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ABSTRACT: The electrodeposition of lithium metal is a key
process in next-generation, high energy density storage devices.
However, the high reactivity of the lithium metal causes short
cycling lifetimes and dendrite growth that can pose a serious
safety issue. Recently, a number of approaches have been
pursued to stabilize the lithium metal−electrolyte interface,
including soft polymeric coatings that have shown the ability to
enable high-rate and high-capacity lithium metal cycling, but a
clear understanding of how to design and modify these coatings
has not yet been established. In this work, we studied the effects
of several polymers with systematically varied chemical and
mechanical properties as coatings on the lithium metal anode.
By examining the early stages of lithium metal deposition, we
determine that the morphology of the lithium particles is strongly influenced by the chemistry of the polymer coating. We have
identified polymer dielectric constant and surface energy as two key descriptors of the lithium deposit size. Low surface energy
polymers were found to promote larger deposits with smaller surface areas. This may be explained by a reduced interaction
between the coating and the lithium surface and thus an increase in the interfacial energy. On the other hand, high dielectric
constant polymers were found to increase the exchange current and gave larger lithium deposits due to the decreased
overpotentials at a fixed current density. We also observed that the thickness of the polymer coating should be optimized for
each individual polymer. Furthermore, polymer reactivity was found to strongly influence the Coulombic efficiency. Overall, this
work offers new fundamental insights into lithium electrodeposition processes and provides direction for the design of new
polymer coatings to better stabilize the lithium metal anode.

■ INTRODUCTION

Recently, research on stabilizing the lithium (Li) metal anode
has received renewed attention because of Li’s central
importance to enable next-generation, high energy density
electrochemical energy storage.1,2 State-of-the-art lithium ion
batteries (LIBs) are capable of achieving specific energies as
high as 250 Wh kg−1, but further improvement calls for the use
of Li metal as the anode because of its increased capacity
compared to that of graphite (3860 mAh g−1 vs 372 mAh g−1)
and low potential (−3.04 V vs the standard hydrogen
electrode).3 Additionally, high capacity Li-S and Li-O2 battery
chemistries depend on the use of Li metal anodes.4−6 Although
Li metal was heavily studied during the early stages of LIB
research, focus moved away from the material due to safety
issues and the commercial success of graphite anodes.7

Recently, new experimental techniques and insights have
allowed researchers to approach the problem again with fresh
ideas and improved tools.2,8−10 Even with this renewed effort,
safety and cyclability challenges due to solid electrolyte

interphase (SEI) formation and poor quality Li metal
deposition remain.1 In order to overcome these issues and
effectively design solutions that improve the lifetime and safety
of lithium metal batteries, a clear understanding of the surface
reactivity and growth behavior of the lithium metal at the
interface with the electrolyte is necessary.
The interface between the lithium metal anode and

electrolyte, regardless liquid or solid, fundamentally controls
how Li+ ions are deposited on and stripped from the electrode.
Approaches to stabilize this interface include the use of
modified liquid electrolytes, solid electrolytes, and electrode
coatings.1,2,9−12 Highly concentrated electrolytes reduce the
electrochemical decomposition of solvent molecules against
the highly reactive Li metal surface,13,14 and additives can
enable smooth Li deposition by improving the ionic
conductivity, mechanical properties, and chemical composition
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of the SEI.15−17 The most successful approaches that use solid
electrolytes have focused on either high modulus polymer
electrolytes to mechanically suppress the dendrites18,19 or
softer cross-linked polymer electrolytes that improve deposi-
tion through surface effects.20−22 Engineered interfaces using
thin carbon or boron nitride structures have also improved the
deposition of Li metal.23,24 Tailoring the Li metal interface
with polymer coatings has been the focus of much recent
study, and a variety of materials have been used including
cross-linked films,25 soft self-healing and adaptive coat-
ings,26−28 composites,29 fluoropolymers,30,31 and grafted coat-
ings.32 These polymer coatings have been shown to enable
high-rate and high-capacity deposition. Using polymer coatings
is attractive because of their ability to be easily processed and
the potential for pairing with other electrolyte-based strategies.
However, a clear understanding of how to design or modify
these polymer coatings for a better control of the deposition
and stripping of Li metal has yet to be developed.
Here we investigate the effects of polymer coatings on

electrodeposited lithium by studying coatings with varied
chemical and mechanical properties. We build upon previously
reported theoretical studies of Li-polymer interfaces33,34 in
order to elucidate the important factors governing the
interaction between these coatings and the Li metal deposits.
We find that the local morphology is strongly influenced by the
chemistry of the polymer and that both the Li/Li+ exchange
current and polymer surface energy influence this local Li
morphology by modifying the energetics of the nucleation and
growth processes. We also found that initial thickness of the
polymer coating is an important parameter to optimize. In
addition, we used microelectrodes to measure the exchange
current for our polymer coatings and found that the dielectric
constant of the polymer is correlated with the exchange
current. This allows us to use two easily measurable bulk
polymer properties (surface energy and dielectric constant) as
descriptors for the effect of polymer coatings on the nucleation
and growth of electrodeposited Li metal. Overall, this work
provides new insights into lithium electrodeposition processes
for future design and synthesis of new polymer coatings to
better stabilize the Li metal anode.

