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A BF;-Doped MXene Dual-Layer Interphase for a Reliable

Lithium-Metal Anode

Mingwei Shang, Osman Goni Shovon, Francis En Yoong Wong, and Junjie Niu*

A dual-layer interphase that consists of an in-situ-formed lithium carboxylate
organic layer and a thin BF;-doped monolayer Ti;C, MXene on Li metal is
reported. The honeycomb-structured organic layer increases the wetting of
electrolyte, leading to a thin solid electrolyte interface (SEI). While the BF;-
doped monolayer MXene provides abundant active sites for lithium homoge-
neous nucleation and growth, resulting in about 50% reduced thickness of
inorganic-rich components among the SEI layer. A low overpotential of less
than 30 mV over 1000 h cycling in symmetric cells is received. The functional
BF; groups, along with the excellent electronic conductivity and smooth sur-
face of the MXene, greatly reduce the lithium plating/stripping energy barrier,
enabling a dendrite-free lithium-metal anode. The battery with this dual-layer
coated lithium metal as the anode displays greatly improved electrochemical

poses big challenges on the battery failure
and safety concerns.*!

To date, various strategies have been
applied to inhibit the growth of lithium
dendrites, including optimizing electro-
lyte,78  constructing artificial SEL[1%
applying protective coating layer,'"'? intro-
ducing lithiophilic seeds,® designing 3D
nano structures, and others.>% A con-
trolled nucleation and orientated growth
of lithium can suppress the growth of
dendrites.”] Recently 2D MXene has been
attracting more and more attention in bat-
teries due to its high conductivity, high
stability, and layered structure.®1% Tt has

performance. A high capacity-retention of 175.4 mAh g~ at 1.0 C is achieved
after 350 cycles. In a pouch cell with a capacity of 475 mAh, the battery still
exhibits a high discharge capacity of 165.6 mAh g~! with a capacity retention
of 90.2% after 200 cycles. In contrast to the fast capacity decay of pure Li
metal, the battery using NCA as the cathode also displays excellent capacity
retention in both coin and pouch cells. The dual-layer modified surface pro-
vides an effective approach in stabilizing the Li-metal anode.

1. Introduction

In order to meet the energy demand in ever growing electric
vehicles (EVs) and portable electronics, high-energy-density
lithium-ion batteries (LIBs) are required. Due to its high spe-
cific capacity of 3860 mAh g, the lowest working potential of
—3.04 V, and metallic conductivity, lithium metal is considered
as one of the most promising anodes in next-generation LIBs.[!
However, its high chemical activity leads to complex reaction
with electrolyte, which forms un-uniform solid electrolyte
interface (SEI) on the surface.*3] In addition to the continuous
consumption of both lithium and electrolyte, the non-homoge-
neous nucleation/growth generates lithium dendrites, which
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been widely used as a host for various
novel electrode materials in LIBs such as
GeO,@MXenel?” and Si@MXene.*23
The superior conductivity, special lay-
ered structure, and adjustable functional
groups make it a promising candidate as
a lithium hosting material.?#% Zhang
et al. constructed parallelly aligned
MXene layer on the surface of lithium
metal, leading to a horizontal growth of
lithium on the surface of MXene.?% Ver-
tically aligned MXene nanosheets were also used as a host in
a lithium-metal electrode.?! To achieve a lithiophilic surface,
typically active sites were introduced on the MXene surface,
which promoted the homogeneous nucleation and growth
of lithium. Single zinc atoms and ultrafine Au layer immobi-
lized on MXene layers were produced to efficiently induce Li
nucleation/growth.2>¥! In parallel, a reliable hybrid anode
material LiTiO,~Li;N-C was synthesized by a high-tempera-
ture pyrolysis of Ti;C, MXene in NH;/Ar, where the Ti;C, was
transferred into carbon-based material.?8] Another strategy is to
transfer Ti;C, into TiO,@C by calcination, where the formed
carbon can provide electronic conductivity while the TiO, nano-
particles serves as active sites to accommodate the volume
change during lithium plating and stripping.24%’]

