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ABSTRACT: A fundamental challenge, shared across many energy storage devices, is
the complexity of electrochemistry at the electrode—electrolyte interfaces that impacts
the Coulombic efficiency, operational rate capability, and lifetime. Specifically, in
energy-dense lithium metal batteries, the charging/discharging process results in
structural heterogeneities of the metal anode, leading to battery failure by short-circuit
and capacity fade. In this work, we take advantage of organic cations with lower
reduction potential than lithium to build an electrically responsive polymer interface
that not only adapts to morphological perturbations during electrodeposition and
stripping but also modulates the lithium ion migration pathways to eliminate surface
roughening. We find that this concept can enable prolonging the long-term cycling of a
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high-voltage lithium metal battery by at least twofold compared to bare lithium metal. /_'fk

B INTRODUCTION

Advancements in emerging automobiles and electronic devices
rely on the fundamental and technological development in
energy storage capabilities. The development of lithium ion
batteries (LIB) has proven to be a paradigm shift in several
applications ranging from portable electronics to electric
transportation to renewable energy storage.' ® However, the
increased demands from these applications call for specific
energy and energy density higher than graphitic anodes based
LIBs. It is well-known that the replacement of graphite anode
with a metallic lithium can significantly boost the anode-specific
capacity from 372 to 3860 mAh g, in addition to the
possibilities of utilizing lithium-free cathodes like sulfur or
oxygen.7_13

The lithium metal batteries (LMB), which are considered as

the “Holy Grail” of future Li-based batteries, are yet to be widely
adopted for commercialization due to battery short-circuits and
poor cycle life. These issues are rooted in the unstable interface
between lithium metal anode and the electrolyte. The highly
reactive lithium metal forms a layer of insulating solid—
electrolyte interface (SEI) when exposed to liquid electrolyte.
The intrinsic mechanical brittleness of this SEI layer and the
large volumetric change during lithium cycling result in the
fracture of the SEI layer and the formation of an uneven
SEL¥'>"*~'7 The roughened anodic surface causes electric field
localization at the surface irregularities. This results in a
heterogeneous nucleation and deposition of lithium metal
during the electrodeposition (charging) process. This process is
naturally self-amplifying, as irregular lithium deposition serves as
the new heterogeneous nucleation site.*”'" Without inter-
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vention, the battery will face a cascade of failure mechanisms like
dendritic growth and enhanced electrolyte decomposition.

Many past works have attempted to address the aforemen-
tioned interfacial instabilities using a variety of approaches such
as nano/microstructures that geometrically confine the lithium
metal to reduce the volumetric changes during charge and
discharge,lg_25 electrolyte mixture modifications,” >’ chemical
additives in the electrolytes to promote the formation of a
mechanically robust SEI layer,’*™* tuning solvation structures
of liquid electrolyte solvents,”******" sacrificial coatings and
other lithium metal pretreatment to alter the nucleation and
deposition dynamics,*'~** and so forth. A commonality in these
approaches is the deliberate modification of the interfacial
chemistry, morphology, or mechanics using an artificial SEI layer
to enable fast and uniform ion transport and facilitate reversible
volume changes during lithium metal plating and stripping.**~>"
Although many of these methods have proven effective, the
problem of Li metal anode interfacial stability is still not yet
solved, and the understanding of the underlying physical—
chemical complexities is still limited.

We hypothesize that an effective method to address the
lithium anodic interfacial instability is to fundamentally alter the
lithium ion deposition pathways by electrostatically blocking the
heterogeneous surface regions that concentrate lithium ions due
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Figure 1. Polyionic liquid (PIL) as the anodic coating for lithium metal batteries: (a) lithium metal battery with polymer-coated anode; (b) the
concentrated electric field at the vicinity of surface protrusions causing the self-amplifying dendritic deposition of lithium ions; (c) PIL coating on
lithium metal anode. During Li* deposition, cations in the PIL coating remain electrochemically stable and can effectively shield the Li* ions, resulting

in flatter and more homogeneous deposition.
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Figure 2. Reduction potential of organic cations. (a) Chemical structures of organic salts in this study. They are composed of TFSI™ anion and various
cations (Pp*, brown; Py*, blue; Am*, orange; Im*, purple; Pi*, gray). (b) I-V curve: current density recorded when voltage was linearly swept from 0 to
—6 V using the organic salts. The voltage is referenced to standard hydrogen electrode (SHE). The dashed line marks the voltage where the slope of the
I-V curve deviated corresponding to the reduction potential of the cations. (c) Bar chart comparing the reduction potential of organic cations
(measured) and metallic cations (¥°>) to that of Li* (marked by the line).

to a high electric field. This can be experimentally implemented
using electro-inactive cations at the interface that can “shield”
the inhomogeneous protrusion on the electrode surface to
neutralize the electric field landscape. However, this strategy can
be successful only when it is ensured that these electro-inactive
cations do not undergo reduction during the lithium deposition
process. In other words, their reduction potential needs to be
even lower than that of Li* ions that already have the lowest
intrinsic reduction potentials among metallic cations. Previously
Ding and co-workers®” pointed out that Cs* can achieve lower
reduction potential than Li* by tuning its concentration based
on the Nernst equation. Furthermore, it was shown that the
addition of Cs* ions in an electrolyte resulted in improved
lithium deposition morphology and battery operation.’”
However, the concentration-dependent electrochemical stabil-
ity of Cs" ions can be undermined by their localized aggregation
at the electrode surface, resulting in the reduction of Cs*.