■ RESULTS
Properties of Polymer Coatings. Recently, several

approaches have been successful at improving Li metal
deposition with polymer coatings.25−32 However, there are
still no well-defined guiding principles on polymer selection. In
order to develop a clear fundamental picture of the processes
affecting Li metal deposition, we prepared a number of
polymer coatings with various chemical and mechanical
properties to investigate the importance of these parameters
to the quality of the electrodeposited Li metal. For this study,
we systematically chose several different polymers that have
been previously used in battery applications. Poly(ethylene
oxide) (PEO) is a common solid polymer electrolyte, and
polyurethane (PU) and poly(vinylidene fluoride) (PVDF) are
common gel electrolytes. Additionally, PVDF and poly-
(vinylidene fluoride-co-hexafluoropropylene) (PVDF-HFP)
are also common binder materials for composite electrodes.
Poly(dimethylsiloxane) (PDMS) was tested because it has
been used previously as a coating to stabilize Li metal.25,27 We
also modified the mechanical properties of our previously
reported adaptive (self-healing) polymer (SHP) coating26 with
chemical cross-linking to obtain a self-healing elastomer (SHE)

with different mechanical properties but almost identical
chemistry (Figure S1). The thermal and mechanical properties
of the polymers were characterized in detail (Table 1, Figures

S2−S4), and the following distinct groupings can be observed
(Figure 1). PEO, PVDF, and PVDF-HFP are rigid, semi-
crystalline solids exhibiting high initial modulus and plastic
deformation after strain is applied. They are characterized by
frequency-independent storage modulus and clear first-order
phase transitions corresponding to the melting of the their
crystalline domains. The stress−strain curves in Figure S2
show that these properties will give rise to tough but
deformable polymer coatings at room temperature. The SHP
and PDMS coatings are highly adaptable to mechanical strain
due to the viscoelastic nature of these two polymers. Both
polymers have liquid-like mechanical properties at low
frequencies with the loss modulus dominating over the storage
modulus (Figure S3). While the SHP is a flowable viscoelastic
material, the SHE is a covalently cross-linked elastic solid.
Similarly, the PU used here is a soft elastomer with high
stretchability and low glass transition temperature (Tg). These
elastic coatings should be able to deform and potentially
recover from applied strain, but these films will not have the
adaptive qualities of the SHP and PDMS due to solid-like
properties of both elastomers. Even at long time scales, the
SHE and PU both behave as solids and will not significantly
flow or adapt without external stimuli. Overall, PEO, PVDF,
and PVDF-HFP have the mechanical properties of traditional
thermoplastics, PU and SHE are soft elastomers, and PDMS
and SHP are viscoelastic materials.
The interaction of the polymers with the liquid electrolyte

will also be an important factor in the battery environment, so
the swelling of the polymers after 24 h in the electrolyte was
measured (Table S1). PVDF, PVDF-HFP, and PDMS only
swelled ∼30%, while the hydrophilic polymers swelled
significantly more. PU swelled up to ∼600%, and the PEO
formed a gel with the large excess of electrolyte used to
measure the swelling. This amount of swelling should be
considered an upper limit for the amount that the coatings may
swell in the coin cells due to the limited electrolyte volume and
significant pressure. The actual amount of swelling that occurs
for the coatings is difficult to quantify. The moduli of the
swollen coatings will certainly be lower than that of the bulk
polymers, but measuring the swollen mechanical properties
was beyond the scope of this study due to the lack of
correlation between the mechanics of the coating and the
ultimate Li morphology discussed below. Additionally, swelling
was previously found to have a minimal effect on the
viscoelastic properties of the SHP.26 The varied mechanical
and chemical properties of these coatings cover a broad range

Table 1. Thermal and Mechanical Properties of Polymers
Used in This Study

polymer Ea (MPa) G′b (MPa) Tg
c (°C) Tm

e (°C)

PEO 82.8 219 n.d.d 64
PU 1.4 0.51 n.d. n.d.
PVDF 171 377 44 155
PVDF-HFP 335 489 55 159
SHP 0.11 variable −13 n.d.
SHE 0.29 variable −2 n.d.