The design of an artificial interface layer on lithium-metal
surface also showed improvements for lithium plating and
stripping. In our previous work, we designed an inter-layer-
calated thin Li-metal electrode using non-delaminated Ti;C,T,
MXene stacks coated on a Li-metal host, which greatly reduced
the dead lithium and electrolyte consumption by forming a thin
SET layer.?% Recent study shows that a protective layer by com-
bining organic and inorganic layers can achieve rapid Li-ion
diffusion, high mechanical stability, and better flexibility.™ In
this article, we developed an ultrathin dual-layer interphase that
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consists of an in-situ-formed lithium carboxylate organic layer
and a BF;-doped monolayer Ti;C, MXene (BF;-MXene) on the
Li-metal surface via a wet-chemical method. The pre-formed
honeycomb-like organic layer as an artificial SEI layer stabilizes
the Li-metal surface. The BF;-MXene layer further enhances
the interfacial stability between the MXene surface and elec-
trolyte.}Y In parallel, the large MXene surface with functional
groups exhibited high lithiophilicity and excellent electronic
conductivity which greatly reduced the lithium plating/strip-
ping energy barrier, enabling a dendrite-free lithium-metal
anode. As the result, the designed Li-metal battery demon-
strated a high-capacity retention after 500 cycles at 1.0 C when
paired with NMC811 as cathode, which is much higher than the
untreated Li-metal battery. The improved cycling performance
of high-capacity pouch cell batteries was also achieved, dis-
playing great potential in large-energy-density batteries.

2. Results and Discussions

The dual-layer coated lithium metal (D-Li) was constructed
through a facile coating approach, as shown in Figure la.
The first lithium carboxylate layer was in situ formed on the
Li-metal surface by reacting with pentanoic acid. Due to the
participation of carboxylic acid, the formed layer has similar
organic components to the naturally formed SEI? which is

monolayer!
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considered as a thin artificial SEI layer. In addition, the existing
plenty of carboxyl and hydroxyl groups lead to an intimate con-
tact between the MXene nanosheet and the Li-metal surface.l?’]
To prepare the second layer, multilayer Ti;C, MXene was first
obtained after etching MAX precursor by HF acid. The mor-
phology and crystallographic orientation were confirmed by
using scanning electron microscopy (SEM) (Figure Sla, Sup-
porting Information) and X-ray diffraction (Figure S1b, Sup-
porting Information), respectively. Subsequently MXene
monolayer nanosheets were received in tetrahydrofuran (THF)
after a series of treatments including further HF acid etching,
intercalation, sonication, and centrifuge.?%34 It was found that
the monolayer suspension still remained homogeneous mix-
ture after 5 min while the multilayer suspension became trans-
parent (Figure S2a,b, Supporting Information). After mixing
with pre-treated BF; in THF, the monolayer MXene disper-
sion was coated on the lithium carboxylic layer by using dip or
spray coating. Thus a dual-layer interphase composed of an arti-
ficial SEI layer and an inorganic BF;-MXene layer was formed
on the Li metal.

The surface morphology evolution of the Li metal with dif-
ferent layers was investigated by using SEM. Compared to the
smooth surface of pure Li (Figure 1b), a honeycomb-like rough
surface with plenty of nano-flakes was found after pentanoic
acid treatment (Figure 1c), which largely increased the sur-
face area. The monolayer BF;-MXene then filled up the rough
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Figure1. Design dual-layer coated Li-metal anode. a) Schematic illustration of designing D-Li using BF;-doped Ti;C, MXene. b-d) SEM morphologies of
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original Li metal (b), after pentanoic acid (c), and BF;-MXene (d) treatments. The inset in (d) is an enlarged morphology. ) Contact angles of electrolyte
on pure Li metal (top) and D-Li (bottom). f~i) XPS spectra of C 1s (f), Ti 2p (g), B 1s (h), and F 1s (i) of the as-received BF;-MXene.
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lithium carboxylate layer, enabling a close contact with Li metal
(Figure 1d). The electrolyte wettability of the surface was also
checked. As seen in Figure le, a high contact angle of 35° with
pure Li metal was obtained while a drastically deceased contact
angle of 5° was measured with the dual-layer coated Li metal.
The reduced contact angle indicates an enhanced uniform
distribution of Li ions in the interface, which might be origi-
nated from the better lithiophilic property of the doped MXene
layer.1®]