Instead of using free cations, here we propose to tether the
cations onto a polymer backbone to form a polyionic liquid
(PIL) coating which would homogenize the electric field
distribution on the electrode surface and promote uniform
lithium deposition. Incorporation of such cations in a polymer
coating on the lithium anode is a facile method that does not
alter existing manufacturing capabilities and also limits their
interaction with other battery components. Building on previous
studies on anodic coating using polymers like poly(ethylene
oxide) (PEO),”* poly(dimethylsiloxane) (PDMS),** Nafion,*®
single-ion conducting polymer,*® and poly(vinylidene fluoride)
(PVDEF),*" the interfacial material in this work is designed to be
chemically inert with lithium, possess a conducting pathway for
lithium conduction, and be mechanically robust for adapting to
rapid volume changes. We show that the PIL interface is
chemically stable even at ultranegative potentials of lithium
reduction (<—3.04 V vs SHE) and results in improved lithium
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deposition morphology as well as superior cycling performance
of a lithium metal battery.

B RESULTS

Electrostatic Shielding with PIL Coating. The schematic
of Figure la illustrates a lithium anode coated with a PIL
containing electro-inactive cations. In the absence of any
coating, the concentrated electric field at the surface protrusion
triggers a self-amplified surface-roughening process of lithium
deposition (Figure 1b). The presence of cations is hypothesized
to neutralize the radiating electric field and helps to homogenize
lithium deposition pathways. Figure 1c showcases the “cationic
shielding” phenomenon where the presence of the PIL coating
results in redistribution of Li* ions away from the surface
protrusions leading to a more uniform topology. The
physiochemical prerequisites of the PIL polymer coating for
the cationic shielding mechanism are the following: (1) the
cations in the PIL backbone should have a lower reduction
potential than that of Li*; (2) sufficient mobility of the polymer
chains is essential for electric-field-based response of the cations.
The following sections will discuss the experimental results and
analysis to determine how a PIL meets these requirements.

Cations for Electrostatic Shielding. Here, we screen a
plethora of cation structures to examine their reduction
potential. Figure 2a shows the composition of organic salts
examined in this study: the same anion bis(trifluoromethane)
sulfonimide (TFSI™) is paired with five different cations,
piperidinium (Pp*), pyrrolidinium (Py*), ammonium (Am*),
imidazolium (Im*), and pyridinium (Pi*). These ionic liquids
are synthesized in the lab, and their chemical structures are
verified with hydrogen nuclear magnetic resonance spectrosco-
py (H NMR). The synthesis schematics and H NMR spectrum
are shown in Supporting Information Figures 1-2. The
reduction potentials of these salts are measured using linear
sweep voltammetry from 0 to —6 V using a three-electrode setup
composed of glassy carbon working, Pt counter, and Ag/AgCl
reference electrodes in saturated KCI solution. As shown in
Figure 2b, the corresponding reduction voltage (vs SHE) of
these salts is assigned to the onset point of an abrupt increase in
the anodic current. Figure 2c summarizes and compares the
reduction potentials of organic cations measured in this study
and two metallic cations Cs* and Rb*, which have reduction
potentials closest to lithium based on previous literature.’”
Interestingly, we find that the Pp* and Py" cations are stable up
to potentials as low as —3.22 and —3.16 vs SHE, which are 0.18
and 0.12 V below lithium ion, respectively. To evaluate the effect
of scanning voltage rate on the reduction potential of the system,
reduction of Py*TFSI” ionic liquid was conducted at two
different scan rates, as shown in Supporting Information Figure
3, and similar reduction onset voltage was observed. On the basis
of these observations, we postulate that artificial interfaces
comprised of these organic cations can be electrochemically
stable even during lithium ion reduction (Li* + e~ — Li).

Beyond electrochemical stability, maintaining chemical
stability at the interface is also important for sustaining long-
term battery operation. The growth in interfacial impedance of
LillLi symmetric cells comprised of ionic liquids as electrolytes is
recorded as a function of time, which is known to be directly
related to the extent of chemical reaction at the interface.
Supporting Information Figure 4 shows that the interfacial
resistance of Pp*TESI™ is highest among the different salts under
study. On the contrary, other salts maintain a relatively stable
interface over time after the initial formation of a passivating

layer. The interfacial resistance after 70 h was in the following
order: Pp*TFSI” > Am'TESI” > Pi*TFSI ~ > Py"TESI” >
Im*TESI™. Thus, on the basis of electrochemical and chemical
stability analyses, we determine that Py"TFSI™ salt is the ideal
candidate for interface design.

To analyze the impedance buildup when lithium metal is in
contact with the small molecules of ionic liquids, we assembled
LilLi symmetric cell with 70 uL of ionic liquid sandwich in the
middle. The cell is rested at room temperature for 3 days before
being disassembled, and the lithium surface is examined with X-
ray photoelectron spectroscopy (XPS) to measure the chemical
composition of the surface. The XPS analysis in Supporting
Information Figure S revealed similar surface chemistry when
lithium is in contact with Pp*TESI~, Py"TFSI”, and Am*TFSI".
Based on the C 1s XPS results, the surface shows reaction
products from both cation and anion breakdown (—C—SOx, C
1s, ~289 eV, —C—S, C s, ~286 V). From the N 1s and S 2p
profile of the lithium surface, we notice that Am*TFESI™ has less
products from TFSI™ anion breakdown (—N—SOx, N 1s, ~398
eV, —=SOx, S 2p, 167 eV) and more product from lithium
reduction (—Li—N, N 1s, 396.3 eV —LixS, S 2p, ~162 eV). This
is in accordance with our cyclic voltammetry measurement
where Am*TFSI™ has reduction potential lower than that of
lithium ion, while Pp*TFSI” and Py*TFSI” have higher
reduction potential.

