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Metallic lithium is a promising next generation electrode material
due to its ultrahigh specific capacity and lowest redox potential.
However, its short cycling lifespan and safety hazards have hin-
dered its practical application. To improve the cycling performance
of lithium metal anodes, dendrite-free lithium deposition and a
stable electrode—electrolyte interface are of vital importance. Here,
we prepared a thin PMMA/PVDF gel coating using an electro-
spinning technique on a Cu substrate as the anode directly, which
can not only homogenize lithium ion flux, promoting uniform
lithium deposition, but can also alleviate the dramatic volume
change in the lithium anode, improving the stability of the elec-
trode interface. Owing to the excellent lithiophilic properties and
high mechanical flexibility of the binary blend polymer coating,
stable cycling for over 1400 h is achieved in a Li/Li symmetric
cell using modified coating at 1 mA cm~2 with a cycling capacity of
1 mAhcm 2 The binary blend polymer coating with complemen-
tary properties prepared by this facile method provides a new
insight for the lithium metal anode improvement.

1. Introduction

Recent developments in consumer electronics and electric
vehicles have intensified the need for rechargeable batteries
with high energy density and long cycling life."”> Compared
with the graphite anode of commercial lithium ion batteries,
lithium metal anode has been attracting considerable interest
due to its high theoretical specific capacity (3860 mA h g~) and
lowest redox potential (—3.04 V vs. SHE).> However, the pro-
blem is that the low coulombic efficiency and poor cycle life
originating from uneven lithium deposition during cycling
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hinder the practical performance of lithium metal anodes.*
To be specific, owing to the high reactivity of lithium metal, a
solid electrolyte interface (SEI) is formed on the anode surface
spontaneously upon contact with the electrolyte. However, the
fragile SEI can hardly withstand the dramatic volumetric
change of the lithium metal anode during the charge/discharge
process, and thus cracks form on the SEI. As a result, the
exposed fresh lithium comes in contact with the electrolyte to
repair the SEI by side reactions; this repeated process will cause
a great loss in active lithium and electrolyte subsequently, and
lead to inhomogeneity in SEI composition. Furthermore, the
local inhomogeneity in the composition and structure of SEI
would give rise to an uneven and loose lithium deposition layer
due to the nonuniformity of lithium ion flux on the SEI surface,
which is favorable for the evolution of lithium dendrites. On
one hand, the electrical contact between lithium dendrites and
substrate could be broken to form ‘“‘dead lithium” gradually,
increasing the interface resistance and shortening the cycle life
significantly. On the other hand, there is every probability that
dendrites will pierce through the separator and cause an
internal short-circuit, posing safety hazards.>® Therefore, a
stable electrode/electrolyte interface and dendrite-free lithium
deposition morphology are critically important for high effi-
ciency lithium metal anode with a long life-span.

To date, a variety of methods have been developed to improve
lithium metal batteries, which mainly include modifying electro-
lytes such as adding additives,” using solid electrolytes,® applying a
protective coating on the separators’ or the surface of anode
directly,"® and providing host materials."* Generally, the enhanced
SEI formed in situ by electrolyte modification cannot achieve ideal
mechanical robustness to endure the dramatic volumetric change
of lithium anode, while mechanically suppressing the dendrites by
solid electrolyte also results in poor interface contact. As a result,
more recent attentions have been focused on the electrode surface
modification, and coating layers with great flexibility and mec-
hanical strength exhibit the ability to stabilize the electrode
interface.""® Generally, high ionic conductivity and sufficient
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mechanical robustness are the two essential properties for an ideal
modified coating to accommodate the inhomogeneous Li" ion
distribution near the lithium anode surface and sustain the serious
electrode deformation during cycling. However, it is still a challenge
to reduce the additional interface resistance and deposition barrier
introduced by the modified coating, and most improvement
strategies are far away from application due to high cost and
complex preparation process.