The chemical composition of different samples was ana-
lyzed by X-ray photoelectron spectroscopy (XPS). As seen in
Figure S3a,d, Supporting Information, the peak intensity of
Li,CO;/LiOH and Li,O was largely reduced after pentanoic acid
treatment. It can also be observed from the peak variation of C 1s
(Figure S3b,e, Supporting Information) and O 1s (Figure S3c,f,
Supporting Information). The appeared new peak at 54.8 eV
confirmed the presence of lithium carboxylate (ROCO,Li)
(Figure S3d, Supporting Information), which can serve as an
artificial SEI layer to regulate the lithium deposition and extrac-
tion and thus to suppress the dendrite.?? After forming the
dual-layer architecture, the F 1s and B 1s peaks related to carbon
and titanium bindings from MXene were detected, showing the
success doping BF; in MXene matrix (Figure S3g-1, Supporting
Information). To exclude the interference from the organic salt,
the XPS spectra of BF;-MXene were also analyzed (Figure 1f—i
and Figure S4, Supporting Information). Three C 1s peaks
at 282.0, 284.8, and 286.2 eV were found, which correspond
to C—Ti, C—C, and C—O, respectively (Figure 1f).’¢l Com-
pared with the sample without MXene (Figure S5, Supporting

100 um
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Information), two large peaks emerged at 191.8 and 193.5 eV
that correspond to BC,0 and BCO, (Figure 1h),*”38 which origi-
nated from the binding between the doped BF; and MXene.
In addition, the enhanced F 1s peaks centered at 685.0 eV
(Figure 1i) that are referred to C—Ti—F and Ti—O—F also dem-
onstrate the doped element in MXene. The other peaks of Ti 2p
(Figure 1g) and O 1s (Figure S4, Supporting Information) were
from the MXene.* The doped monolayer MXene facilitates the
uniform lithium deposition horizontally on the surface, while
the existing B and F dopings can further reduce the lithium
nucleation barrier, thus avoiding dendrite growth.’)

Figure 2 shows the electrodeposition morphology evolution
of pure Li and D-Li at a current density of 0.2 mA cm™? after
plating 1, 2, 5, 10, and 20 h, respectively. As observed from
the pure Li (Figure 2a,b), lithium stone bumps with a size of
=1 um started to appear at 2 h with a capacity of 0.4 mAh cm™2.
With longer plating time of over 5 h, the bumps grew larger
than 5 um. As a result, the uneven growth of lithium led to
generate lithium dendrites and defects.>¥# For the D-Li
sample, we found the lithium started to deposit on the
MXene within 2 h (Figure 2c). Due to the larger surface area
and numerous nucleation sites provided by the BF;-MXene,
the surface was uniformly covered by lithium. The initially
formed small pores were gradually filled up when the plating
time reached over 5 h (Figure 2d and Figure S6a,b, Supporting
Information). After 10 h plating, a dense, smooth lithium
film was formed. Even after 20 h deposition (4 mAh cm™2), the
homogeneous surface with zero dendrite or mossy lithium still
remained (Figure 2d). Under high current density of 1.0 and

10h 20h

100\um

Figure 2. Surface morphology evolution of anode electrodes after plating in symmetric cells. a—d) SEM morphologies of pure Li metal at low-magnifi-
cation (a) and high-magnification (b) and D-Li at low-magnification (c) and high-magnification (d) under a current density of 0.2 mA cm™2 after plating

for1,2,5,10, and 20 h.
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2.0 mA cm™2, D-Li still exhibited a relative smooth surface with
free mossy/dendritic lithium formation after 10 h (Figure S7,
Supporting Information). The monolayer MXene along with
the honeycomb-like carboxylate provides plenty of nucleation
sites for lithium deposition. In parallel, the doped functional
groups containing B and F further stabilize the SEI by sup-
pressing the growth of lithium dendrites.’%l To better under-
stand the lithium dendrite prevention, mossy/dendritic Li
growth/depletion upon lithium plating and stripping inside
a capillary cell was observed real time. During the plating
(0—40 min) and stripping (40-80 min) on D-Li at 5 mA cm™,
homogeneous Li deposition/depletion without any mossy/
dendritic lithium was observed (Figure S8a, Supporting Infor-
mation). However, clear mossy/dendritic Li was found on the
pure Li-metal surface only after plating for 5 min (Figure S8b,
Supporting Information). These irreversible mossy/dendritic Li
kept growing larger with long plating time. The smooth lithium
deposition/depletion on D-Li further demonstrates a better
mossy/dendritic lithium suppression due to the regulation of
the designed dual-layer configuration.