aYoung’s modulus. bPlateau storage modulus. cGlass transition
temperature. dNot detected. eMelting point.
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and allow for the confident determination of the importance of
these factors.
Coating Thickness. We began by examining the Li growth

morphologies at the initial stages of deposition because these
stages provide important indicators for final growth and

represent the onset of interactions between Li metal and the
electrolyte, SEI, and coatings.35 We coated a layer of each
polymer on copper (Cu) current collectors by spin coating and
deposited 0.1 mAh cm−2 of Li (∼500 nm equivalent thickness
bulk Li) at 1 mA cm−2 underneath the polymer coating in 1 M

Figure 1. (a) Chemical structures of the polymer coatings used in this study. Coloring of the label corresponds to the chemical functionality of the
polymer. (b) Diagram of the conditions used to study the initial stages of Li metal growth under polymer coatings.

Figure 2. (a−d) SEM images of 0.1 mAh/cm2 of lithium electrodeposited on copper with a SHP coating of variable thickness and histograms of the
particle size for the SEM images. (e−g) SEM images of 0.1 mAh/cm2 of lithium electrodeposited on copper with a PVDF coating of variable
thickness and histograms of the particle size for the SEM images. Scale bars are 5 μm for images (a−f) and 30 μm for images (g and h).
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LiTFSI in 1:1(v/v) 1,3-dioxolane:1,2-dimethoxyethane
(DOL:DME) with 1 wt % LiNO3 as additive. We observed
that the coating thickness significantly affected the uniformity
and domain size of the Li deposits. The coating thickness was
varied by modifying the solution concentration and spin
coating parameters (Table S2). When SHP was coated with a
thickness of 3 μm, the Li deposits formed uniform particles
with a high density and uniformity across the electrode (Figure
2c). This uniformity was mostly maintained when the coating
thickness was decreased to 1.75 μm (Figure 2b), but when the
thickness was reduced to 0.91 μm, the deposits showed patchy
growth and the characteristic round-shaped Li deposits of
uncoated copper electrodes (Figure 2a), indicating that the
coating was too thin to significantly influence spatial
distribution of the Li nuclei. While the 0.91 μm SHP coating
appeared to have no change in Li deposition compared to bare
Cu, the particle size of ∼500 nm was smaller than the 900 nm
particle size measured for bare Cu (Figure S5). This indicates
that the thin SHP coating still affects the nucleation processes
but does not provide sufficiently uniform coating to influence
the global deposit coverage. When the thickness is increased to
5.5 μm, the shape and size of the Li is unchanged, but the

overall uniformity of the particle size and coverage is reduced
(Figure 2d). Thicker coatings could decrease the uniformity of
deposition due to ion transport limitations, as Li+ ions are
depleted from certain regions of the coating.
These qualitative observations are confirmed by statistical

analysis of the SEM images. The 3 μm-thick films have the
highest uniformity in particle size, with an average diameter of
around 250 nm. Both the 1.75 and 5.5 μm films also grew
particles with an average diameter of 250 nm, but their particle
size distributions were broadened and slightly skewed toward
larger Li deposits, reflecting the non-uniformity seen in the
SEM. We observe similar effects when the thickness of the
PVDF coating is varied. However, here we note that the
optimal thickness is much thinner, 0.9 μm (Figure 2e). This is
likely due to the lower ionic conductivity of the PVDF coating
compared to the SHP coating (Table S1). A thicker covering
of the PVDF is clearly observed over the Li particles for the 2
μm thick coating (Figure 2f), and for the 3.2 and 5 μm
coatings, the Li begins to deposit via a different mechanism.
For these two coatings there are larger deposits under the
polymer coating, while smaller deposits grow through the
pinholes in the film (Figure 2g,h). This indicates that PVDF

Figure 3. (a) Chemical structures of the dynamic cross-linking of the dynamic cross-linking of the SHP and covalent cross-linking of the SHE. SEM
images of 0.1 mAh/cm2 of lithium electrodeposited on polymer-coated copper. The electrodes are coated with (b, c) a supramolecular adaptive
coating and (d, e) a covalently cross-linked self-healing elastomer with similar chemistry to the supramolecular coating. Scale bars are 50 μm for (b
and d) and 1 μm for (c and e).

Figure 4. SEM images of 0.1 mAh/cm2 of lithium electrodeposited on copper with (a) no polymer coating, (b) PEO coating, (c) PVDF coating,
(d) SHP coating, (e) PU coating, and (f) PVDF-HFP coating. Scale bars for all images are 5 μm.

