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Bio-Inspired Stable Lithium-Metal Anodes by Co-depositing Lithium

with a 2D Vermiculite Shuttle

Qingtao Ma", Xiaowen Sun®, Ping Liu, Yongyao Xia, Xingjiang Liu, and Jiayan Luo*

Abstract: Progress in lithium-metal batteries is severely
hindered by lithium dendrite growth. Lithium is soft with
a mechanical modulus as low as that of polymers. Herein we
suppress lithium dendrites by forming soft-hard organic—
inorganic lamella reminiscent of the natural sea-shell material
nacres. We use lithium as the soft segment and colloidal
vermiculite sheets as the hard inorganic constituent. The
vermiculite sheets are highly negatively charged so can
absorb Li* then be co-deposited with lithium, flattening the
lithium growth which remains dendrite-free over hundreds of
cycles. After Li" ions absorbed on the vermiculite are
transferred to the lithium substrate, the vermiculite sheets
become negative charged again and move away from the
substrate along the electric field, allowing them to absorb new
Li* and shuttling to and from the substrate. Long term cycling
of full cells using the nacre-mimetic lithium-metal anodes is
also demonstrated.

Lithium-metal batteries (LMBSs), containing lithium-sulfur
and lithium-air, recently began to flourish for energy storage
with high energy density.!!! The performance of lithium metal
batteries is largely determined by the plating morphology of
lithium.! Uneven lithium deposition results in proliferative
lithium dendrites that grow fastest at the apex.” The lithium
dendrites with their large surface area and aspect ratio can
cause various side reactions with the electrolyte, forming an
unstable solid electrolyte interphase (SEI) which is easily
broken during Li plating/stripping, further resulting in a large
number of unfavorable changes to the lithium morphology.™!
In addition, a series of problems, such as structural pulveriza-
tion and volume expansion during deposition and dissolution
may also occur. Therefore, the morphological transformation
of lithium deposition is the dominant reason behind poor
Columbic efficiency, short cycle life, and safety hazards in
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lithium-metal batteries.”) Many strategies have been devel-
oped to address the dendrite issues,” such as modification of
the separator,”! synthesis of the solid electrolyte,” confining
lithium in local space, and structured anodes.['”

Nacres, also known as mother of pearl, has a unique soft-
hard organic-inorganic composite lamella structure (Fig-
ure 1a,b).""! The organic matter is bonded to the inorganic
ceramics through a series of interactions. During the fracture
process, the organic layers preferentially plastically deform to
act as a buffer zone and hinder crack propagation of the
ceramics.'"? The unique soft-hard alternating assembled
structure show exceptional highly ordered growth, high
tensile strengths, hardness, toughness, and dense structures,
which have stimulated the design and manufacture of
a myriad of functional materials. Moreover, during the
brick-laying assembling process, the nucleation and growth
of nacre is well controlled through the molecular level
interaction of organic molecules and inorganic ions.'” Such
a mechanism can be applied into Li metal anodes as well. Clay
is often utilized as an inorganic material owing to its negative
charge, large two-dimensional structure, and high Young's
modulus. Kotov et al. prepared a series of shell structured
materials using a clay/polymer by layer-by-layer method.!""
The negatively charged clay flakes and the positively charged
polyelectrolytes were alternately adsorbed together to form
a highly ordered stacked layer structure. Consequently, it
seems reasonable to design a nacre-mimetic Li metal anode
using clay as the inorganic rigid segment.

Polymers have a Young’s modulus of 0.4-4.83 Gpa and
ceramics have much higher Young’s modulus of 64-413 Gpa
(Figure 1¢).! Metals have a wider modulus range that lies
between that of polymers and ceramics. The Young’s modulus
of lithium metal is only 4.9 Gpa, which is as low as
polymers."® Thus we were inspired to design nacre-like
lithium metal anodes in which the lithium acts like the soft
organic segment to coordinate with clay. In our earlier study,
the mechanical modulus of poly(ethylene oxide) was
enhanced by incorporating vermiculite sheets (VS).'"”! Ver-
miculite is a layered clay material with theoretical Young’s
modulus of 170 Gpa (Figure 1¢)™ and can be exfoliated to
single sheets. The vermiculite sheet film fabricated by
restacking of sheets has a practical Young’s modulus as high
as 47 Gpa, which is an order of magnitude higher than that of
lithium (Figure 1d). Thus vermiculite sheets can serve as the
hard building block for the soft-hard alternating structure.
Herein we show an innovative bio-inspired strategy to address
the lithium dendrite problem. The vermiculite sheet as the
rigid inorganic substance can co-deposit during the plating of
the soft Li segment and form a rock-like dense morphology,