Designing the PIL Interface. The PIL chemistry is
proposed to be designed for effective inhibition of electro-
chemical instability on the lithium surface by incorporating
Py"TESI™ small molecules while ensuring high mobility of the
cationic polymer chains. As shown in Figure 3a, we use a free
radical polymerization technique to synthesize polymers
comprised of Py*TESI™ salts and fluorinated acrylic (FA) side
chains in different ratios. The detailed synthesis methods are
provided in Supporting Information Figures 6—7 and
Supporting Information Table 1. The different ingredients of
this polymer synergistically contribute to our design principle.
The Py* cations modulate the lithium ion deposition pathway,
and the counteranions (TFSI”) form dynamic ionic bonds to
enable polymer self-healing and viscoelasticity. The FA side
chains are chemically stable and inert, and they can limit the
electrolyte access to the lithium metal for undergoing side
reactions. Additionally, the FA side chains also impart flowability
to the polymer by lowering its glass transition temperature (Tg)
and increasing segmental mobility. The relative content of ionic
and fluorinated components in the polymer can influence the
degree of mechanical and ionic properties. We systematically
vary the ionic and fluorinated side chains in the backbone that
resulted in large variations of the polymer mechanics from liquid
to solid as shown in Supporting Information Figure 8. The PILs
are named from O to 100, based on the molar percentage of
Py"TFSI” side chains added to the polymerization reaction
mixture.

The composition of PIL polymers was examined with
hydrogen and fluorine nuclear magnetic resonance spectroscopy
("HNMR and "’F NMR), as shown in Figure 3b. The 'F NMR
displays all peaks in the spectra, and the full "H NMR spectra for
various PILs are shown in Supporting Information Figure 9. In
"H NMR, the —CH, groups on both FA and Py" moieties are
chosen for comparison, with the area under the peak of —CH,
for FA set to 2 as the standard. In 'F NMR, the two —CF,
groups on TFSI™ are compared with that on the FA moiety with
the area under the curve of the —CF; group on FA set to 3 as the
standard. We also find that the two —CF, groups on the FA show
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Figure 3. Chemical structure of the PIL. (a) The PIL is composed of
two side chains: ionic acrylate (blue, Py*TFSI") and fluorinated
acrylate (red, FA). The Py"TFSI” side chain contains cationic
“shielding” groups and increases the ionic interaction among polymer
chains, while the FA is inert and improves the polymer’s mobility. The
shaded hydrogen groups (dark shade) and fluorine groups (light shade)
are identified in the (b) NMR spectra, where the area under the
identified peak was integrated to calculate the relative ratio between the
two side chains. The CF; group in FA is marked F1, and the two other
CF, groups are marked F2 and F3, corresponding to the numbering in
part a. (c) Fitting of the feed and yield parameter FA and Py*TFSI™
monomers using the Mayo—Lewis equation to identify their reactivity
ratios (marked on the graph). (d) The glass transition temperature
(Tg) of the PILs is plotted against the weight percentage of the
Py"TFSI” side chain measured in NMR. They are fitted to the
Gordon—Taylor equation, and the Tg values at 0 and 100 wt %
correspond to the polymers PIL O (measured) and PIL 100
(calculated), respectively.

a magnitude close to 2 in the spectrum, which confirms the
chemical composition of FA. In both '"H NMR and "F NMR
spectra, the PILs with higher content of Py*TESI™ show higher
NMR peak intensity of the corresponding functionalities. Also,
the calculated amount of Py" ("H NMR) matches with that of
TESI™ (*F NMR), thus confirming the 1:1 ratio of Py* cation
and TFSI™ anion.

In addition to the chemical composition, a detailed
examination of the monomer feed and polymer yield ratios of
various PILs can lead to useful insights about the polymer
configuration. The analysis was performed using previously
reported graphical methods of fitting the feed and yield ratios
using the Mayo—Lewis relationships with Fineman—Ross and
Kelen—T1d6s corrections. The equations are as follows:

[+rz] r, G H
= |r = - =; = ;
n 1 aﬂ n e+ H

a a+ H; #
= \/HminHmax

G

_fCE-D L fO-B)

TU-pHR T a-pE YT

Here, f;, F, and r; are the feed, yield, and reactivity percentage of
the monomer; while the subscripts 1 and 2 stand for Py TFSI™

and FA, respectively. The details of the fitting method can be
found in previous literature.”**” Figure 3c shows the plot of
product parameter 7 against feed parameter . Combining the
above-mentioned equations, we can linearly fit the product and
feed parameters and find the absolute values of 7at ¢ =0 and 1 to
determine the reactivity ratios of Py*TFSI™ and FA monomers.
The identified reactivity ratios of Py*TFSI™ and FA monomers
are similar to each other and close to one, which indicates that
both monomers are equally likely to react with themselves and
the other monomers, and thus the configuration of the two
polymer side chains is random.

To understand the morphology of the copolymer, small-angle
X-ray scattering (SAXS) experiments were performed on PIL
samples with various ionic contents. As shown in Supporting
Information Figure 10, the scattering profiles of all these
polymers have no indication of secondary structures in the
polymer, revealing that the charges are uniformly distributed in
the polymer.

