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High chemical reactivity, large volume changes, and uncontrollable lithium dendrite growth have always been the key
problems of lithium metal anodes. Coating has been demonstrated as an effective strategy to protect the lithium metal. In
this work, the effects of polyacrylonitrile (PAN)-based coatings on electrodeposited lithium have been studied. Our results
show that a PAN coating layer provides uniform and dendrite-free lithium deposition as well as better cycling performance
with carbonate electrolyte. Notably, heat treatment of the PAN coating layer promotes the formation of larger deposit
particle size and higher coulombic efficiency (85%). The compact coating layer of heat-treated PAN with a large Young
modulus (82.7 GPa) may provide stable protection for the active lithium. Improved homogeneity of morphology and
mechanical properties of heat-treated PAN contribute to the larger deposit particles. This work provides new feasibility to
optimize the polymer coating through rational modification of polymers.

Keywords: lithium deposition, polymer coating, artificial solid electrolyte interphase, polyacrylonitrile

PACS: 82.47.Aa, 65.40.gk, 82.45.Fk

1. Introduction

Lithium metal anode has become particularly attractive
as an ultimate anode for next-generation high-energy batteries
due to the high theoretical specific capacity (3860 mAh/g) and
the most negative equilibrium potential (—3.04 V vs. standard
hydrogen electrode).!"-?] Tremendous research efforts have
been devoted to lithium metal anode since the 1970s, how-
ever, the commercialization of lithium metal batteries (LMBs)
is still hindered by poor cycling life and the severe safety
hazard.®* Major challenges for LMBs come from the prob-
lems of lithium metal anode including high chemical reac-
tivity, large volume changes, and uncontrollable lithium den-
drite growth.>~71 The former two issues likely result in in-
homogeneous lithium deposition which is the direct incen-
tive of the latter one. In order to overcome these problems,
some prominent strategies have been proposed such as me-
chanically blocking with solid electrolyte,!®'!! using super-

12,13]

concentrated electrolyte, ! controlling solid electrolyte in-

14,15

terface (SEI) forming with electrolyte additives,!'*!>! modi-

fying interface,!'6-'8! designing three-dimensional (3D) struc-

tured anode,[19-211

etc.

In addition, building an artificial SEI on lithium metal
by polymer coating has shown promising results.!?>] First,
the polymer layer can avoid direct contact between lithium

metal and electrolyte, and therefore decrease the continuous

DOI: 10.1088/1674-1056/28/7/078202

consumption of active lithium. Then, the flexible polymer
layer can improve the coherency of interfacial stress distribu-
tion and accommodate the interface fluctuation during lithium
plating and stripping. Finally, a homogeneous polymer layer
can make the lithium ion flux uniform, reduce the uncontrolled
lithium nucleation and growth, and thus suppress the dendrite
growth.?9) Cui et al.?") investigated the effects of different
kinds of polymer coatings on electrodeposited lithium. Their
results showed that high dielectric constant polymers can pro-
vide higher exchange currents and promote larger lithium de-
posits. Polyacrylonitrile (PAN) with polar nitrile groups in the
side chain has a relative high dielectric constant and, therefore,
could be an ideal coating material for lithium metal. PAN-
based polymer electrolyte has been intensively investigated
owing to its high ionic conductivity, great homogeneity, and
good mechanical properties. 2830

Herein, we investigate the effects of PAN-based poly-
mer coating as an artificial solid electrolyte interphase
We find that the poly-

mer coating composed of polyacrylonitrile and lithium

on electrodeposited lithium.

bis(trifluoromethylsulphonyl)imide (LiTFSI) is able to sup-
press the lithium dendrites and improve the coulombic effi-
ciency in Li—Cu cells with carbonate based electrolyte. In
addition, heat treatment can further promote the coating ef-

fects on regulating lithium deposition and reducing side reac-
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tions, leading to improved cycling performance over the pris-
tine ones. This can be attributed to the fact that heat treat-
ment improves the homogeneity, compaction, and mechani-
cal properties through changing the chemical structure of the
PAN polymer matrix which could be indicated by the attenu-
ated total reflection Fourier transformed infrared (ATR-FTIR)
spectrum.