In this contribution, poly(vinylidene fluoride) (PVDF) and
poly(methyl methacrylate) (PMMA) are utilized to build an
artificial protective coating on the Cu substrate for lithium
anode via the electrospinning technique. The main PMMA
polymer composition has the advantages of good electroche-
mical stability, low interfacial impedance and low cost. In
addition, considering that the strong interaction between the
carbonyl (-CO-) group in the methyl methacrylate (MMA) unit
and liquid organic electrolyte, PMMA can contain a large
amount of liquid electrolytes and shows superior affinity with
the liquid electrolyte,'* significantly reducing the interface
resistance and lithium heterogeneous nucleation barrier,
which is conducive to the uniform deposition of lithium in
the following deposition process. To improve the mechanical
robustness of the ex situ modified coating, a polyvinylidene
fluoride (PVDF) matrix is added. Its characteristics of high
dielectric constant (~10) and relative low surface energy
(~35 mJ m™?) are believed to reduce the overpotential and
promote lithium to deposit compactly with a smaller area in
theory.”® Also, the -C-F- groups with strong electron-
withdrawing capabilities make the matrix highly resistant to
electrochemical oxidation, ensuring the superior physical and
chemical stabilities of the modified coating, and maintaining
the integrity of the coating. Consequently, due to the synergistic
effect of the composition and structure of the modified polymer
coating, Li" ions diffusing from the bulk electrolyte can be
evenly distributed in the protective coating and get deposited
on the Cu substrate compactly and uniformly. As a result, in
half-cells, the PMMA/PVDF modified Cu electrodes show an
enhanced coulombic efficiency of 98.3% for over 260 cycles at
1 mA cm >, and a stable cycling life-span, which is four times
than that of bare Cu electrodes. In addition, low overpotential
(~20 mvV) is also achieved in Li/Li symmetric cells cycled at
1 mA cm™ > for over 1400 h when protected by the PMMA/PVDF
modified coating, which is much better than that of the bare
electrodes (~400 h). Furthermore, a dendrite-free lithium
deposition morphology is observed on the PMMA/PVDF coating
modified electrodes and thus a stable electrode/electrolyte
interface is ensured.

2. Results and discussion

As shown in Fig. 1la, the PMMA/PVDF modified layer was
directly deposited on the copper substrate by the electro-
spinning technique. Afterwards, the electrode foil was punched
to obtain electrodes with a diameter of 15 mm. The thickness of
the modified layer was controlled by the electrospinning time.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 Preparation and characterization of the PMMA/PVDF layer.
(a) Schematic diagram of the preparation and synthesis process of the
PMMA/PVDF modified coating. (b) SEM image of the modified layer. (c and
d) Digital photos of the modified layer before (left) and after (right)
immersion in electrolyte. (e) FTIR spectra comparison of modified coating
at different states. (f and g) Contact angle images of modified and
unmodified electrodes.

Wavenumber (cm™)

When measured using a digital micrometer, the optimal thick-
ness was about 50 um for a 5 h electrospinning. After the cell
was assembled, the modified layer was compressed to 4 pm
(Fig. S1a, ESIt), which ensures no additional resistance for the
migration of lithium ions. Fig. 1b shows the top-view scanning
electron microscope (SEM) image of the electrospun PMMA/
PVDF film. A 3D interconnected network structure with a
number of voids is obtained via the electrospinning technique,
which is beneficial to store massive electrolyte, facilitates the
diffusion of lithium ions and restricts lithium deposition.'® The
fibers are dispersed uniformly without beads, exhibiting an
average diameter of 1.6 pm (Fig. S1b, ESIt). As is shown in the
digital picture (Fig. 1c), the modified layer adhering to the Cu
foil is white in colour. Subsequently, it turns into a flexible and
transparent gelatinous substance as soon as it comes in contact
with the electrolyte (Fig. 1d). This result can be explained by
the fact that the PMMA/PVDF macromolecules swell after
absorbing electrolyte.'” Afterwards, the pristine electrospun
modified coating was removed from the copper electrode for
Fourier transform infrared spectra (FTIR) measurement
(Fig. 1e). The characteristic peaks of PMMA and PVDF are
clearly identified in the pristine PMMA/PVDF electrospun coat-
ing. The characteristic peaks of PMMA appear at 1726 cm ™'
(C=O0 stretching vibration), and 988 cm ' (CH, wagging
mode). Also, the wide split bands at 1148 and 1191 cm ™" are
from the C-O stretching vibration in PMMA. The bands at
1400 cm ™' (CH,, CF, deformation vibration), 877 cm™* (amor-
phous phase PVDF), 841 cm ' (-CH, in-plane deformation
vibration) and 490 cm™ " (wagging mode of CF,) are from PVDF.
Both compounds do not present much interaction, and thus we
can determine that a uniform binary PMMA/PVDF blend coat-
ing was prepared by electrospinning successfully. The affinity
of the current collector with the electrolyte was evaluated by
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measuring the contact angle on the substrate (Fig. 1f and g).
The contact angle of ether-based electrolyte on the Cu foil
surface is about 32°. As for the modified Cu foil, the electrolyte
spreads out as soon as it comes in contact with the electrode
surface. This result demonstrates an improved wettability for
the electrolyte on the modified anode, which is known to be
able to mitigate the concentration gradient of lithium near the
anode surface and decrease cell resistance.'”