The effect of polymer compositions on the Tg of PILs is
measured with differential scanning calorimetry (DSC) and
plotted against the weight percentage of the Py"TFSI™ side chain
calculated from NMR measurements (Figure 3d). As the ionic
content in the polymer increases, the Tg values of the polymers
rise from —15 °C to over 70 °C, which exemplifies our
hypothesis that increasing ionic content leads to higher ionic
interaction and polymer rigidity. The experimentally obtained
Tg of the polymers is in good agreement with the Gordon—
Taylor relationship™® that predicts the Tg of random copolymers
based on their weight percentage of individual side chains. The
polymer Tg is related to the temperature threshold below which
the segmental motion of the polymer chain is thermodynami-
cally arrested. As an important criterion of PIL polymers at the
interface is their charge-induced mobility, we determine that
polymers with higher ionic content than PIL 25 will be
unsuitable for room temperature battery applications as their Tg
values exceed 25 °C.

Characterizations of PILs. The systematic variation of PIL
copolymer composition provides an opportunity for under-
standing their structure—property relationships. The mechanical
properties of the PILs are examined with oscillatory shear
rtheological measurements. Figure 4a reports the frequency-
dependent storage (G’) and loss (G”) modulus in the linear
viscoelastic region at 25 °C that is obtained by time—
temperature superposition of rheological data measured at
different temperatures. We observe that, similar to the trend in
the DSC measurements, increasing ionic (Py*TFSI™) content in
the polymers leads to enhanced stiffness. The PIL 0 polymer
shows the rheological response of a Newtonian liquid such that
the G’ and G” decay with characteristic slopes of 1 and 2,
respectively. As the ionic content increases in the PIL, the
polymer modulus increases, and PIL 5, PIL 10, and PIL 15 show
viscoelastic liquidlike behavior with its slope deviating from 1
and 2 at the high-frequency region. On the contrary, PIL 25
behaves like a viscoelastic solid, such that G’ > G” at the high-
frequency range, followed by a crossover and flow behavior (G”
> G) at the low-frequency range. The increased ionic content
and rise in secondary ionic interaction in the polymer are
attributed to the observed rise in mechanical properties in
rheological measurements.

The ionic conductivity of PILs also shows significant variation
as a function of the ionic content. Here, we sandwich the PILs
(in the absence of additional salt and liquid) between two
stainless steel electrodes and measure the bulk resistance of the
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Figure 4. Physical property of the polymers: (a) rheological frequency sweep measurements of polymers with different ionic content. Storage modulus
(G, filled circles) and loss modulus (G”, unfilled circles) are measured across different frequencies. The time—temperature superposition (TTS)
technique was utilized to obtain a wide frequency range; they are superpositioned to the temperature of 25 °C. The characteristic slopes of 1 and 2 for
G’ and G” vs frequency at the terminal relaxation region is drawn. (b) Ionic conductivities of PILs calculated based on impedance spectroscopy
measurement of polymeric samples sandwiched between steel electrodes at a fixed temperature. No salt was added to the measured polymer. (c)
Rheological frequency sweep measurements of PIL 15 with different anions. This measurement is conducted in accordance with the details in (a). (d)
Ionic conductivities of PIL 15 with different anions (without any addition of electrolyte or salt). (e) Schematics showing the “scratch-healing behavior”
of viscoelastic PIL 15 polymer and the corresponding bright-field optical microscopy image taken at different times of the healing process. The bright
strip indicates the scratch with reduced thickness of the coating and increased light transmission. When the electric field is applied to the polymer
through the conductive ITO substrate, the concentrated electric field at the scratch boundary accelerates the restoration process. Scale bar: 50 ym.

polymer using impedance spectroscopy at 80 °C (Supporting
Information Figure 11). Unlike the polymer mechanics, the
ionic conductivity does not show a monotonic relationship with
the ionic content. Instead, the ionic conductivity of the PILs
shows a peak in magnitude at PIL 1S5. It is postulated that
polymers with low ionic content like PIL S and PIL 10 do not
have sufficient amounts of dissociated mobile ions, while the
polymers with higher ionic interaction like PIL 25 and PIL 50
polymers have limited segmental motion of polymer chains. The
PIL 15 has the optimum ion content and sufficient polymer
chain mobility, resulting in higher ionic transport.

Since the polymer coating on the lithium anode is designed to
prevent side reactions between the liquid electrolyte and the
electrode, its swelling behavior is of importance. The swelling
test on the PIL 15 polymer showed that its weight has increased
by a mere 9.1% after prolonged soaking in the electrolyte. Thus,
the PIL 15 coating can essentially block the electrolyte access to
lithium electrode at such a low swelling rate, as noted in an
earlier study.*® We also investigated the ionic conductivity of the
PIL 1S polymer after electrolyte soaking (Supporting
Information Figure 12), where we observed an increase in the
ionic conductivity after the polymer is soaked in ether-based
electrolytes.

The durability of the coating layer is examined by soaking a
Cu foil spin coated with PIL 15 polymer in 10 mL of DOL/DME
1 M LiTFSI 1% LiNOj electrolyte for 100 h and examining the
coating integrity with cross-sectional scanning electron micros-
copy SEM before and after. Based on Supporting Information
Figure 13, the PIL 15 coating remains intact.

