SEM after 200 h of stripping and plating. The intensively
cycled bare Li cell reveals a notably rough and porous surface

morphology (Figure 3g) with Li dendrites and a needle-like
structured Li surface layer. The Li structures on the bare Li
surface have been considered as “death Li”, losing electronic
contact with the bulk Li foil, and are associated with the sharp
impedance increase during cycling. Contrastingly, the surface
of the cycled LiNbO;-protected Li cell maintains a relatively
flat and compact structure (Figure 3h). It is also found that the
surface of the LINbO;-Li electrode adopts a slightly convex
shape after cycling compared to its pristine state. This
observation suggests the presence of internal stress induced
by the Li volume expansion underneath the LiNbO; layer.
These results, therefore, demonstrate that the LINbO; coating
with intrinsic high ionic conductivity effectively provides
smooth Li transportation through the LiNbO;/Li interface.
This leads to a homogeneous Li stripping/plating process with
relatively uniform Li deposition.

The electrochemical performance and corresponding ma-
terial characterization of full cells with commercial Ni-rich
NCM cathodes and Li-metal anodes have been investigated for
the potential practicability of LiNbOj-protected Li anodes.
Figure 4a demonstrates the cycling performance of the two
NCM/Li cells cycled at 1C rate within the voltage range of
3.0—4.3 V vs Li*/Li. The cycling profiles of the first 10 cycles
highlight the rapid degradation of the NCM/Li cell with the
bare Li anode (green symbols). Initially, the cells with the bare
Li and the LiNbO;-Li anode deliver similar specific capacities
of 166 and 164 mAh g, respectively. After 100 cycles, the
bare Li cell shows a higher degradation rate with 60% capacity
retention, leading to a capacity of 101.3 mAh g~'. In contrast,
an improved cycling performance is achieved in the cell with
the LiNbO;-protected Li anode. The cell exhibits a discharge
capacity of 131.6 mAh g™! after 100 cycles (capacity retention
of 80%).

The voltage profiles of both cells at the 10th, 50th, and
100th cycles are shown in Figure 4b, revealing smaller
transferred charge upon cycling and a higher voltage decay
of the cell with the bare Li anode than that of the LINbO5-Li
cell. The interphase characteristics of the electrodes upon
cycling have also been studied by EIS (Figure 4c). It should be
noted that the cycled NCM cathode has been replaced here by
fresh Li foils. In addition, the electrolyte and separator were
also refreshed before the EIS measurements. Two semicircles
can be identified in the Nyquist plots, one at high frequencies
related to the SEI surface film resistance and another semicircle
at low frequencies, which can be attributed to the electrode
charge-transfer resistance.”” For the bare Li anode cell, the
fitted values for the SEI resistance significantly increase from
123 (10th cycle) to 405 € (100th cycle).

On the other hand, the SEI resistance for the LiNbO;-Li cell
increases from 109 (10th cycle) to 234 Q after 100 cycles. It
can be concluded from these results that the SEI formation
predominantly occurs at the initial stages of cycling and
proceeds at a more moderate rate during prolonged cycling.
Furthermore, the impedance comparison shows that the
modified-Li anode cell reveals a more moderate SEI resistance
increase, thus slowing down the SEI formation during cycling.

The NCM/Li cells were disassembled after cycling for
further characterization to investigate the origin of degradation
of both Li anodes. Figure 4d shows the surface morphology of
the bare Li anode after 10 cycles. Mossy-Li with small particles
can initially be observed at the bare Li surface after 10 cycles,
and the underlying Li metal displayed a much rougher
morphology compared to the pristine Li metal (Figure 1a).
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The cross section (Figure 4d) also reveals that microstructures
are formed at the bare Li anode. After 100 cycles, the SEM top
view shows the growth of a highly porous Li surface
morphology at the bare Li anode (Figure 4e). The
inhomogeneous Li deposition during cycling resulted in highly
loose and irregular surface structures.

In the case of the LiNbO;-Li anode (Figure 4fg), the
morphology remains virtually unchanged after 10 cycles
compared to its pristine state (Figure 1b), and no mossy-Li
is observed at the surface. The corresponding cross-sectional
SEM image in Figure 4f also confirms the compact coating of
the LiINbO; layer on the Li metal. A relatively flat surface is
found at the LiINbO;-Li anode after 100 cycles, not revealing
an open lithium morphology (Figure 4g). The appearing
microcracks provide evidence of mechanical stress originating
from the anode volume expansion during Li deposition, which
negatively influences the LiNbOj-interfacial stability. More-
over, from the cross-sectional SEM image (Figure 4g), it can
be concluded that the SEI film at the modified-Li anode is
remarkably thin. These results show that the LiNbO;-
protected Li anodes facilitate a more uniform and compact
Li deposition during cycling with negligible open Li structures.
The thin-film protective LiNbO; coating can effectively limit
the growth of the SEI film.