2. Experimental
2.1. Preparation of PAN coated Cu electrode

Prior to sample preparation, PAN (Mw = 150,000, Sigma
Aldrich) was dried at 50 °C in vacuum oven for 12 hours.
12 pm thick copper current collector was wiped with alcohol
until the surfaces were clean, and dried at 70 °C. To coat PAN-
based thin layer on Cu current collector, PAN and LiTFSI
were firstly added into N,N-dimethylformamide (DMF) with a
PAN/LiTFSI mole ratio of 10:1 and the concentration of PAN
in DMF was 3.6 g/100 mL. The mixture was stirred at 50 °C
for 8 hours in order to obtain well dispersed slurry. Then, the
slurry was coated onto the copper foil using a spin coater with
programed speed and time. The solvent was removed by evap-
oration in a vacuum chamber for 8 h. The Cu electrodes with
heat-treated PAN coating layer were prepared by heating the
as-obtained electrodes at 120 °C for 5 min. The thickness of
the pristine PAN coating film was 3.17 pm while heat-treated
PAN coating film was 2.24 um. All the procedures sensitive
to moisture or oxygen during sample preparation were carried
out in Ar-filled gloveboxes.

2.2. Cell assembly and electrochemical characterizations

Electrochemical measurements were performed using
CR2023 coin-type cells. The working electrodes, including
Cu electrodes with no polymer coating, pristine PAN coating,
and heat-treated PAN coating, were punched into 14 mm di-
ameter discs, and paired with 15 mm diameter lithium elec-
120 uL electrolyte
was composed of 1 M LiPFg in ethylene carbonate (EC) and
dimethyl carbonate (DMC) with the volume ratio of 1:1. All
the cells were rested for 8 hours before testing.

trodes using polypropylene separators.

Cycling tests were carried out galvanostatically at a cur-
rent density of 0.5 mA-cm~2. Lithium was deposited onto the

2 and

working electrode at the capacity loading of 1 mAh-cm™
subsequently stripped away until the voltage reached 1.0 V.
Electrochemical impedance spectra were collected on electro-
chemical workstation (Zhanner IM6) at open circuit potential

with a frequency range from 5 mHz to 8 MHz.

2.3. Characterizations

Hitachi S-4800 scanning electron microscopy (SEM) was
employed to determine the surface morphology of the work-

ing electrodes at 10.0 kV. The electrodes after the 1st half-
cycle of lithium deposition were washed with DMC and dried
in a vacuum chamber before SEM analysis. The samples were
prepared in an Ar-filled glovebox and transferred to the SEM
chamber by a sealed transfer box.

The ATR-FTIR spectroscopy was performed at Vertex 70
Brucker to characterize the structure change of heat-treated
PAN thin film with LiTFSI. The roughness and mechanical
properties of the PAN coating layer were measured with peak
force quantitative nanomechanical (PFQNM) mode by a scan-
ning probe microscope (SPM, Bruker Multimode 8) equipped
in an Ar-filled glove box (H,O and Oy < 0.5 ppm). The ex-
clusive PFQNM probe is employed in this experiment.

3. Results and discussions
3.1. Electrochemical characterizations

Li—Cu Cells are adopted to demonstrate the effects of
PAN-based polymer coating on cycling performance. Fig-
ure 1(a) shows the galvanostatic cycling performance at a
current density of 0.5 mA-cm~2 with a loading capacity of
1.0 mAh-cm™~2. The cells with bare Cu foil as working elec-
trode exhibit a low coulombic efficiency of less than 80%. It is
generally accepted that carbonates with relatively low lowest
unoccupied molecular orbital (LUMO) energies are less stable
to lithium reduction than ethers.®!! Thus, without any addi-
tives, the natural SEI formed on electrodeposited lithium in
contact with carbonate electrolyte is more inorganic and frag-
ile. During lithium plating and stripping, the recurrent break-
down and repair of SEI will cause continuous consumption of
active lithium, leading to poor cycling performance of Li—Cu
cells. A higher coulombic efficiency of 81% is retained in the
cell of Cu electrode coated with pristine PAN layer. For the
Cu electrode coated with heat-treated PAN layer, the coulom-
bic efficiency is improved to 85% at the early stages of cycling.
Figure 1(b) shows the discharging/charging voltage profiles of
different Cu electrode at the first cycle, among which the heat-
treated PAN set appears to have the largest stripping capacity
of lithium in the first charge. These phenomena mainly stem
from the fact that PAN coating functions as passivation lay-
ers, which avoids the direct contact between electrodeposited
lithium and electrolyte, since the reduction of side reactions
can be very helpful to increase the electrode efficiency.