Li/Cu half cells were used to investigate the influence of
PMMA/PVDF modified coating on lithium deposition/dissolu-
tion behavior. Firstly, the cyclic voltammogram (CV) of the
Li/modified Cu half cell during the first three cycle range in
—0.2-1.5 V is given in Fig. 2a. The reduction peak at 0.37 V in
the first cycle represents the SEI formation process, and a
couple of redox peaks near 0 V (vs. Li'/Li) are the characteristic
of the lithium deposition/dissolution process, which means
that the introduction of a modified layer surely will not hinder
the normal deposition and dissolution behavior of lithium.
Furthermore, in the third cycle, modified Cu exhibits a higher
peak height (8.99 mA) than bare Cu (4.76 mA) (Fig. S2a, ESIt);
the increased peak height in the CV curves of the cell using
modified electrode indicates a faster lithium diffusion behavior
on the modified substrate surface,'® confirming that a good SEI
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Fig. 2 Electrochemical performance comparison of Li/Cu half cells with-
out/with a modified coating. (a) CV curve of Li/modified Cu half cell,
(b) voltage—capacity curve of bare Cu/modified Cu during the first cycle
discharge process, (c) the coulombic efficiency of the Li deposition/
dissolution process on bare Cu/modified Cu with deposition capacity
and current of 1.0 and 1.0 mA cm™2, respectively, (d) voltage—capacity
curve of modified Cu after different cycles. (e) Tafel plot of bare
Cu/modified Cu half cells, (f) EIS curves of bare Cu and modified Cu
electrode after 1st and 40th cycles.
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was achieved. In order to demonstrate the positive regulation of
the modified coating on lithium deposition behavior, the over-
potential of Li deposition in the first cycle was investigated,
which is defined as the difference between tip voltage (lithium
nucleation overpotential) and the later stable plateau voltage
(mass transfer overpotential) in the voltage curve during the
discharge process. As is shown in Fig. 2b, the nucleation
overpotential and mass transport overpotential in the first cycle
for the control sample are —170 and —76 mV, respectively, that
is, the lithium deposition overpotential was calculated as
—94 mV. As for the modified samples, the nucleation over-
potential and mass transport overpotential are —81 and
—49 mV, respectively, and the corresponding lithium deposi-
tion overpotential is thus only —32 mV, which is obviously
lower than that in the control sample. The noteworthy decrease
in lithium deposition overpotential demonstrates that there is
no additional deposition barrier for lithium ions after the
introduction of modified coating. Furthermore, originating
from the good affinity between PMMA and lithium, a signifi-
cant reduction in the lithium deposition overpotential was
achieved.” In the Li-Cu half cells, the coulombic efficiency
(CE) is defined as the amount of lithium stripping from the
working electrodes over that depositing on it, while the Li
source is excessive at the anode side. The value of CE reflects
the consumption of active lithium during the actual cycling. As
shown in Fig. 2c, the average coulombic efficiency of the cell
with the control electrode can keep stable at 97.2% only in the first
70 cycles, and then cell failure occurs, which is mainly ascribed to
the consumption accumulation of active lithium and electrolyte in
the early stage during cell cycling, leading to a large interface
impedance.”**! In the case of electrode modified by the PMMA/
PVDF coating, a high and stable coulombic efficiency of 98.3%
was achieved over 260 cycles. Furthermore, similar results can
be observed when the testing conditions were restricted to
1 mA cm 23 mA hem? and 3 mA em 21 mA h em™,
respectively (Fig. S2b and S2c¢, ESIt). The bare Cu electrode
presents more serious coulombic efficiency fluctuations when
an increased current density is applied or lithium deposition/
dissolution capacity. By contrast, cells with the modified Cu
electrode still retain a stable cycling performance with average
coulombic efficiencies of 97.8 and 95.6%, respectively, confirm-
ing that the flexible modified coating has a good improvement
effect under the conditions of both high current density and
more dramatic volume change. These remarkable improve-
ments strongly indicate that the polymer modified coating
prepared via electrospinning technique successfully stabilizes
lithium metal anode and reduces the irreversible consumption
of active lithium. To further investigate the stabilization effect
of the modified electrode toward lithium deposition/stripping
behavior, polarization voltage is utilized to evaluate the stability
of the electrode interface in lithium metal batteries because of
the accumulation of dead lithium and poor interface SEI will
increase the voltage polarization.?” Fig. 2d and Fig. S2d (ESIt)
show the voltage profiles of the modified Cu/bare Cu at 1st,
10th, 50th and 150th cycles. The cell with the modified coating
realizes a highly stable voltage profile with a much smaller