It is known that SEI layer plays a critical role on lithium-
metal deposition.!! Here the chemical composition and ele-
ment distribution of the SEI layer of the battery upon stripping
after cycling were revealed via XPS depth profiles. Two C 1s

www.advmat.de

peaks at 286.7 and 287.8 eV and the O 1s peak at 530.4 eV are
attributed to the presence of C—O and C=0 groups on the sur-
face (Figure 3a,c and Figure S9a,b, Supporting Information).
Also the C 1s peak at 290.6 eV and the F 1s peak at 688.5 eV
demonstrated the existing —CF; on the surface (Figure 3a,b
and Figure S9a,c, Supporting Information). It is found that
the —CF; only appeared on the top surface of D-Li while
it was still detected on pure Li metal after 60 s etching (about
18 nm in depth), which indicates a much thicker organic-rich
layer was generated on pure Li metal. After etching the D-Li
for 120 s (about 36 nm), Ti—C peak at 282.1 eV (Figure 3a),
Ti—O peak at 529.8 eV (Figure 3c), and intensified Ti 2p peaks
(Figure 3e) were measured, confirming the coated MXene
layer. As observed in Figure 3f, the deconvoluted B 1s peaks
at 191.8, 193.4, and 194.8 eV that correspond to BC,0, BCO,,
and B-F depict a successful doping of BF; into the MXene.
The doped boron bonded to MXene may introduce more lithi-
ophilic active sites for lithium nucleation.*® Inorganic com-
pounds LiF, Li,CO;/LiOH, and Li,O were detected from the
Li 1s spectra (Figure 3d and Figure S9d, Supporting Informa-
tion). The atomic/mole ratios of lithium metal versus etching
depth were calculated from the XPS depth profiles (Table S1,
Supporting Information). The thickness of inorganic-rich
component was estimated when the lithium metal is less
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Figure 3. XPS depth profiles of the D-Li upon stripping after six cycles in a symmetric cell. a—f) Depth profiles of C 1s (a), F 1s (b), O 1s (c), Li 1s (d

—

’

Ti 2p (e), and B 1s (f). The current density and specific capacity are 1.0 mA cm=2 and 1.0 mAh cm™.
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than 60 mol%.5% It was found that the D-Li showed a thin
inorganic-rich layer of about 135 nm while the pure Li metal
had a double-sized thickness of =270 nm. The largely reduced
inorganic-rich layer in SEI indicates much less electrolyte
consumption.

Electrochemical stability of the Li-metal electrode upon
lithium plating and stripping was checked by symmetric cells.
It is found that both pure Li metal and D-Li cells displayed ini-
tial overpotentials of =51.9 and 575 mV and stabilized at a sim-
ilar overpotential of =28.7 mV within the first 10 h at a current
density of 1.0 mA cm™? (Figure 4a,c). The D-Li cell maintained
a low overpotential of less than 33.3 mV over 1000 h cycling
(Figure 4a). As comparison, the overpotential of the pure Li-
metal cell increased rapidly after about 270 h. Also a sharp
peak uptake due to short circuit was observed (dashed circles