The electrochemical impedance spectra of Li—Cu cells
before (Fig. 1(c)) and after (Fig. 1(d)) the 70th cycle are mea-
sured at open circuit potential. In the cycled cells, the resis-
tances contributed from SEI are small, as can be seen from the
first semicircles at high frequencies. Furthermore, the elec-
trodes with PAN coating display lower charge-transfer resis-
tances than bare Cu over cycles, which can be seen from the
second semicircles at medium frequencies.
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Fig. 1. Electrochemical characterizations of Cu electrodes with no coating, pristine PAN coating, and heat-treated PAN coating in Li|Cu
cells. (a) Coulombic efficiency at a constant current density of 0.5 mA-cm™2 of the Cu electrode (loading capacity 1.0 mAh-cm~2). (b) The
corresponding galvanostatic discharge/charge profiles of the 1st cycle. Impedance spectra of pristine (c) Li|Cu cells and (d) cycled cells at open

circuit potential after the 70th discharge. The scattered dots in panel (d) represent impedance data while the solid lines are fitting curves.

3.2. Morphologies of electrodeposited lithium

To evaluate the dendrite suppression ability of PAN-based
polymer coating, the morphologies of electrodeposited lithium
on the working Cu electrodes are investigated by SEM. For
the bare Cu electrode, with some tiny scratches on the pristine
surface (Fig. 2(a)), a large number of needle-like dendrites are
observed after the 1st deposition of lithium at a current density
of 0.5 mA-cm~2 and a capacity of 1.0 mAh-cm~? (Fig. 2(d)).
When stripped away during cell charging, the needle-like de-
posits are easy to lose electrical contact with the current col-
lector and cause “dead lithium” generation. This is another
contributing factor of the low coulombic efficiency of bare Cu
electrode.

In contrast, the Cu electrode with PAN coating shows a
smooth surface (Figs. 2(b) and 2(c)). With the PAN coat-
ing layers, the electrodeposited lithium exhibits a particle-like

bare Cu

20 pm

pristine PAN@Cu

morphology with no observable dendrites on the PAN coated
Cu electrode (Figs. 2(e) and 2(f)). The deposited lithium par-
ticles on heat-treated PAN coated Cu are more homogenous
and the size grows even one order of magnitude larger than
the unheated one.

The quality of the SEI layer is critical for the performance
of electrodeposited lithium. When lithium deposits on bare
Cu, the uncontrollable SEI forming process leads to an uneven
and fragile interface. In addition, the large volume change
during lithium deposition will cause the formation of cracks
on the SEI. Both of these factors contribute to the local en-
hancement of the Li-ion flux, which will result in the forma-
tion of lithium dendrites. However, the well-distributed PAN
coating layers can make the Li-ion flux and lithium deposition

uniform, and thus suppress the lithium dendrites.

heat-treated PAN@QCu
(©)

20 pm

X
-4, -
JN100um

)

Fig. 2. Pristine morphology of Cu electrodes with (a) no coating, (b) pristine PAN coating, and (c) heat-treated PAN coating. Lithium deposition
morphology on Cu electrodes with (d) no coating, (e) pristine PAN coating and (f) heat-treated PAN coating. The depositing current density is

0.5 mA-cm~2 with a loading capacity of 1.0 mAh-cm~2,
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3.3. Mechanical properties of PAN coating

In order to investigate the intrinsic reason, the roughness
and mechanical properties of the PAN coating are studied by
scanning probe microscopy. As can be seen from Figs. 3(a)
and 3(b), the heat-treated PAN coating layer has more uni-
form and compact morphology with less and smaller holes
than the pristine PAN coating. The well distributed polymer
layer could partly contribute to the homogenous lithium depo-
sition as well. Significant mechanical property change can be

seen from Figs. 3(c) and 3(d) that heat treatment dramatically

pristine PAN@QCu

mean value: 175 MPa

reinforces the PAN coating’s Young modulus from 175 MPa to
more than 450 times higher (82.7 GPa). The reinforced Young
modulus may be caused by structure changes of PAN molecu-
lar chains during heat treatment as will be discussed below.

It is supposed that modulus on the order of 1 GPa would
be sufficient to suppress lithium dendrites,??! so that the heat-
treated PAN coating should be a strong physical barrier to
prevent the dendrite growth. The homogeneity of mechanical
strength of heat-treated PAN is also improved compared to the
pristine PAN, which may be helpful for unifying the interface
stress distribution of electrodeposited lithium.

heat-treated PAN@Cu

149 nm

0 nm

975 GPa

0 GPa

mean value: 82.7 GPa

Fig. 3. Morphology of (a) pristine PAN coating and (b) heat-treated PAN coating on Cu electrode. Young modulus mapping of (c)
pristine PAN coating and (d) heat-treated PAN coating on Cu electrode.