The mechanical property and ionic conductivity of the
polymer not only depend on the ionic content but also rely on
the cation—anion interactions. To examine the effect of anion
chemistry on the PIL’s mechanical and ionic property, we fix the
ionic content to PIL 15 and the cation to Py" and pair it with
three different anions: TFSI™, BF,”, and Br™. These monovalent
anions have different sizes, with TFSI™ being the largest and Br~
being the smallest. For the same valency, larger anions can
effectively disperse the charge concentration, resulting in weak
ionic interaction and lower modulus. As illustrated in Figure 4c,
PIL 15 with Br™ anion (smallest in size, most concentrated ionic
charge) has the highest modulus shown in the rheological
measurements due to strong ionic interactions. The increased
rigidity and subdued segmental motion of polymer chains also
impact the ionic conductivity. As shown in Figure 4d, PIL 15
with TFSI™ anion has the highest ionic conductivity, while the
one with Br™ anion has the lowest conductivity. As a coating on
the lithium anode surface, PIL should be optimized for
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maximum ionic conductivity to facilitate lithium transport and at
the same time maintain high mobility for Py" cations for
responding to any concentrated electric field on the lithium
anode. Thus, we believe TESI™ anions are suitable for PIL
coating that yields ideal mechanical and ionic properties.

The ionic functionalities in the PIL polymer further affect its
response to an electric field such that we observed an accelerated
self-healing of the PIL 15 polymer when subjected to a potential
difference (Figure 4e). Due to the flowable nature of PIL 15
(Py"TFSI™) at room temperature, the mobility of polymer
chains can “heal” a scratch on its surface in 8 min. However, this
process can be expedited by two times when an electric field is
applied perpendicular to the scratch on the polymer. This
demonstration was done specifically on a glass substrate, where
PIL 15 was coated between two parallel conductive ITO strips,
and a 30 V potential was applied across the ITO electrodes,
resulting in a “scratch-healing time” of 4 min, as shown in
Supporting Information Video 1. As the polymer remains at
room temperature, we attribute the accelerated healing of the
polymer to be capacitive instead of an induction heating
response of the polymer due to the electric field. We hypothesis
that the ionic groups in the polymer are polarized by the
imposed electric field, resulting in charge concentration across
the scratch boundary. The Coulombic attraction from opposite
charges facilitates the polymer chain motion causing accelerated
healing of the polymer. The observed behavior showcases that
the polymer chain motion can be driven and expedited by an
electric potential gradient.

Electrodeposition and Battery Performance. The
ability to progressively vary the mechanical and ionic properties
of the PIL polymers provides an opportunity to systematically
study the effects of these characteristics on lithium metal
electrodeposition stability. First, we want to examine the impact
of PIL coating on the Coulombic efficiency (C.E.) of lithium
plating/stripping. Here, we coated Cu electrodes with different
PIL polymers and characterized the C.E. in LillCu cell
configuration with current density 0.5 mAh/cm* and 1 mAh/
cm? capacity usin g a pre-established protocol of a modified
Aurbach method.” The polymer-coating thickness is main-
tained at ~0.9 pm for different PILs (see Supporting
Information Table 2). Interestingly, we found that the efficiency
is the highest with the PIL 15 coating (Figure Sa), which is also
the polymer with the highest ion conductivity and flowable
mechanical property among other polymers in this study. In
comparison, the cell with PIL 25 coating shows a lower
Coulombic efficiency under the same conditions. We hypothe-
size that PIL 15 has a higher degree of response to
morphological changes on the electrode surface, making it
more effective at modulating the localized electric field by the
aforementioned shielding mechanism. On the other hand, the
relatively rigidity of the PIL 25 coating can limit its cationic
mobility on the electrode surface. For coatings with lower ionic
content (PIL 10 and PIL 0), the absence or lack of Py* ions in
the polymers results in lower Coulombic efficiency. It is also
seen that the C.E. of the PIL 0 coating is even lower than that of
bare Cu electrode. This can be rationalized by the fact that PIL 0
lacks ionic conduction channels that can lead to charge buildup
across the interface causing degradation of the polymer. This
hypothesis is corroborated by LillLi cell cycling data discussed
later. Additionally, we also assess the C.E. when Py"TFSI™ jonic
liquid is used as a small-molecule additive in the electrolyte. The
amount of Py'TFSI” small molecules in the electrolyte is
maintained to be same as that of Py"TFSI™ molecules in the PIL
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Figure 5. Coulombic efficiency and deposition morphology. (a)
Coulombic efficiencies of LillCu cells measured at the current density
0.5 mA/cm? with 1 mAh/cm? capacity. *: 2 wt % Py"TFSI™ ionic liquid
was added to the electrolyte. SEM top-down view of deposited Li on Cu
electrode at 0.1 mA/cm? current density for 0.1 mAh/ cm? in DOL/
DME 1 M LiTFSI 1 wt % LiNO;. The Cu electrode is either (b) bare or
(c) PIL 15 coated. Scale bar: 30 um. The size distribution of lithium
deposition is included and fitted to a Gaussian distribution function.
The average sizes of the lithium deposition are listed. (d) The
Coulombic efficiencies measured from LillCu cells in ether-based
electrolyte from this study and previous studies*”**°' are plotted
against the “deposition size factor” in log scale.

1S coating. Unlike being tethered to a polymer chain and
physically restricted to the anode, small-molecule electrolyte
additives are free to diffusion in the electrolyte. We find that the
C.E. significantly dropped when small molecules of Py"TFSI™
were introduced because of side reactions. Using impedance
spectroscopy, we validated our hypothesis by showing that the
small-molecule Py*TFESI™ additive in the electrolyte increased
the interface impedance in comparison to the control electrolyte
(no additives), while the PIL 15 coating maintained similar
interfacial impedance compared to the control (Supporting
Information Figure 14). The interfacial impedance of the LillLi
symmetric cell with PIL 15 coating stabilized around 300 ohms
after 100 h, as revealed by electrochemical impedance spectra
(EIS) in Supporting Information Figure 15. The Coulombic
efficiency of LillCu cells with and without PIL 15 coating is also
characterized in 1 M LiPF6 EC/DEC electrolyte, where the
addition of the PIL 15 coating layer improved the measured C.E.
(Supporting Information Figure 16).