500
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in Figure 4d). Under a higher current density of 5 mA cm™2,
the cell with D-Li still showed a low overpotential of =80.2 mV
after 1000 h while the cell with pure Li metal only ran 40 h
before short circuit (Figure 4a). Lithium nucleation overpoten-
tial can be obtained from the voltage difference between the top
and platform curves.’® As shown in Figure 4b, the D-Li cell
showed a nucleation overpotential of 51.9 mV, which is much
smaller than the pure Li metal of 96.2 mV. The smaller nuclea-
tion overpotential with D-Li due to the created abundant lithi-
ophilic sites by the doped BF; in MXene matrix might largely
reduce the dendrite formation.® Cycling capability of full cell
batteries paired with LiNiggMng;Coo;0, (NMC811) as cathode
material was measured (Figure 4e). The battery with pure Li
metal delivered an initial discharge capacity of 191.9 mAh g
with Coulombic efficiency (CE) of 80.9% at 0.1 C (black). The
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Figure 4. Electrochemical and battery cycling performance. a) Galvanostatic cycling of symmetric cells with Li metal and D-Li at 1.0 and 5.0 mA cm~2 with
energy density of 1.0 and 5.0 mAh cm™2, respectively. c,d) The enlarged voltage profiles of 0-10th (c) and 380-390th hours (d). b) Voltage profile of the

first cycle at 1.0 mA cm™2 with energy density of 1.0 mAh cm™

. €) Battery cycling performance using NMC811 as cathode material at 1.0 C. The loading

of NCM811 is 6.5 mg cm™2. The battery was cycled at 0.1 C for four cycles before cycling at 1.0 C.
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capacity gradually decreased to about 131.8 mAh g™ under 1.0 C
at 350th cycle. Then it quickly dropped to 74.2 mAh g! with a
capacity retention of only 42.5% after 500 cycles. In contrast,
the battery with D-Li exhibited an initial discharge capacity of
193.4 mAh g ! with CE of 82.1% at 0.1 C (red). Then a capacity
of 175.4 mAh g at 1.0 C was achieved along with a relatively
stable capacity plateau, which was better than the Li metal until
350 cycles. A reliable capacity was still received even after long
500 cycles, which is much higher than the Li metal.

Cycling performance of the battery coupled with a high mass
loading of =20.5 mg cm™2 LiNij gCoy 15Aly 050, (NCA) was inves-
tigated (Figure 5ab). It is seen that the battery with D-Li
showed a specific capacity of 182.3 mAh g™! with CE of 89.3%
at 0.1 C. After 200 cycles, a high capacity of 142.7 mAh g!
with 83.7% capacity retention at 0.2 C remained. However,

www.advmat.de

the capacity of the battery with pure Li metal was decreased
to only 25.6 mAh g after 55 cycles at 0.2 C. Electrochemical
impedance spectroscopy (EIS) was applied to check the inter-
face resistance of the electrode. As shown in Figure 5¢, a
similar contact resistance of =4.3 Q with both Li metal and
D-Li was obtained. However, the battery with D-Li showed a
lower charge transfer resistance of =13.5 Q than pure Li metal
of =173 Q. After 100 cycles, the battery with D-Li displayed a
much lower charge transfer resistance of =49.6 Q than the
pure Li metal of =1273 Q. The similar trend particularly with
transfer resistance after cycling was also received in sym-
metric cells (Figure S10a,b, Supporting Information). The
largely reduced charge transfer resistance of the battery with
D-Li was attributed to the formed thinner SEI layer during
cycling.
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Figure 5. Coin cell and pouch cell battery cycling performance. a) Cycling performance and b) corresponding charge/discharge profiles of the battery
versus NCA at 0.2 C. The NCA loading is 20.5 mg cm™2. The battery was cycled at 0.1 C for four cycles before cycling at 0.2 C. c) Nyquist plots of the
battery with NCA before and after 100 cycles at 0.2 C. d,e) Pouch cell performance paired with NCA at 0.2 C with a capacity of 145 mAh (d) and paired

with NMC811 at 0.5 C with a capacity of 475 mAh (e).
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Full pouch cells paired with NCA and NMC811 with a total
capacity of 145 and 475 mAh were assembled, respectively.
As observed in Figure 5d, both batteries with Li metal and
D-Li as anode and NCA as cathode displayed a similar initial
capacity of about 145.0 mAh at 0.1 C. Yet, the battery with
D-Li still maintained 84.0% capacity after 100 cycles while the
capacity of the Li-metal battery dropped to less than 50.0 mAh
after 50 cycles. Pouch cells paired with NMC811 with a total
capacity of 475 mAh were also used to check the cycling per-
formance. The cell with D-Li showed 94.9% capacity retention
after 100 cycles at 0.5 C while the cell with pure Li metal only
showed 88.6% capacity retention (Figure 5e). After 200 cycles,
the cell with D-Li still had a high-capacity retention of 90.2%
while the capacity retention of the cell with Li metal decreased
to 80.5%.