© 2021 The Author(s). Published by the Royal Society of Chemistry
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voltage polarization compared with the control sample. After
50 cycles, the polarization voltages of the cells with bare
Cu and modified Cu are 62 and 32 mV, respectively,
suggesting that a PMMA/PVDF modified coating is beneficial
to the formation of a stable electrode interface. By contrast, at
150 cycles, the charging voltage of the control sample exhibited
obvious fluctuation, which could be ascribed to the severe
interfacial fluctuation occurring on the anode induced by the
poor plating/stripping behavior.”® In addition, from the
Tafel profile (Fig. 2e), a higher exchange current density of
0.112 mA cm > was obtained in the cell using modified Cu,
which was significantly higher than that of the control sample
(0.0017 mA cm %), confirming a better Li* ionic transmission in
the electrode interface after being modified. Furthermore, a
significantly improved electrode interface can also be con-
firmed by the electrochemical impedance spectra (EIS) analysis.
Fig. 2d shows that no additional resistance was observed for
lithium-ion migration after introducing the modified coating,
which is evidently attributed to the gelatinous PMMA/PVDF
modified layer with a fibrous and porous network structure
reserving massive lithium migration pathways to ensure rapid
Li* ion transmission near the electrode interface. In addition,
half cells with the bare Cu electrode represent a charge transfer
resistance (R.;) of 94.3 Q after the 1st cycle and 28.4 Q at 40th
cycle (Table S1, ESIf). By contrast, the charge transfer resis-
tance of the cells using modified Cu is much smaller, which is
48.8 Q after the first cycle and 5.98 Q after 40 cycles, indicating
a promoted SEI with much less dead lithium, which is in line
with the results from the polarization voltage."?

Lithium deposition behavior on the bare Cu and modified
Cu substrates is illustrated in Fig. 3a. Due to the unstable
electrode/electrolyte interface, lithium deposition is likely to
show uneven morphology on the bare Cu substrate, which will
cause the growth of lithium dendrites, seriously shorten the life
of lithium metal anode and reduce the coulombic efficiency. As
for the polymer fiber modified Cu substrate, the abundant
functional groups on the flexible polymer fibers can not only
homogenize lithium ion flux by providing adhesion sites but
also confine the lithium deposition behavior, thus leading to a
uniform lithium deposition morphology. Fig. 3b-e are the top
and cross-section SEM images of lithium deposition on bare Cu
after the first cycle. After 1 mA h cm™? lithium deposition at
1 mA cm > the as-grown Li deposition presents a clear
filament-like Li morphology with diameters ranging from 2 to
10 pum, known as the lithium dendrites® (Fig. 3b). From the
cross-section view, the loose and uneven lithium deposition
layer has a thickness of ca. 13 pm (Fig. 3c). By contrast, the
deposition of lithium on the modified electrode shows a super-
ior morphology. Firstly, it is clear that the flexible modified
layer with superior mechanical robustness still retains the
fibrous network structure (Fig. 3d), and less lithium is adhered,
which means the diffusion of lithium ions will not be hindered
and a low polarization is ensured. From the cross-section
illustrated in Fig. 3e, it can be seen that lithium is deposited
in a very dense form with a thickness of about 9 pm. After
40 cycles, a large amount of flocculent dead lithium can be