We further analyzed the electrodeposition morphology using
scanning electron microscopy (SEM) after plating 0.1 mAh/cm*
lithium metal on copper electrode with and without the PIL 15
coating in a LillCu cell. Lithium nuclei deposited on bare Cu
substrates have an average diameter of 2.1 ym, as shown in
Figure Sb. In comparison, deposition on PIL 15 coated Cu
electrode shows larger lithium nuclei, with an average diameter
of 4.5 um (Figure. Sc). For each sample, the size average and
distribution of the lithium nuclei are extracted from over 100
nuclei and multiple measurements. The detailed measurement
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Figure 6. Long-term electrochemical characterization. (a) Strip and plate of LillLi cells over cycles with coated/uncoated Li electrodes (red, PILO
coated; blue, PIL1S coated; gray, bare Li). (b) LillNMC 532 cell cycling with either PIL 15 coated (blue) or bare (gray) 25 ym Li foil and (c) the charge
and discharge voltage plotted against capacity for LillNMC cells at cycle 3 and 3S.

method on nuclei size extraction can be found in Supporting
Information Figure 17. Lithium deposition morphology is also
investigated in the same electrolyte (DOL/DME 1 M LiTFSI 1
wt % LiNO;, Supporting Information Figure 18) with higher
deposition capacity (1 mAh) and in another ether-based
electrolyte (DME 1 M LiFS], Supporting Information Figure
19). For both cases, SEM images show that the deposited
lithium under the PIL 15 coating has regular granule, in contrast
to the fibrous structure of lithium deposited on bare Cu
electrode.

To understand the lithium deposition morphology when the
pressure is not exerted to the deposited lithium, a LillCu cell with
PTFE ring spacer is assembled to avoid the pressure from the
separator. As shown in Supporting Information Figure 20, with
the presence of the PIL 15 polymeric coating, deposited lithium
exhibits granular regular morphology, and the lack of PIL 15
polymer coating showcases dendritic lithium deposition
structures.

The improved morphology is derived from the cationic
shielding effect of PIL polymer coating blanketing the lithium
deposition underneath (Supporting Information Figure 21). To
validate this hypothesis, the lithium depositions on PIL 15
coated and Li-deposited Cu electrodes were analyzed using X-
ray photoelectron spectroscopy (XPS) along with Ar ion
sputtering. Careful analysis of the XPS depth profiling result
shows that the top layer of the electrode is dominated by
carbon—fluorine bonds (—CF,/—CF;, ~688 eV, F 1s, ~299 eV,
C 1s), carbon—oxygen bonds (—C—0/—C=0, ~287 eV, C 1s,
~532 eV, O 1s), and carbon—carbon bonds (—C—C, ~285 eV,
C 1s), confirming the presence of the polymer layer on top of the
lithium deposition. Argon sputtering of the sample indicated a
SEI layer underneath the polymer, as revealed by the detection
of lithium—fluorine bonds (—LiF, ~685 eV, F 1s, 55.5 eV, Li 1s)
and lithium—oxygen bonds (—Li—0, 529 eV, O 1s, ~54 eV, Li
1s). Further sputtering showed signals of lithium metal bond
(—Li, ~53 eV, Li 1s), supporting the hypothesis that lithium
deposition occurs beneath the polymer-coating layer. We also
validate this hypothesis using cross-sectional SEM images
showing the layer of PIL 15 coating on top of deposited lithium
(Supporting Information Figure 22).

To understand the role of PIL coating on the lithium
deposition, we measured the exchange current density of lithium
deposition with and without the presence of PIL 15 coating
using a microelectrodes setup. The exchange current density
describes the rate of electron transfer at zero overpotential. By
performing at a high-rate cyclic voltammetry scan on the
microelectrode, the mass-transfer-related limit is lifted, enabling
us to observe the reaction kinetics of the system. Without the
presence of a polymeric coating, the exchange current density is
measured at 33.9 mA/cm?, similar to past values reported in a
similar setup and electrolyte (Supporting Information Figure
23).>*° With a layer of dip-coated PIL 15 coating on the
electrode, the exchange current is dropped by threefold,
indicating that the reaction rate on the electrode surface has
been reduced. With a layer of nonionic coating (PIL 0) on the
surface, the lithium ijon has a limited pathway to conduct
through the coating, and the mass transfer limit of the surface has
been reached. The microelectrode exchange current density
measurement has showcased that ionic units in the polymer
(PIL 15) are the main channel for lithium conduction through
the coating. When lithium is effectively transported through the
coating, the presence of ionic shielding units like Py" lowers the
reaction kinetics of lithium deposition and thus lowers the
exchange current density.