The dissolution of transition-metal ions from the Ni-rich
cathode material during cycling is a widely known phenom-
enon.”* " The dissolved metal ions are transported through
the separator and transformed into a reduced state at the
anode surface. Subsequently, these reduced species also
participate in the SEI formation process. They may serve as
a catalyst for various side reactions.’’™** The introduced
LiNbO; protective layer is a poor electronic conductor,
inhibiting the metallic-ion reduction at the anode. XPS
measurements were therefore carried out to investigate
whether the bare Li and LiNbO;-Li anodes might undergo
different SEI evolutions during cycling. The results of these
XPS measurements, including detailed valence state analyses,
are listed in Table 1.

Figure S shows the C 1s, O 1s, F 1s, P 2p, and Ni 2p spectra
for both anodes after 10 cycles. In the C 1s spectra (Figure Sa),
peaks located at 283.9, 287.3, 289.6, and 289.5 eV correspond

Table 1. Summary of XPS Results for Bare Li and LiNbO;-
Protected Electrodes

binding
energy (eV) peak assignment reference
Cls ~283.9 C—Li (RLi, lithium alkyl) 24
~287.3 C-C, C-H 24
~289.6 C—0 (ROL, lithium alkoxide) 24
~289.5 C=0 24
~291.8 C-F 35
O ls ~5273  Li,O 26

~5287  Li,CO3/O=C—O (ROCO,Lj lithium 26
alkyl carbonates)

~§311  C-O 26
F Is ~6853  LiF 36
~686.1  LiPF,/LiPOF, 37
~687.5  C—F 36
P 2p ~1331  Li,POF, 38
~1362  LiPF, 38
Ni 2p ~850.1  Ni 33
~857.8  NiF, 33
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Figure 5. XPS spectra of (a) C s, (b) O 1s, (c) F 1s, (d) P 2p, and
(e) Ni 2p obtained for both Li anodes after 10 cycles.

to C—Li, C—C/C—H, C-0, and C=0 (Li,CO;), respec-
tively. The C—Li, C—C/C—H, and C—O bonds are attributed
to organic components originating from the electrolyte solvent
decomposition and polymerization, such as RLi and ROLi.**
C=O0 (Li,CO;) might result from electrolyte decomposition
and the reaction between metallic Li and the gaseous
byproduct CO, formed in the cell. Both electrodes show
similar peaks in the C 1s spectra, except that significantly
decreased peak intensities are found for the LiNbO;-protected
Li anode. The O 1s spectra are shown in Figure 5b. The peaks
are related to Li,O (527.3 eV), Li,CO;, or O=C-0O bond
originating from ROCO,Li (528.7 eV). The C—O bond at
531.1 eV originating from RLi is visible at the bare Li surface.
The small amount of Li,O at 527.3 eV can be associated with
reactions induced by traces of oxygen and water present in the
cell. In contrast, the absence of the Li,O peak, along with the
reduced intensity of the Li,CO; (or O=C—0) and C-O
peaks, is found for the LiNbO;-Li anode.

Additionally, peaks at 685.3 €V in the F 1s spectra (Figure
Sc) and at 133.1 eV in the P 2p spectra (Figure 5d) can be
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assigned to LiF and Li,PO,F,, respectively, which results from
the decomposition of lithium salt in the electrolyte. Compared
to the bare Li anode, a much smaller amount of LiF and no
Li,PO,F, is observed at the LiNbO;-Li anode surface after 10
cycles. Furthermore, the signals of the Ni 2p spectra of both
anodes only reveal a relatively low resolution (Figure Se),
suggesting that the dissolution and transport of transition-
metal ions occurred to some extent during the initial cycles.
However, based on the quantitative analyses of the XPS survey
scan shown in Figure S2¢, the surface of the bare Li anode
exhibits a higher atomic ratio of the Ni element after 10 cycles
(0.22%) than that of the LiNbO;-Li anode (0.09%). XPS
surface analyses of both anodes after 10 cycles show that the
reduction rate of metal ions is limited during the initial cycles.
Moreover, the initial SEI film predominantly consists of
inorganic components, including LiF, Li,CO; Li,O, and
Li,PO,F,, accompanied by the generation of a few organic
components, such as lithium alkyl (RLi) and lithium alkoxide
(ROLi) species.