Wiley Online Library
These are not the final page number

Angewandte

intemationalEdition’y Chemie

g2

1


http://dx.doi.org/10.1002/ange.201900783
http://dx.doi.org/10.1002/anie.201900783
http://orcid.org/0000-0002-4619-6040
https://doi.org/10.1002/anie.201900783

2
L

Communications

An dte

Chemie

Internatic

Vermiculite *

| Ceramic

|

| Metal,

|
|

L

Polymer
0.1 1 10 100 1000
Young' modulus (Gpa)

Stress (Mpa)

—— Lithium foil
/ —— Vermiculite film

s

o
L

8

|
\
f[a.s Gpa

0.00 0.25 0.50 0.75
Strain (%)

Figure 1. Nacre-inspired Li metal anode design. a) Photograph of shells. b) Cross-sectional SEM image of nacres. c) Young’s modulus of
polymers, metals, ceramics, lithium and vermiculite. d) Stress-strain curves of the lithium foil and vermiculite sheets.

which significantly improves the long-cycling electrochemical
performance of lithium metal anodes.

Vermiculite sheets consist of two layers of silicon oxygen
tetrahedra and one layer of magnesium octahedra (Fig-
ure 2a). The Si*" of the silicon tetrahedron is partially
replaced by AI** which makes the sheets negatively charged.
The layers of vermiculite are held together by weak hydrogen
bonds and van der Waals forces so the layers are readily
exfoliated to single or few layered sheets,'” as shown in the
X-ray diffraction (XRD) patterns and scanning electron
microscopy (SEM) image (Figure S1 in the Supporting
Information). The thickness of a bilayer is 3 nm and the
lateral size is on the micrometer scale (Figure 2b). vermiculite
sheets could be well dispersed in water with the zeta potential
around —34mV at different concentrations (Figure 2c).
When 1M LiCl was added to the aqueous dispersion, the
zeta potential dropped to —10 mV confirming Li* can be
absorbed on the surface of vermiculite sheet. Owing to the

Thickness (nm)
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substantial negative charge, the vermiculite sheet can also be
colloidally dispersed in carbonate electrolytes without any
treatment (Figure S2). Note, the vermiculite sheet are inert in
broad electrochemical window. Identical curves were
obtained through cyclic voltammetry tests of Li || Cu cells in
electrolytes with and without vermiculite sheet additive,
which confirms the stability of vermiculite sheet during Li
plating/stripping (Figure S3).

In carbonate-based electrolyte, Li deposited at a current
density of 0.1 mA cm? shows typical dendritic structure with
diameter of 100-200 nm (Figure S4a,b).”” The Li deposition
was fluffy and uneven. However, a dense structure of
deposited Li with a smooth surface was observed in ethylene
carbonate (EC)/ diethyl carbonate (DEC) (1:1 by volume)
electrolyte with the vermiculite sheet additive (Figure S4c,d).
By monitoring the initial nucleation stage at low Li deposi-
tion, Li was found to nucleate sporadically with irregular
shapes in the vermiculite-sheet-free electrolyte, while large
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Figure 2. Characteristics of vermiculite sheets. a) Crystal structure of vermiculite. b) Atomic force microscopy (AFM) image and the corresponding
height profile of exfoliated vermiculite sheet. c) Zeta potential of vermiculite sheet in water and 1™ LiCl aqueous solution at different

concentrations.
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Figure 3. a) Schematic illustrating the co-deposition of Li with vermiculite sheet. b) BSE image of Li plating in EC/DEC electrolyte with 0.1%
vermiculite sheet. c) The voltage-time curves during Li nucleation at 0.5 mAcm 2 on Cu substrates. d) Chronoamperogram of LiPF; EC/DEC
electrolyte with and without vermiculite sheets under an applied voltage of 10 mV.