To quantify the effect of PIL 15 coating on lithium
morphology, we utilize a nondimensional number of “deposition
size factor”, which is defined as the ratio between the deposition
size in the presence of a coating and that of a bare Cu electrode.
We find that the PIL coating results in a deposition size factor of
2.14 (4.5 pm/2.1 pm), corresponding to an increment in
deposition size by over two times. We extend this size change
analysis to previous studies of polymeric>*®" and micro-
structure™ interfaces on lithium metal anode in ether-based
electrolytes and correlate the deposition size factor to the
measured C.E. Figure 5d shows that the increase in Coulombic
efficiency is directly related to the lithium deposition size. The
deposition size factor is plotted in a logarithmic scale to
accommodate a wide range of the values, and the deposition size
when no coating is applied is marked by the line when the size
factor is one. Details of the deposition and C.E. measurements
for all the previous studies displayed are listed in Supporting
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Information Table 3. For samples with the size factor larger than
one (increase in lithium deposition size), the C.E. approaches or
surpasses 99%, with the PIL 15 coating having one of the highest
size factors and C.E. This indicates that the incorporation of Py*
cation in the polymer is an effective interfacial strategy toward
large lithium deposition structure and improved Coulombic
efficiency.

To evaluate the long-term cycle stability of the PIL 15 coating
on lithium surfaces, we performed galvanostatic charge and
discharge tests in symmetric lithium cells. We found that the PIL
15 were capable of maintaining stable cycling of the batteries for
over 500 cycles both at 1 and 2 mA/cm? current densities, while
cells with bare lithium failed in 200 cycles. As shown in Figure
6a, the zoomed-in window of the voltage profile around the
cycles of cell failure exhibit a decrease in operation voltage,
indicative of cell failure by a short-circuit event. We also analyzed
the battery performance using the PIL O coating and observed
that the symmetric cells experience close to 0.2 V overpotentials
in the initial stages of cycling, followed by an abrupt drop in the
voltage profile associated with short-circuiting or interfacial
breakdown at 20 cycles. Due to the absence of any ionic groups
in the PIL 0, the lithium transport across the interface is
impeded, resulting in the observed high overpotentials in the
initial cycles and eventual failure.

The PIL 15 coating is examined in the LillNMC full cells,
where the polymer is applied to a 25 ym (S mAh/cm?) thin
lithium anode foil and paired against a NMCS32 anode with 2.7
mAh/cm? capacity. The battery is cycled in the voltage range of
2.7 and 4.3 V. In comparison to cells with bare lithium anodes,
the battery with PIL 15 coated anode shows higher retention of
battery capacity (Figure 6b). The lifetime of the battery can be
determined by the number of cycles taken for the cell to reach
80% of its original capacity. The cell with PIL 15 coated anode
has a lifetime close to 70 cycles, whereas the uncoated anode’s
lifetime is registered to be about 35 cycles. The voltage profiles
of the coated and uncoated LilINMC cell at cycle 3 and 35 are
displayed in Figure 6¢, showcasing that the cell with PIL 15
polymer coated Li anode has lower overpotential than without.
Similar observation of improved cycle life with coating was
found in three replicated pairs of coated/uncoated LillNMC
cells (Supporting Information Figure 24).

B CONCLUSION

In conclusion, we have shown that organic salts based on
pyrrolidinium cations (Py*TFSI”) have reduction potentials
(—3.17 V vs SHE) lower than that of Li/Li*. This provides a
design strategy for a polymer interface that incorporates such
organic salts to resist electrochemical breakdown, while
promoting lithium ion transport and modulating the charge
transfer process at the electrode surface. We simultaneously
incorporate low Tg fluorinated alkyl side chains in the polymer
architecture to provide flowability on the electrode surface and
at the same time to prevent interfacial side reactions with the
bulk electrolyte. The polymer dynamics and the ion transport in
these polymeric materials are shown to be dependent on the
supramolecular ionic interactions that can be tuned by the
tethered ion content or anion chemistry. We further show that
the cationic polymer responds to any external electric field
stimulus that enables a unique “shielding mechanism” of
suppressing morphological instabilities during Li deposition,
resulting in enhanced battery lifetime and Coulombic efficiency.
This mechanism differs from previously reported polymer
interfaces, which were based on strategies like formation of

stable SEI by Li—polymer reaction,””*> high Li* transference
number interface,*”** or controlled release of SEI forming salt
additives.”>® We believe that the polymer design concept
reported in this work can be synergistically combined with
previous strategies to develop highly stable electrode—electro-
lyte interfaces to further boost the performance of lithium metal

batteries.

B EXPERIMENTAL SECTION

Materials Synthesis and Characterizations. Most chemicals
used for synthesizing ionic liquids and polymers, as well as all salts and
electrolytes used for battery cycling, were acquired from Sigma-Aldrich
except for 1H,1H-heptafluorobutyl acrylate (CAS: 424-64-60) which
was purchased from Oakwood Chemical and 2-isocyanatoethyl acrylate
(CAS: 13641-96-8) which was obtained from TCI. NMCS32
electrodes were provided by the CAMP facility at Argonne National
Laboratories.

Tonic liquids were synthesized by reacting uncharged molecules with
propyl iodide, and detailed synthesis procedures can be found in the
Supporting Information (Supporting Information Figures 1—2). The
random copolymers were synthesized by radical polymerization of both
ionic and fluorinated monomers in dimethylformamide (DMF).
Comprehensive synthesis procedures of monomers and polymers are
shown in the Supporting Information (Supporting Information Figures
3-5, Table 1).

The chemical structures of the polymers were characterized with
proton nuclear magnetic resonance spectroscopy (500 MHz, D-
DMSO), fluorine nuclear magnetic resonance spectroscopy (400 MHz,
ethyl acetate), and Fourier-transform infrared spectroscopy (Thermo
Nicolet iS500). Glass transition temperatures (Tgs) of the polymers
were measured with differential scanning calorimetry (TA Q2000)
using heat—cool—heat profile between —50 and 200 °C (10 °C/min
heating, S °C/min cooling). Frequency sweeps (0.1—100 Hz) were
performed on each polymer sample at different temperatures (25—
95°C) with a TA ARES G2 rheometer to obtain frequency-dependent
storage and loss moduli and time—temperature superposition.