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Morphology and composition analysis of lithium deposition on the
modified/unmodified substrates. (a) Schematic diagram of lithium deposi-
tion on electrode with/without modified coating. Top-view and cross-
sectional view SEM images of lithium deposition with 1 mA h cm™2
capacity on (b and c) bare Cu, (d and e) modified Cu after 1 cycle, and
on (fand g) bare Cu, (h and i) modified Cu after 40 cycles. (j) Comparison of
the FTIR spectra of modified coating (upper) without treatment, (middle)
after soaking electrolyte and (bottom) after 25 cycles. (k) Illustration of
reaction process of PMMA during cycling. (I and m) The XPS high-
resolution Fls spectra of modified Cu and bare Cu after cycles.

observed on the surface of the lithium deposition layer on bare
Cu substrate (Fig. 3f and g), which is mainly resulting from of
the massive formation of lithium dendrites in previous cycles.
In the modified Cu substrate, the protective coating still main-
tains the fibrous network structure and the lithium deposition
morphology remains flat. There are two possible reasons for
this: Lithiophilic PMMA can improve the initial lithium deposi-
tion density on the substrate by chemically anchoring Li', so
that the distribution of lithium ions will be more uniform in
the subsequent process.'® Besides, PVDF has moderate surface

Mater. Adv,, 2021, 2, 4240-4245 | 4243
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energy and high dielectric constant, which are believed to
promote the formation of lithium deposition with a large
surface area.'® In addition, LiF can be generated via the inter-
face reaction between PVDF and lithium, which can favor a
stable SEI due to its high ionic conductivity, low diffusing
energy and excellent mechanical strength. As a result, the dense
and uniform deposition morphology reduces the possibility for
the formation of dendritic lithium, and is beneficial to enhance
the cycling stability and prolong the cell lifespan.®* As illu-
strated in Fig. 3j, the FTIR spectra of the modified coating at
different states were investigated. Compared with the initial
state discussed above, the electrospun coating after soaking in
electrolyte for 12 h loses the C—O characteristic peak at
1726 cm ' and forms new peaks centered at 1640 and
510 cm™ ', which are ascribed to the keto carbon group and
the Li-O bond of the reaction product of CH;OLi,>® caused by
the reaction between PMMA and lithium ions. The test results
are consistent with the lithium anchoring process and the
chemical reaction mechanism of PMMA (Fig. 3k);>® the lithium
ions trapped on the modified coating surface provide uniform
nucleation sites and regulate the Li" ion flux during the sub-
sequent lithium deposition process, alleviating lithium ion
aggregation due to inevitable roughness of the electrode sur-
face. Accordingly, the modified coating shows extremely low
interfacial resistance and decreased lithium deposition barrier,
which greatly stabilize the electrode interface and are condu-
cive to the uniform deposition of lithium. Meanwhile, the
broad split bands at 1148 and 1191 ¢cm ' also evolve to an
absorption peak at around 1171 cm™ ", which is assigned to CF,
stretching vibration, indicating that the compound PVDF
remains stable in the modified coating and provides structural
support. In the case of the PMMA/PVDF coating layer cycled in a
Li/Cu half-cell for 25 cycles, no obvious change was observed in
the characteristic peaks, indicating that the coating is quite
stable during cycling. Fig. 3m and n present the XPS high-
resolution spectra of F1s; the peaks at 685.1 and 688.6 eV for
the modified Cu after cycling clearly show the existence of LiF
and [CF,-CF,],. As for the control sample, the peaks at
685.2 and 686.3 eV can be assigned to the compound of LiF
and C-F. It is obvious that an increased proportion of LiF is
obtained on the modified Cu, which is essential for a uniform
and stable SEL.>7*®