Furthermore, the surface components of both anodes after
long-term cycling have been investigated by XPS. Figure 6
shows the spectra of the corresponding elements after 100
cycles. In the C 1s spectra (Figure 6a), a new peak located at
291.8 eV is found at the bare Li anode, which can be assigned
to the C—F bond. A significantly growing C—Li content
originating from lithium alkyl is detected at the LiNbO;-Li
anode. Accordingly, the O 1s spectra of the bare Li anode after
100 cycles (Figure 6b) are highly consistent with the results
obtained after 10 cycles. The peak corresponding to C—O
becomes more intense for the LiNbO;-Li anode after
prolonged cycling. The F 1s and P 2p spectra indicate the
complexity of phosphorous- and fluorine-containing compo-
nents formed at both long-term cycled anodes. In the F 1s
spectra (Figure 6¢), two new peaks emerged at the surface of
the bare Li anode. The peaks at 686.1 and 687.5 eV
correspond to Li,PF, (or Li,PO,F,) and the C—F bond,
respectively, which originated from electrolyte degradation and
PVDF migration from the cathode.

Regarding the F 1s spectra of the LiNbO;-Li anode, no C—F
species can be found, and the signal of LiF is significantly
higher than that of the Li,PF, (or Li,PO,F,) peaks.
Additionally, the P 2p spectra in Figure 6d demonstrate that
the phosphorous components at the surfaces are dominated by
Li,PF, for the bare Li anode and by Li,PO,F, for the LiNbO;-
Li anode. It is also worth noting that Ni is identified in both Ni
2p spectra after long-term cycling (Figure 6e): two pairs of
peaks can be assigned to metallic Ni at 850.1 eV and NiF, at
857.8 eV, which are the reduction states of dissolved Ni ions at
the anode surface. Interestingly, according to the semi-
quantitative XPS analyses in Figure S2c, the atomic ratio of
Ni at the LiNbOj-protected Li anode remained virtually
unchanged from 10 cycles (0.09%) to 100 cycles (0.10%). In
contrast, the detectable Ni content at the bare Li anode
unravels a considerable increase from 0.22% at 10 cycles to
1.05% after 100 cycles. This increase shows that Ni is
continuously reduced at the bare Li anode.

From the above XPS analyses, general information about the
chemistry of the SEI formation upon anode cycling is provided.
For the bare Li anode, apart from the components that have
been presented after initial cycling in Figure 5, new species
arise upon long-term cycling. These species can be assigned to
organic components (lithium alkyl carbonates (ROCO,Li) and
PVDF) and inorganic components (LixPFy and NiF,). PVDF
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Figure 6. XPS spectra of (a) C s, (b) O 1s, (c) F 1s, (d) P 2p, and
(e) Ni 2p obtained for the bare Li and LiNbO;-Li anodes after 100
cycles.

can be attributed to the migration of the binder material from
the cathode, while NiF, is due to the reduction of metal ions
crossing the electrolyte.

For the LINbO;-Li anode, a much more restrained growth of
the SEI film can be observed. New components show up after
extensive cycling, including ROCO,Li, Li,PO,F, and NiF,.
Also, the absence of PVDF and the barely growing Ni content
at the LiNbO;-Li anode demonstrate that the LiNbO,
protective layer appropriately suppressed the chemical crossing
from the cathode.

Figure 7a,b schematically shows the development of the SEI
layers at the bare Li and protected Li anodes. A loose and
fragile SEI film, composed of inorganic rich components, is
formed at the bare Li anode at the beginning of cycling,
accompanied by uneven lithium deposition and mossy-Li
growth. The initially deposited mossy-Li eventually develops
into a highly porous structure during cycling due to Li’s
repeated deposition and stripping. In conclusion, the evolution
of the SEI surface layer is a complex process in which many
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Figure 7. Schematic representation of the SEI film growth at the (a) bare Li and (b) LiNbO;-Li anodes.

components are formed during cycling in both the inner and
outer layers.” Notably, the presence of PVDF species and the
increase of Ni are observed at the bare Li anode surface,
indicating the increased impact of the cathode on the
performance of the Li anode during cycling,

In contrast, the evolution of the SEI film on the LiNbO;-
protected Li anode is a more straightforward process (Figure
7b). First, no porous lithium is formed at the anode surface,
implying smooth and uniform lithium deposition and stripping.
Second, the lack of PVDF species and the limited amount of
Ni formed inside the SEI layer during cycling confirm the
stabilizing role of the LiNbO; protective layer at the Li anode
surface. It suppresses the reduction of Ni ions, stemming from
the cathode dissolution, at the anode surface.

