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can be readily processed to fabricate an effective interfacial layer
are urgently required to aid the development of Li metal batteries.

Here we report a thin, robust and flexible interfacial layer with
3D interconnected pores based on a polymer of intrinsic
microporosity (PIM) that efficiently inhibits Li dendrite formation
and growth (Scheme 1b). The PIM used here, PIM-DMBP-TB,
features intrinsic microporosity, can be well dissolved in common
organic solvents and exhibits excellent film-forming property,
thereby enabling a massive-scale application via a simple spin-
coating method. We demonstrated that the DMBP-TB atrtificial
layer is stable and has excellent mechanical flexibility and a high
Young’s modulus that is enough to suppress Li dendrite growth[®>:
6, In addition, the DMBP-TB film has uniform well-interconnected
pores, providing uniform conduction of Liions. Our results confirm
that the Li deposition takes place underneath the PIM interfacial
layer without Li dendrites growth, stabilizing the electrochemical
performance and significantly extending the cycle lifetime of Li
metal anode. In constrast to the fast capacity fade due to Li-
dendrite formation of the bare Li-anode, the PIM-DMBP-TB
coated Li-anode provides stable performance over 200
continuous cycles, maintaing a coulombic efficiency of ~98.3%,
without noticeble capacity fade. A full cell assembled with
LiFePO, cathode and the PIM-DMBP-TB coated Li metal anode
delivers stable performance over 100 cycles and has a coulombic
efficiency of ~100%.
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S

Lithium Deposition

Scheme 1. Schematic illustration of Li deposition on different substrates. (a) On
a bare Cu electrode with Li dendrites after many cycles. (b) Guided deposition
through a PIM-DMBP-TB coated Cu electrode with suppressed Li dendrite
formation..

PIM-DMBP-TB (Figure. 1a) consists of dimethylbiphenyl
(DMBP) structural units fused together by the Troger's base
linkage (TB). It was synthesized readily from a commercially
available precursor, 4,4’-diamino-3,3’-dimethylbiphenyl, using the
previously reported TB polymerization method.'! The resulting
polymer was characterized structurally using *H-NMR and gel
permeation chromatography, which gave a weight average
molecular mass of 61 kmol g* relative to polystyrene standards
(Supporting Information and Scheme S1, Figure S1 and S2).114cl
The rigid V-shape bridged bicyclic TB linkage in the polymer
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backbone (Figure 1a) imparts the polymer with intrinsic
microporosity by preventing efficient chain packing.*> The BET
surface of PIM-DMBP-TB was determined as 340 m? g using
nitrogen adsorption at 77 K. Analysis of the low-pressure
adsorption data indicated an average pore size of ~ 9 A (Figure
S3), which is much larger than the diameter of Li ions (~ 1.8 A)
and Li atoms (~ 2.7 A). The ion conductivity of PIM-DMBP-TB was
measured to be 4.41x10*S cm * at 20 °C based on EIS spectra
(Figure S4). Considering the pore size of PIM-DMBP-TB, the
polymer film can only allow the transport of the less solvated
lithium ion instead of the fully solvated ones!*®. The PIM-DMBP-
TB acts as a sieve which consequently can greatly restrain the
unfavourable reaction between the Li metal and the electrolyte.
PIM-DMBP-TB is thermally stable up to 400 °C (Figure S5), which
is sufficient for Li metal battery applications. In addition, PIM-
DMBP-TB is highly soluble in common organic solvents, such as
chloroform, from which it is solution processable. A flexible film
can be easily fabricated by casting from solution as shown in
Figure 1b and Figure S6, S7. The modulus of the free-standing
PIM-DMBP-TB film is ~ 9 GPa, a value which is significantly
higher than the 6 GPa reported to be the minimum required to
suppress Li dendrite growth. [ &

Spin-coating was used to coat a PIM-DMBP-TB interfacial layer
with a thickness of 2 ym on a copper (Cu) current collector (Figure
S6). Analysis of the scanning electron micrographs of the coated
Cu electrode confirms the thickness of the layer and a uniformly
flat morphology (Figure 1c and 1d). The robustness of the PIM-
DMBP-TB coated Cu electrode was tested by being repeatedly
folded. Digital camera photos and optical images of the coated Cu
electrode indicate few cracks on the interfacial layer and no
obvious delamination of the polymer (Figure S8). This illustrates
the excellent mechanical flexibility of the PIM-DMBP-TB layer and
strong adhesion between the coating layer and the Cu electrode.
These properties are important for relieving stress generated from
the volume changes resulting from reversible lithiation during
charging/discharging.