flake shaped deposits were obtained in the electrolyte
containing vermiculite sheets (Figure S5). This difference
may be ascribed to the co-deposition of vermiculite sheets and
Li in the electrolyte containing vermiculite-sheets and the
unique nacre-like structure of the Li metal anode during
cycling. At a higher current density of 0.5 mAcm 2, a den-
drite-free flake-like morphology was still observed in the
electrolyte containing vermiculite sheets (Figure S6). Better
plating quality, higher Coulombic efficiency and lower
resistance of Li plating/stripping on Cu foil were found in
the vermiculite sheet containing electrolyte than in the
electrolyte without vermiculite sheet (Figure S7, S8).

Figure 3 a shows how the vermiculite sheet participated in
Li deposition. First, the negative charged vermiculite sheet
absorb plenty of Li* from the electrolyte onto their surfaces
by electrostatic force, increasing the local Li* concentration.
Then, the vermiculite sheets co-deposit on the current
collectors with the absorbed Li*, leading to flake-like Li
nucleation. The co-deposited vermiculite sheets can serve as
flat substrates for further Li deposition. They can also flatten
the already deposited Li due to their two-dimensional
structure and high Young's modulus. These properties collec-
tively suppress the Li dendrite growth. Indeed, unfolded
vermiculite sheets are present in the deposited Li as observed
from the backscattered electron (BSE) image which gives
evidence to the co-depositing mechanism (Figure 3b). To
validate the co-deposition of vermiculite sheet and Li, energy
dispersive X-ray spectroscopy (EDX) mapping and X-ray
photoelectron spectroscopy (XPS) characterizations were
conducted. Si signal was conspicuously observed from the
deposited Li through EDX mapping, indicating the vermic-
ulite sheet participated in whole Li plating progress (Fig-
ure S9). XPS survey of the deposited Li also shows the signal
of the Si2p and Mg 2s thus further demonstrating the co-
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deposition of vermiculite sheet and Li* during Li plating
(Figure S10).21

According to Chazalviel’s model,” Li dendrite growth is
controlled by concentration variation and Sand’s time!**!. The
laminated structure of vermiculite can guide the lateral Li*
diffusion to control the Li nucleation and deposition, and
meanwhile the vermiculite sheets can replenish Li* by their
high ion absorbing capacity, which decreases the Li* concen-
tration gradient in the vermiculite sheet containing colloidal
electrolyte. As a result, the nucleation overpotential on the
Cu substrate decreased significantly from 0.190 V to 0.006 V
after adding the vermiculite sheets (Figure 3¢). To further
understand the migration of Li*, the Li* transference
numbers (f,;:) was calculated according to Equation (1)F%

tii- = Rear/Roc M
where R, is the total cell resistance, Rpc = Vp/Ipc, Which
Ve is the applied potential, I, is the stead-state current
recorded in chronoamperometry (Figure 3d). The Li* trans-
ference number increase significantly from 0.267 to 0.633
after adding the vermiculite sheets.

To visualize the co-deposition of vermiculite and Li, the Li
plating process was recorded under optical microscopy using
Li||Li symmetric cell. In EC/DEC electrolyte, sparse par-
ticles appeared after applying a current density of 2 mA cm >
for 20 seconds. These particles became huge “mossy” clusters
after 60 seconds as the deposition capacity increased (Fig-
ure 4a, Video S1). A complete different phenomenon was
observed in electrolyte with vermiculite sheets. Before the
electric field was applied, colloidal Brownian motion of the
vermiculite sheets was observed (Figure 4b, Video S2). At the
same current density of 2mAcm™ as in vermiculite sheets
free electrolyte, the vermiculite sheets moved towards the Li
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Figure 4. In situ optical microscopy observation of the shuttling effect of vermic-
ulite sheets during Li deposition. Snapshots of optical microscopy images of Li

deposited in a) 1m LiPFg in EC/DEC electrolyte and b) 1w LiPFg in EC/DEC with
0.1% vermiculite sheet containing electrolyte. c) Schematic representation of the

shuttling effect of vermiculite sheets for homogeneous Li deposition.