To characterize polymers’ electrochemical properties, we coated the
polymers on both Cu and Li surfaces. On Cu foils (1 cm diameter), a
polymer solution (0.1 g/mL ethyl acetate) was spin-coated at 2000 rad/
min speed and dried in a 70 °C vacuum oven for 3 h. Li metal chips or
20 pum Li foils (1 cm?) were dip-coated in an Ar-filled glovebox with 330
mg/mL ethyl acetate polymer solutions before being dried on a hot
plate at 70 °C for 3 h.

The ionic conductivity of the polymer was measured with biologic
VMP3 system by impedance spectroscopy measurements over a
frequency range from 100 mHz to 7 MHz. The polymers measured
were sandwiched by two steel electrodes. The geometry of the
polymeric samples was controlled as a cylinder with 1 cm? cross-
sectional area and 0.36 mm thickness.

The swelling of the polymer was examined by soaking the polymer in
3-dioxolane (DOL) 1,2- dimethoxyethane (DME) (volume ratio 1:1)
electrolyte for 2 h. After 2 h of soaking, the polymer was extracted from
the electrolyte and dried for 10 s. The weight difference before and after
the soaking was recorded, and the swelling rate of the polymer is
calculated as the weight increase after soaking divided by the weight of
the polymer before soaking.

Seal-healing measurement of the polymer was conducted on a 1 mm
thick polymer layer formed by solution cast between two parallel
lithium titanate (LTO) electrodes lying on the substrate with a gap of 1
cm. A voltage of 30 V was applied across the electrodes. The cut was
made with a standard scalpel. Pictures/videos of the polymer self-
healing process were taken under a microscope at 2.5X magnification.

The XPS and SEM measurements were performed on the deposited
lithium at the Cu foil electrode. The deposition profile is revealed in the
electrochemical characterization section. After the Li was deposited on
the Cu electrode, the Cu electrode was extracted from the LillCu cell in
an Ar-filled glovebox. The foil was then rinsed in DME electrolyte for 10
min to remove excess salts and then dried for 2 min. The XPS profile
was collected with PHI VersaProbe 3 XPS probe with an Al K-alpha
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source. The air-sensitive lithium sample was transferred from the Ar
glovebox to the XPS measurement station in an airtight vessel to
prevent any air exposure at all times. The depth profile of the XPS was
conducted in combination with Ar ion sputtering at 2 kV 1uA ona 0.2
mm X 0.2 mm surface. The SEM sample was transferred from the
glovebox to the FEI Magellan 400 XHR SEM through an airtight vessel.
The lithium sample experienced a short period of air exposure when
transferring from the airtight vessel to the SEM chamber before the
chamber was pumped to 107¢ bar vacuum. The size of deposited
lithium nuclei was measured with Image]J software from more than 100
nuclei.

Electrochemical Characterization and Testing Profiles. The
reduction potentials of different organic ionic liquids were performed in
a three-electrode beaker cell (cathode, anode, Ag reference electrode),
with voltage sweeping from 0 to —6 V at a rate of 100 mV/s. We made
three different types of cells (LillCu, LillLi, and LilNMC) for this study.
All coin cells used a 1 cm diameter single-layer Celgard 2325 separator.
The Coulombic efficiency of LillCu cells was tested using a modified
Aurbach method.*” The cell was first cycled between 0 and 1V at 20 A
cm™> for 10 cycles to clear out any impurity on the surface. Then S mAh
cm™? of Li was plated, followed by 10 cycles of plate and stripping at 0.5
mA for 1 mAh before finally being stripped to 1 V. Eighty microliters of
1 M lithium bis(trifluoromethanesulphonyl) imide (LiTFSI) 1,3-
dioxolane (DOL) 1,2- dimethoxyethane (DME) (volume ratio 1:1)
and 1 wt % lithium nitrate (LiNO;”) electrolyte was used for
Coulombic efficiency measurements. The same electrolyte is also used
in the LillCu cell for XPS and SEM characterizations of deposited
lithium on Cu foil. For the XPS and SEM measurements, the cell was
first cycled between 0 and 1 V at 20 A cm™ for 10 cycles, and then the
voltage was lowered to 0 V at 0.1 mA cm ™ to eliminate the capacitive
effect near the Cu substrate. Then 0.1 mAh cm™ lithium metal was
coated on the substrate at the current density of 0.1 mA cm ™2 All LillCu
cells were rested 8 h before testing. Strip and plate testing of LillLi cells
was conducted at both 1 and 2 mAhcm ™ current density, plating and
stripping for 1 h each cycle. Impedance spectroscopy was measured on
LillLi cells with a frequency sweep from 0.07 Hz to 7 MHz. The
electrolyte for the LillLi cell is 80 4L of DME 1 M LiFSI, and the cells
were rested for 1 h before testing. The LillNMC full cells were
composed of 1 cm? coated 20 yL thin Li foils and 1 cm? 2.0 mAh/cm?
lithium nickel cobalt manganese oxide NMC 532 cathode with 2 M
LiTFSI and 2 M lithium difluoro(oxalato)borate (LiDFOB) in DME.
All LIINMC cells were rested 8 h before cycling. They were tested
between 2.7 and 4.3 V by first precycling at C/10 for 2 cycles and then
cycling at 1/3 C charging and 1 C discharge.
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