The Li/Li symmetric cell tests were carried out to evaluate Li
plating/stripping performance during long cycling. It is noteworthy
that 4 mA h em ™2 Li was pre-deposited on modified Cu or bare Cu at
1.0 mA cm > (labelled as modified Cu@Li or bare Cu@Li), and the
symmetric cells were assembled with two identical electrodes. As
shown in Fig. 4a, on cycling at a current density of 1.0 mA cm ™2 with
a fixed capacity of 1.0 mA h cm ™2, the cell with the bare Cu@Li
electrode presents a higher voltage overpotential due to the contin-
uous consumption of electrolyte and the accumulation of dead
lithium.> After 400 h, resulting from the depletion of electrolyte, the
voltage hysteresis increases significantly.*® However, the cell using
the modified Cu@Li electrode exhibits stable cycling with a low
overpotential (~20 mV) for over 1400 h, indicating an improved
electrode interface and successful inhibition of Li dendrites.*"*>
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Fig. 4 Electrochemical performance of Li/Li symmetric cells and Li/
LiFePO,4 full cells. (a) Cycle stability comparison of bare Cu@li and
modified Cu@Li at a deposition capacity and current density of 1.0 mA
cm™2 and 1.0 mA h cm™2, cycling performance (b) and voltage—capacity
curves (c and d) of bare Cu@Li/LFP and modified Cu@Li/LFP.

Practical application feasibility analysis was evaluated by the
galvanostatic cycling performances of full cells, which were
assembled with commercial LiFePO, as the cathode, while bare/
modified Cu pre-deposited with 1 mA h ecm ™2 lithium was used as
the anode. In Fig. 4b, the full cells cycled at 1C were labelled as
LFP-Modified Cu@Li and LFP-Bare Cu@Li, respectively. The LFP-
Bare Cu@Li full cell exhibits an initial coulombic efficiency of
77.87% with a charge/discharge capacity of 170.4/132.7 mAh g™,
much lower than the one using the PMMA/PVDF modified
Cu@Li, whose initial coulombic efficiency is 88.31% and
charge/discharge capacity is 162.5/143.5 mA h g . In the subse-
quent cycling, the control sample suffered a rapid capacity
degradation during the first 10 cycles, which is mainly attributed
to the excessive irreversible consumption of active lithium when
the lithium source is fixed. By contrast, the full cell with modified
electrode retains an average coulombic efficiency of 99.5% for
over 250 cycles. In addition, Fig. 4c and d show the charge-
discharge profiles of two kinds of full cells at 1st, 50th, and
120th cycles. The full cell with modified Cu exhibits a much
remarkedly lower voltage polarization than the control sample,
confirming that the modified layer is favorable to realize stable
lithium deposition/stripping behavior.>?

3. Conclusions

In this work, a PMMA/PVDF porous coating was modified on a
copper substrate directly using an electrospinning technique. It
acts as an artificial coating to obtain uniform lithium deposi-
tion, protect the fragile SEI and relieve the dramatic volume

© 2021 The Author(s). Published by the Royal Society of Chemistry
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change of the anode. The affinity between the Cu substrate and
the electrolyte is significantly improved due to the gel protec-
tion layer in situ formed on the Cu current collector, which
decreases the lithium deposition barrier and the probability of
dendrite growth. Moreover, the synergistic effect of lithiophilic
PMMA and robust PVDF can induce a homogeneous Li* ion
distribution and accommodate serious electrode volumetric
changes during cycling, which are favorable for a stable elec-
trode interface and uniform lithium deposition. Owing to the
uniform lithium deposition and stable electrode interface
achieved by the gel protection layer, superior cycling perfor-
mance is achieved by the PMMA/PVDF modified electrodes in
Li/Cu cells; the resulting average coulombic efficiency reaches
98.2% for over 260 cycles at 1.0 mA cm 2 in an ether-based
electrolyte, and a stable cycling lifespan over 1400 h is achieved
in a Li/Li symmetric cell at 1 mA cm™ > with a specific capacity
of 1 mA h em™2. All in all, as an important aspect of electrode
surface modification, a binary blend polymer modified coating
with low interface resistance and high mechanical robustness
is prepared and is proven to be effective in improving lithium
metal anodes with a long cycling life.
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