The improved battery cyclability is benefited from the reli-
able lithium deposition and extraction on the dual-layered mod-
ified lithium-metal surface. The in-situ-formed honeycomb-like
lithium carboxylate flakes act as a pre-formed artificial SEI layer
along with the monolayer MXene matrix to provide plenty of
active sites for lithium nucleation. The BF; doping further
reduces the nucleation barrier and increases the electrolyte
wettability due to the lithiophilic property. Also the 2D configu-
ration of MXene ensures an excellent conductivity and better
regulation of the horizontal growth of lithium. As a result, a
thin SEI layer with less inorganic-rich components is formed,
which leads to a homogenous growth of lithium without den-
drites upon charging/discharging.

3. Conclusion

We have developed a dual-layer interphase that consists of an
organic lithium carbonate salt and a BF;-doped monolayer
MXene on the surface of lithium metal, which greatly improves
the interfacial stability between lithium metal and plated/
stripped lithium by creating more lithiophilic sites and thin
artificial SEI layer. The increased surface area and electrolyte
wetting further reduce the risk of enlarged local current den-
sity, thus preventing the formation of dendrites. The uniform
lithium plating and stripping on the anode led to a long cycling
capability of large-sized full-cell batteries paired with high-
capacity NMC811 and NCA. Particularly the battery paired with
NMC811 exhibited a stable capacity retention over 500 cycles.
A pouch cell with a capacity of 475 mAh exhibited >90.2%
capacity retention after long 200 cycles. Commercially available
coating process such as spray or dip coatings can be applied to
form the dual-layer interphase, which provides a scalable way
to achieve high energy-density Li-metal batteries in powering
large devices such as EVs.

4. Experimental Section

Synthesis of D-Li: Ti;C, MXene was synthesized through etching
of Ti;AIC, MAX (400 mesh, Lizhou Kai Kai Ceramic Materials)
by hydrofluoric acid.'® In a typical experiment, 3.0 g of MAX
precursor was slowly added into 30 mL of HF solution (48-52%, Sigma-
Aldrich) in a Teflon container (Baoshishan) under magnetic stirring
(Magnetic Stirrer, RT Basic-17, Thermo Scientific). After stirring for 1 h
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at room temperature, the container was placed in a water bath and kept
stirring for 24 h at 60 °C (Stirring Hot Plate, Thermo Scientific Cimarec).
After centrifuging (Compact Centrifuge, model 6755, Corning LSE) and
washing using de-ionized water until reaching a pH of =6 (pH Test Strips,
VWR Chemicals BDH), the sediment was collected via vacuum-assisted
filtration (Vacuum Filtration System, VWR) using a polyvinyl difluoride
(PVDF) filter membrane with a pore size of 0.22 um (EZFlow, 364-2612-
OEM) and dried in a vacuum oven (Ai 0.9, Across International) at 80 °C
for 24 h. To obtain the monolayer MXene dispersion, 0.1 g of as-received
MXene was dispersed in 25 wt% tetrabutylammonium hydroxide solution
(40% in water, Sigma-Aldrich) and stirred for 6 h at room temperature.
The mixture was centrifuged and washed with ethanol (200 proof) for
three times, followed by dispersing in 50 mL of THF (anhydrous, 99.9%,
Sigma-Aldrich) solvent. The obtained solution was sealed in a container
and agitated by an ultrasound cleaner (Symphony, VWR) for 10 h.
Then the monolayer MXene dispersion was collected after centrifuging
at 2500 rpm for 30 min. 2.0 vol% of boron trifluoride THF complex
(BF3 concentration of 47.5-49.5%, Sigma-Aldrich) was added into the
monolayer MXene dispersion in THF. After stirring for 24 h, the BFs-
MXene dispersion was obtained. All the coating and drying procedures
were performed in an Ar filled glovebox (H,0 < 0.5 ppm; O, < 0.1 ppm,
Mbraun, Labstar Pro). Before coating, pure Li metal (for coin cells:
0.25 mm, 99.9%, TMAX, China; for pouch cells: lithium on Cu, Li:
30-50 um, Cu: 8-12 um, China Energy Lithium Co. Ltd) was carefully
cleaned to remove the surface impurities by using brush. 0.15 vol% of
pentanoic acid (299%, Sigma-Aldrich) was uniformly dispersed into THF
solvent under agitation. 30 pL of pentanoic acid solution was dropped
on the Li-metal surface, followed by drying on a hot plate (Stirring Hot
Plate, Thermo Scientific Cimarec) at 25 °C for 30 min. To control the
MXene amount for coin cells, 30 pL of BF;-MXene solution was dropped
on the Li-metal surface, which was repeated three times after drying. For
pouch cells, a spray coating method was applied with a solution to area
ratio of =45 uL cm=2. The D-Li anode electrode was finally obtained after
drying at 25 °C for 24 h.