@ i
)

DMBP-TB

Figure 1. (a) Structure of PIM-DMBP-TB. (b) A free-standing transparent PIM-
DMBP-TB film from solution casting. The 3D interconnected porous structure as
illustrated can provide evenly distributed Li* conductive pathways. (c) Top view
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and (d) cross-sectional SEM image of the PIM-DMBP-TB coating layer (~2 pm
thick) on a Cu electrode with neat and flat surface morphology.

To study the electrochemical performance of the PIM-DMBP-
TB coated anode, battery cells were assembled with Li metal foil
as the counter electrode and an ether-based electrolyte. A control
cell was also constructed with an uncoated Cu foil as the working
electrode. After 50 continuous stripping/plating cycles at a current
density of 0.50 mA cm? with plating Li metal on anodes to an
area-specific capacity of 1.0 mA h cm, the morphologies of the
Li deposition on the coated and uncoated Cu current collectors
were characterized using SEM. For the uncoated Cu current
collector, both the cross-sectional and top view SEM images show
an uneven surface with wire-like Li filaments clearly observed,
indicating the rapid dendritic growth of the deposited Li metal,
which breaks the SEI film, as shown in Figure 2a and 2c. This
result agrees with previous reports. 11 |n contrast, the PIM-
DMBP-TB coated current collector has a smooth and flat surface
and Li metal is deposited underneath the coating layer without
obvious dendrites (Figure 2b and 2d). The reason is becuase, by
coating the PIM-DMBP-TB polymer on the electrode, we
introduce a stable and uniform artificial SEI layer, instead of the
native unstable SEI. This thin artificial layer with uniform well-
interconnected porous structure and high mechanical modulus
can greatly improve the interfacial stability of Li metal anodes, by
providing uniform conduction of Li ions and mechanically
suppressing the further growth of Li dendrites. Besides, the
flexibility of this thin layer can relieve the stress from the volum
changes produced by lithiation. Thus, a smooth and flat surface
without obivous dendrites can be observed with the PIM-DMBP-
TB coating. The PIM interfacial layer shows very little variation
after long cycles of stripping/plating, indicating its good
electrochemical stability. Therefore, the prevention of Li dendrites
can be attributed both to the high modulus of the PIM-DMBP-TB
film that acts as a robust physical shield and its 3D interconnected
porosity, which guides Li flux during stripping/plating.

Figure 2. SEM images of uncoated (a,c) and PIM-DMBP-TB coated (b,d)
Cu electrodes after 50 cycles of 1 mA h cm? Li deposition at a current
density of 0.5 mA cm™. Cross-sectional SEM images of deposited Li on
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(a) a bare Cu electrode and (b) the PIM-DMBP-TB coated Cu electrode.
Top-view SEM images of deposited Li on (c) a bare Cu electrode and (d)
the PIM-DMBP-TB coated Cu electrode.

To further explore the inhibitive effect of the PIM-DMBP-TB
interfacial layer on the growth of Li dendrites, electrochemical
impedance spectroscopic (EIS) measurements were performed,
as shown in Figure S9. With continuous cycling, the active surface
area increases, leading to reduced interfacial impedances of both
anodes. However, the PIM-DMBP-TB coated Cu electrode
maintains its semi-circular shape over 80 continuous cycles,
implying a relatively stable interface between the electrode and
electrolytes. In contrast, for the uncoated Cu electrode after 80
cycles, the original shape of the spectrum is changed and splits
into two separate semicircles, which can be attributed to two
different electrochemical processes occurring, firstly, at the
electrode/electrolyte interface and, secondly, at the interface
between the Li dendrites and electrolyte, implying the growth of Li
dendrites on the uncoated Cu electrode.

A comparison of the electrochemical performances, including
Coulombic efficiency (CE), voltage profile and hysteresis, of the
control uncoated and PIM-DMBP-TB coated electrodes was
achieved using galvanostatic cycling. CE, defined as the ratio of
the amount of stripped Li to the amount of Li plated on the Cu
electrode in each cycle, is an important parameter for determining
cycle life-time. CE for both cells, as a function of cycle number at
various current densities, are shown in Figure 3a. For cells with
PIM-DMBP-TB coated anode, the CE is stable at ~98.3% over
200 cycles at 0.5 mA cm, 97.5% over 150 cycles at 2 mA cm?,
and 95.4% over 100 cycles at 4 mA cm?, respectively (Figure 3a).
Additional CE curves at 1 mA cm? and 3 mA cm are shown in
Figure S10. These values of CE for the cell incorporating the PIM-
DMBP-TB coated electrode, fabricated by a simple spin-coating
method, is comparable to or even better than those based on
electrodes with coatings fabricated from more complicated
procedures.[b¢ 112 171 |n comparison, the control cell with the
uncoated electrode exhibits a quick decay in CE and short cycle
life. At a low current density of 0.5 mA cm?, the average CE is
~98% for the first 100 cycles but drops below 70% after another
50 cycles. With a higher current density of 2 mA cm?, the CE
decreases rapidly to 90 % after 120 cycles and degrades
suddenly afterwards with a large fluctuation. After 150 cycles, the
CE is less than 50% because of severe formation of “dead” Li. As
the current density is further increased to 3 or 4 mA cm2 (Figure
S10b and Figure 3a), a value required for practical batteries, the
performance of the uncoated Li anode degrades further. For the
first 50 cycles at 4 mA cm, CE was retained at ~90% but then
sharply decreases to <60% after another 30 cycles (Figure 3a).
This degradation is caused by severe Li metal dendrite formation
induced by the rapid plating of Li atoms, depleting electrolytes so
fast that excessive “dead” Li is formed. This result is consistent
with a previous study reporting that higher current density could
lead to the initiation of Li dendrite formation. ¢!