substrate and co-deposited with Li plating. No cluster
formation was observed even after 900 seconds, suggesting
Li was homogeneously deposited on the substrate. Interest-
ingly, movement of vermiculite sheets in the opposite
direction away from the substrate was also observed. This is
because once the Li* absorbed on the vermiculite sheets has
been deposited on the substrate, the partially un-deposited
vermiculite sheets became highly negative charged again and
moved away from the substrate along the electric field
(Figure 4c¢). These vermiculite sheets can further absorb and
replenish new Li* for homogeneous deposition.

The voltage hysteresis of the symmetric cells in the EC/
DEC electrolyte increased rapidly after 200 h cycling and
failed after 290 h at current density of 1 mAcm™ (see
Figure 5a). While the voltage hysteresis in the EC/DEC
electrolyte containing 0.1 % vermiculite sheets was much
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smaller and maintained stable even after 600 h.
When increasing the current density to 2 mAcm 2,
the cells in EC/DEC electrolyte containing 0.1 %
vermiculite sheets can be cycled over 250 h, which
greatly surpassed the cells in VS the electrolyte
without vermiculite sheets (see Figure Sb, Fig-
ure S11). The symmetric cells also showed better
performance in the vermiculite sheets containing
ether electrolyte than in pure ether electrolyte
(Figure S12). Such exceptional cycling performance
is a good indicator of the superiority of the nacre-
like anode. As a proof of concept, Li||LiFePO,
(LFP) full cells were assembled using two different
electrolytes. The Li||LFP battery underwent
a capacity drop after only 65cycles at 0.5C
(1.0C=170mAhg™") in EC/DEC electrolyte (see
Figure Sc, Figure S13). In contrast, the capacity
maintained 130.4 mAhg™' over 150 cycles with
a fading rate as low as 0.034 % per cycle in the EC/
DEC electrolyte with 0.1% vermiculite sheets. To
investigate the reason for the capacity fading, we
compared the morphology of Li anode after differ-
ent cycles (see Figure Sd—i). Dendritic lithium
appeared at the first plating cycle in EC/DEC
electrolyte (Figure 5d), and then evolved to
a porous structure after 10 cycles (Figure 5e). Obvi-
ous fractures were observed after 40 cycles (Fig-
ure 5f). The coarse and fractured structure resulted
in unstable SEI and “dead” lithium, which led to
continuous decay of the Coulombic efficiency even
the capacity was stable at the initial cycles. However,
the Li deposited with vermiculite sheets always
maintained a dense structure with a smooth surface
and remained dendrite and fracture free after
cycling thus demonstrating the effectiveness of the
biomimetic strategy (Figure 5 g—i).

In conclusion, the bio-inspired design of nacre-
like lithium metal anodes takes advantage of the low
Young’s modulus of soft lithium. The high Young’s
modulus, high negative charge, and two dimensional
structure make vermiculite sheets the ideal hard
building block for the soft-hard alternating nacre-
like structure. We co-deposited the lithium-vermic-
ulite composite by adding vermiculite into the EC/DEC
electrolyte. The nacre-mimetic lithium metal anodes are
dendrite-free over hundreds of cycles. Other 2D materials
with different functionalities could be used or developed for
high performance lithium metal anodes. This bio-inspired
approach may lead to unconventional strategies to address
the dendrite problems of lithium and other metal anodes.
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Figure 5. Cycling performance of symmetric cells under a) 1 mAcm™2, b) 2 mAcm™? with the capacity at 1 mAhcm™2 Inset: the Li plating/
stripping voltage profiles. c¢) Cycling performance of Li| | LFP full cell at 0.5 C. SEM images of Li after d) 1, e) 10, f) 40 plating/stripping cycles in
EC/DEC electrolyte and after g) 1, h) 10, i) 40 cycles in EC/DEC electrolyte with 0.1% vermiculite sheets.
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