Although the different evolutions of SEI films on two Li-
metal anodes have been discussed above, the detailed
underlying mechanisms for SEI growth remain not fully
understood. According to previous studies, the catalytic effect
of metallic Ni may play a key role in accelerating the SEI
growth.”>***" Metallic nanoparticles formed at the anode
surface may potentially act as nucleation sites for multiple side
reactions due to their high electronic conductivity and surface
energy. When a bare Li anode is coupled with a Ni-rich
cathode in a complete Li/NMC cell, Ni ions will dissolve into

the electrolyte and move through the separator to the anode,
where the ions are randomly deposited and embedded into the
open SEI film. To make things worse, Li metal itself is already
highly reactive toward the electrolyte, as concluded in the
storage tests of Figure 2a. Thus, the mossy and open Li
structure that emerges upon cycling provides a large specific
surface area for these side reactions. Given the additional
electronic pathways provided by Ni contamination, exacer-
bated surface passivation can indeed be expected for bare Li
anodes.

On the other hand, in LiNbOj-protected Li anodes, the
following aspects explain the observed improvements: (1)
LiNbO; layers efliciently isolate Li metal from direct
interaction with the electrolyte, inhibiting side reactions; (2)
the growth of Li structures is suppressed by the LiNbO; layer,
while its intrinsically high ionic conductivity guarantees a
smooth transfer of Li ions as well as a more uniform Li
deposition; (3) the rate of Ni-ion reduction is effectively
declined due to the electronically nonconductive LiNbO,
layer, though the dissolution of transition-metal ions
accelerates with cycling, and the amount of Ni contamination
on the LiNbO;-Li anode is kept relatively stable; and (4) the
growth of the SEI film is limited at LiNbOj-protected Li
anodes, resulting in a moderate and more compact SEI
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formation. More detailed investigations from a computational
perspective, such as density functional theory calculations, are
necessary to understand SEI evolution in more detail.

B CONCLUSIONS

Amorphous LiNbOj; thin films deposited by RF sputtering
onto Li metal were used as a protective coating on Li-metal
anodes. Compared with unprotected bare Li anodes, LINbO;-
protected Li-metal anodes demonstrated an enhanced electro-
chemical stripping and plating performance in symmetrical
cells, with prolonged cycling life and lower polarization. Full
cells composed of Ni-rich NCM cathodes and various Li-metal
anodes have been assembled to explore the influence of the
crossover effect induced by the cathode on the SEI formation
process. Electrochemical measurements showed significantly
improved cycling stability of NCM/LiNbO;-Li cells with a
capacity retention of 80% after 100 cycles, which was
considerably higher than that of NCM/bare Li cells.

In addition, postmortem XPS characterization revealed
differences in SEI evolution of LiNbOj-protected Li anodes
upon cycling. For bare Li anodes, the surface showed a highly
loose morphology with various Li structures. In contrast, a
more compact and flat structure was observed at the LiNbO;-
Li anode surface after cycling, implying uniform Li deposition
and more moderate SEI film formation. Furthermore, the
chemical composition of the SEI layer during cycling was
investigated by XPS. In particular, the migrated PVDF species
from the cathode side and reduced Ni states (NiF, and Ni)
were found in large concentrations at bare Li anodes,
indicating that Ni dissolution from the cathode plays a
dominant role.

On the other hand, for LiNbO;-protected Li anodes, no
PVDF species and a virtually unchanged low amount of Ni
content after cycling have been detected. Considering the
catalytic role of reduced metal ions, it is expected that LINbO,
layers prevent the deposition of Ni species inside the SEI layer
at metallic Li, thereby favorably influencing the SEI film
morphology and, consequently, improving the overall cell
performance. Additionally, artificial layers deposited on the
cathode, novel electrolyte additives, separator with enhanced
selectivity, and protective coatings for Li metal with higher
flexibility could further mitigate the reactivity of Li-metal
anodes and promote the long-term stability for the next-
generation LMBs.
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