Electrochemical ~Measurements: Coin cell assembly: Symmetric
cells (CR2032, Xingye Co., Ltd.) were assembled by using pure Li
or the prepared D-Li as both electrodes in an Ar filled glovebox
(H,O0 < 0.5 ppm; O, < 0.1 ppm, Mbraun, Labstar Pro). The
electrolyte was 1.0 M lithium bistrifluoromethane sulfonimide (BASF
Corp.) in 1,3-dioxolane/DME (BASF Corp.) with a 1:1 volume ratio and
0.1 M LiNO; (99.99%, Sigma-Aldrich) as an additive. The electrolyte
amount was controlled to =30 plL/coin cell. For full-cell batteries,
NCA was directly obtained from a brand new 18650 cylindrical
battery (35E, Samsung, the NCA mass loading was 20.5 mg cm™2 for
single side and 41.0 mg cm™ for double sides). NMC811 was
prepared through a modified coprecipitation method based on our
previous work."2 To make a slurry, the active material, conductive
carbon (SuperP, C65, Timcal), and PVDF (laboratory grade, Alfa
Aesar) with a weight ratio of 80:10:10 were mixed in N-methyl-2-
pyrrolidone (NMP, 99.9%, Headspace Solvents, Honeywell). Then
the as-received slurry was coated on a carbon coated Al foil (18 pum,
99.3%, MTI Corp.) and dried in a vacuum oven (Vacuum oven, Ai 0.9,
Across International) at 60 °C for 12 h. After pressed at 6-10 MPa
by a benchtop hydraulic press (Northern Tool+ Equipment), the
electrode was pouched into a circle disc using a disc cutter (MSK-T-
07, MTI Corp.). By using the prepared cathode electrode, polyethylene
separator (Celgard 2400), and pure lithium-metal foil (99.9%, TMAX)
or D-Li, a stainless-steel coin cell was assembled inside the Ar-filled
glovebox. The electrolyte was 1.0 m LiPF¢ (battery grade, >99.99% trace
metals basis, Sigma-Aldrich) in the solvent of ethylene carbonate (EC)
(battery grade, BASF Corp.) and ethyl methyl carbonate (EMC) (battery
grade, BASF Corp.) with 3:7 volume ratio and 2 wt% vinylene carbonate
(VC) (99.5%, battery grade, Sigma-Aldrich).