The significantly improved electrode cycling performance of the
PIM-DMBP-TB coated electrode is also reflected in the reduction
of polarization (hysteresis) in the voltage profiles during Li
deposition/stripping. The Li deposition voltage is approximately -
26 mV (versus Li/Li+) for the PIM-DMBP-TB coated electrode and



©CO~NOOOTA~AWNPE

-42 mV (versus Li/Li*) for uncoated electrode. The Li stripping
voltage is 23 mV (versus Li/Li*) for the PIM-DMBP-TB coated
electrode and 38 mV (versus Li/Li*) for uncoated electrode, as
shown in Figure 3b. Thus, the over potential of the PIM-DMBP-
TB coated electrode during Li deposition and stripping is reduced,
compared to that of uncoated electrode. This reduced polarization
is an indication of a stable SEI on the coated electrode.l*%
Moreover, for the PIM-DMBP-TB coated electrode, the hysteresis
remains almost constant after the initial few cycles (Figure 3c),
which is attributed to the stable SEI layer.'¥ In contrast, the
voltage hysteresis of Li deposition/stripping gradually increases
for the uncoated electrode as the cycle number increases, and
reaches ~170 mV after 150 cycles, indicating an unstable SEI.
Overall, the hysteresis of the PIM-DMBP-TB coated electrode,
only ~55 mV after 200 cycles, is ~3 times smaller than that of the
uncoated electrode (Figure 3c). This can be attributed to the lower
charge transfer and internal resistance benefiting from the thinner
SEI layer®® as a result of the uniform Li deposition on the PIM-
DMBP-TB coated electrode surface.’® To demonstrate the
practical application of this PIM coating, a full cell utilizing a
LiFePO, cathode and the PIM-DMBP-TB coated Li metal anode
was assembled. This cell shows a high capacity of 143 mA h g*
and delivers stable performance over 100 cycles at the current
density of 0.5 C, as shown in Figure S11, which confirms the
benefit of using the PIM coating within a practical Li metal battery.
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Figure 3. Galvanostatic cycling of Li stripping/plating (discharge/charge)
on a bare Cu electrode and the PIM-DMBP-TB coated Cu electrode. (a)
Coulombic efficiency for discharging/charging Li on a bare Cu electrode
and the PIM-DMBP-TB coated Cu electrode at current densities of 0.5, 2,
and 4 mA cm with total capacity of 1 mA h cm? (b) Discharge/charge
voltage profiles for Li stripping/plating on a bare Cu electrode and the PIM-
DMBP-TB coated Cu electrode from the 10th cycle, at a current density of
0.5 mA cm™. (c) Voltage hysteresis comparison for the Li stripping/plating
process on a bare Cu electrode and the PIM-DMBP-TB coated Cu
electrode at a current density of 0.5 mA cm2.

In summary, we demonstrate that a novel microporous polymer
coating on a lithium metal anode provides an interfacial layer that
suppresses dendrite growth. This is achieved due to the
microporosity of PIM-DMBP-TB, which helps to guide a uniform
Li-ion flux during cell cycling, and its high Young’s modulus that
forms a robust barrier to dendrite growth. The film strongly
adheres to the metal electrode surface and is sufficiently flexible
to relieve the stress due to the volume changes produced by
lithiation. Thus, the PIM-DMBP-TB film appears both
mechanically and chemically robust during operation of the cell.
In addition, the PIM-DMBP-TB interfacial layer enhances the
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electrochemical performance of the anode, resulting in improved
CEs and a longer and more stable cycle life. Additionally, the
polymer can be readily coated onto electrodes by simple spin-
coating, a low-cost fabrication process which is compatible with
practical mass production. Therefore, it is anticipated that the use
of PIM-DMBP-TB as an interfacial layer will contribute to the
future development of high-performance Li metal batteries.
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