3.4. Structure change of heat-treated PAN

Figure 4 shows the changes of infrared absorbance spec-
trum of a PAN-LiTFSI thin film which is heated at 120 °C
for 5 mins in Ar atmosphere. The absorption at 1667 cm™!
is from the residual DMF which is the solvent used for PAN
film preparation. The nitrile absorption at 2242 cm~! de-
creases after heat-treatment, which indicates that the nitrile
groups have been transformed through some reactions with
PAN degraded. Based on former research, cyclization, dehy-
drogenation, aromatization, oxidation, and crosslinking would
result in the formation of conjugated ladder structure in PAN
during heat treatment at 180-300 °C, which will lead to a

33341 Similar color changes

series of complex color changes.|
are observed at a lower temperature at 120 °C when PAN with

LiTFSI is heated. Doublet bands at 1575 cm™! and 1610 cm ™!

are observed. Heterocyclic structure with conjugated double
bonds resulted from linear polymerization of nitrile groups is
responsible for such observations.>> It can be deduced that
the nucleophilic attack of bis(trifluoromethylsulphonyl)imide

80—

2242 cm~! 1610 cm~!

60

40

1667 cm™!

Transmittance

20F
—— heat-treated PANQCu
—— pristine PAN@Cu
O 1 1 1 1
3000 2500 2000 1500

Wave number/cm~1!

Fig. 4. FTIR spectra of pristine PAN-LiTFSI film and heat-treated PAN-
LiTFSI film (120 °C for 5 min) from 1400-3100 cm™~!.
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anion (TFSI™) at the nitrile groups in PAN generates such
kinds of structure in the main chain of PAN during heat treat-
ment. The flexibility of polymers originates from the internal
rotation of the main chains. Since heterocyclic structure with
conjugate double bond cannot rotate freely, the Young mod-
ulus of heat-treated PAN with such kinds of structure can be
increased. Since the amount of nitrile groups in PAN will be
reduced during heat treatment, heat-treated PAN may be less
reactive with lithium, which will improve the chemical stabil-
ity of the interface.

3.5. Discussion on the PAN coating effects

On the basis of the above results, the effects of PAN
coating layer on the electrodeposited lithium are illustrated in
Fig. 4. For the bare Cu, the unstable SEI layer causes the
continuous consume of electrodeposited lithium and the un-
evenness of Li-ion flux which give rise to the non-uniform and
dendritic morphology (Fig. 5(a)). Whereas on Cu coated with
PAN, the smooth coating layer leads to uniform and dendrite-
free lithium deposition (Fig. 5(b)) through regulating the Li-
ion flux. A step further, the heat-treated PAN layer shows
the improved homogeneity of its morphology and mechanical
properties which could provide stronger effects on homoge-
nizing the lithium deposition. Thus, there would be more ho-
mogenous nucleation sites and larger deposit particles during
lithium deposition (Fig. 5(c)).

A higher coulombic efficiency is also observed on the Cu
electrode with heat-treated PAN coating. There are three fac-
tors that may contribute to this. First, the polymer coating can
improve the coulombic efficiency through avoiding the direct
contact between electrolyte and active lithium, and heat treat-
ment improves the compaction and mechanical strength which
provides better protection. Second, the heat-treated PAN may
be less reactive to lithium because of the chemical change dur-
ing heat treatment. Third, it promotes larger deposits with
smaller surface areas and minimizes the exposure of the fresh
lithium at the interface.

bare Cu

(2) D —

PAN coating

b)) I —

heat-treated PAN coating

© N —

Fig. 5. Schematic illustration of the lithium behavior on the Cu elec-
trodes with (a) no coating, (b) pristine PAN coating, and (c) heat-treated
PAN coating. The brown parts stand for Cu, blue parts stand for PAN-
based coatings, and the grey parts stand for electrodeposited lithium.

4. Conclusion and perspectives

In summary, we propose a PAN-based polymer coating as
an artificial solid electrolyte interphase over electrodeposited
lithium. Cu electrodes with no coating, pristine PAN coating,
and heat-treated PAN coating are prepared to examine the ef-
fects of PAN coatings on lithium deposition morphology and
cycling performance. It is demonstrated that the PAN coat-
ing leads to uniform and dendrite-free lithium deposition as
well as relatively high coulombic efficiency through homog-
enizing lithium deposition and reducing the side reactions of
active lithium. Notably, heat treatment is proved to be an ef-
fective modification of PAN coating. PAN molecular struc-
ture change will take place during heat treatment with obvi-
ous color change. The heat-treated PAN coating shows better
compaction, higher mechanical strength, and improved homo-
geneity of morphology, which contribute to larger lithium de-
posits with a higher coulombic efficiency. This work provides
strategies for the design and modification of polymer coating
to achieve a lithium metal anode with good stability and high
coulombic efficiency. Thus, constructing artificial SEI with
good chemical composition, compaction, homogeneity, and
mechanics is an effective method for building better lithium
metal batteries.
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