Pouch cell assembly: Full pouch cells with total capacities of
145 and 475 mAh were assembled using NCA and NMC811 as cathode
materials, respectively. Double-side coated NCA electrode with area
of 4 x 5 cm? was obtained from an 18650 cylindrical battery (35E,
Samsung) with a total mass loading of 41.0 mg cm=2. To obtain the
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145 mAh pouch cell, a sandwich structure with one double-side coated
NCA electrode coupled with two pieces of pure Li or D-Li on Cu foil
(lithium on Cu, Li: 30-50 um, Cu: 8-12 pm, China Energy Lithium Co.
Ltd) was assembled. To make the NMC811 slurry for pouch cells, the
active material, conductive carbon (SuperP, C65, Timcal) and PVDF
(laboratory grade, Alfa Aesar) with the weight ratio of 93.5:4.0:2.5 were
uniformly mixed in NMP (99.9%, Headspace Solvents, Honeywell).
Then the received slurry was coated on a carbon coated Al foil (18 um,
99.3%, MTI Corp.) and dried using an automatic compact tape casting
coater with heat (BNP-TMD1, BONAPU). The electrode was double-
side coated with a total mass loading of 25 mg cm™2. After calendaring
by a cold roller (BNP-DG100DL, BONAPU), the electrode was cut
into small pieces of 4 x 5 cm? To assemble the 475 mAh pouch cell,
five layers of double-side coated NMC811 on Al foil were used as
cathode and six layers of pure Li metal or D-Li (30-50 um, China Energy
Lithium Co. Ltd) on Cu foil as anode. The Celgard 2400 microporous
PE membrane was used as the separator. The Ni and Al tabs with
3 mm width (MTI Corp.) were used for anode and cathode connections
via an ultrasonic metal spot welding machine (TMAX-USW-2000 W,
40 Hz, TMAX Battery Equipment). Electrolyte was 1.0 m LiPFg in
3:7 volume ratio of EC and EMC with 2 wt% VC as additive. The
electrolyte amount was 6.0 g A" h™' on the basis of cathode capacity.
The cell was sealed by using a pouch-cell vacuum sealing machine
(TMAX-YF, TMAX Battery Equipment).

Capillary cell assembly: The capillary cell was made by a sealed
transparent hourglass-type tube. The inner diameter of the middle
tube for observation was 3 mm, which was connected with two tubes
with a diameter of 4 mm. Symmetric cells with D-Li or pure Li metal
were closed inside the capillary cell in the Ar-filled glovebox. A copper
wire with a diameter of 1.0 mm (99%, Fisher Scientific) was used
as current collector and was connected to the battery tester. The
electrolyte was 1.0 M LiPFg in the solvent of EC and EMC with
3:7 volume ratio and 2 wt% VC. The current density was controlled
by using a battery tester system (LANDT 2001CT, Landt Instruments,
Inc.). A digital trinocular stereo zoom microscope (SM-3TZ-54S-5 M,
AmScope) was used to record the surface morphology change upon Li
stripping/platting.

Electrochemical property and battery performance measurements:
The EIS in the frequency range of 0.01-10° Hz was checked by using
Gamry 600+ Potentiostat/Galvanostat/ZRA. The EIS of the full cell with
NCA was checked at a charged state of 4.2 V. The EIS for symmetric
cells was checked upon stripping after cycling. The galvanostatic
cycling performance of the assembled batteries was measured by a
battery tester system (LANDT 2001CT, Landt Instruments, Inc.) after
resting 4 h at room temperature. Cycling performance of the symmetric
cells was checked with current densities of 1 and 5 mA cm~2 with energy
densities of 1 and 5 mAh cm™?, respectively. All the full coin cells and
pouch cells were subjected to activation of four charge/discharge cycles
at 0.1 C with voltage window of 2.62-4.2 V for NCA and 2.8-4.3 V for
NMC811.

Sample Characterizations: The sample morphology was checked
by using Hitachi S4800 ultrahigh resolution field emission SEM.
Thermo Scientific ESCALAB 250Xi equipped with electron flood gun
and scanning ion gun with an Al Ka line (photon energy: 1486.6 eV)
of a non-monochromatic X-ray source was used to perform the XPS
measurement. An ultrahigh vacuum apparatus with a base pressure
below 1 x 107'° Pa was used to collect the spectra, where the angle
between the hemispherical analyzer and the sample surface was 45°.
Prior to XPS measurements, the sample was cycled for three times in
a symmetric cell at 1.0 mA cm™ with a capacity of 1.0 mAh cm™2 The
electrode material was collected at stripping state and rinsed with DME
solvent (BASF Corp.) to remove the electrolyte residuals. After drying
at room temperature in glovebox, the electrode sample was sealed
with Ar before being transferred into the XPS spectrometer chamber.
XPS depth profile was checked with X-ray spot size of 500 um after
etching for different time by using Ar ion sputter gun at 2 kV. The
sputter rate was controlled to be =0.3 nm s7". All acquired spectra were
calibrated using standard C Ts peak at 284.8 eV.
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