Journal of the American Chemical Society Article

DOI: 10.1021/jacs.8b06047
J. Am. Chem. Soc. 2018, 140, 11735−11744

11738

http://pubs.acs.org/doi/suppl/10.1021/jacs.8b06047/suppl_file/ja8b06047_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.8b06047/suppl_file/ja8b06047_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.8b06047/suppl_file/ja8b06047_si_001.pdf
http://dx.doi.org/10.1021/jacs.8b06047


coatings thicker than ∼2−3 μm are too thick to allow for
uniform deposition and instead have two distinct deposition
regimes, both under the polymer and through coating defects.
Initially, Li metal nucleation begins at the polymer-copper
interface, but as the Li particles grow in size they begin to grow
through the defects in the polymer where ion transport is
faster. Statistical analysis shows similar sizes and distributions
for the coatings of 2 μm and below with an average diameter
around 3.5 μm. For the coatings of 3 μm and above, the
distribution is much broader due to the two different sizes of
particles that are being grown. Overall, coatings that are too
thin do not produce significant effects on the lithium
deposition, and coatings that are too thick appear to hinder
deposition. This indicates that coating thickness should be
carefully optimized for future work in this field.
Coating Chemistry and Li Morphology. We compared

the SHP and SHE coatings to understand the effects of
polymer coating mechanics on Li deposition. Both polymers
have similar chemistry, but the SHP is a flowable viscoelastic
material, while the SHE is a covalently cross-linked elastic solid
(Figures S1−S3). The high density of hydrogen bonding
groups in the SHE still allows for self-healing to occur.36 We
observed that the overall uniformity of the Li deposition was
very poor for the SHE compared to the flowable SHP (Figure
3b,d), indicating that the mechanical properties and coating
quality of a polymer film are important for uniform deposition.
However, when closely examining the individual Li deposits,
we noticed that both the SHP and SHE coatings grew Li with
nearly identical shapes (Figure 3c,e). This suggests that the
chemical functionality of the polymer is a main factor dictating
the local Li morphology.
To further investigate the effects of the chemistry of the

polymer coating, we tested the other polymers described
above. Every polymer coating tested was found to improve the
coverage of initial Li deposits on the electrode over that of
uncoated Cu, which showed many exposed regions of bare
surface (Figure 4a). This suggests that the polymer coatings
increased the density of lithium nucleation, leading to more
uniform electrode coverage. However, this increased density of
Li particles is not correlated to increases in the overpotential
measured for the deposition as one would expect from classical
nucleation theory (Table S1).35 Interestingly, we also noticed
that the shape or size of the Li particles changed depending on
the polymer coating. For example, SHP and PEO altered the Li
deposits to be very small in diameter (100s of nm) and nearly
filamentary or rod-like in shape (Figure 4b,d), while PVDF and
PVDF-HFP changed the Li particles to be much larger (1000s
of nm) and globular (Figure 4c,f). Since there is no clear
correlation of the Li deposit behavior with the modulus or
viscoelasticity, it suggests that the polymer mechanical
properties do not solely dictate Li morphology and cannot
fully predict the intricate chemistry of lithium growth
dynamics. This is especially clear when comparing the PEO
and PVDF polymer coatings. Even though these materials have
similar modulus and stress−strain behavior, the size and shape
of the Li deposits differed drastically. It is possible that in situ
changes to the mechanics of the polymer coatings due to
swelling, interaction with dissolved ionic species, or reaction
with the Li metal surface could account for this discrepancy,
but these changes are difficult to measure and have thus been
excluded from the present study.
Ultimately, particle size depends on both the nucleation and

growth processes of the Li metal, which are influenced by the

specific coating chemistry and will be discussed in later
sections. Ideally, lithium metal would be deposited as a dense,
uniform film on the electrode to minimize the contact area
with the electrolyte and the potential for forming dead lithium
particles electronically separated from the electrode. Coatings
that promote this type of growth and are electrochemically
stable over long-term battery cycling should provide the best
performance.

Exchange Current Density. Initially, we presumed that
the difference in nuclei size was a result of changes in the
nucleation overpotential, as per classical nucleation theory.35

However, we found that the differences in the overpotential for
the Li nucleation event measured from the galvanostatic
charging were not enough to explain the variation in nuclei
size, let alone their shape or morphology (Table S1). This
galvanostatic nucleation overpotential is a combination of all of
the different overpotential components present in the coin cell
including competition between the double layer capacitance
and the nuclei growth.37 In order to more accurately
characterize the electrochemical processes occurring in the
system, we turned to measuring the Li exchange current
density which reflects the direct interaction of the polymer
coating with the Li metal surface and can provide more precise
information about the overpotential in the system. Generally,
lower values of the exchange current density mean that the
surface of the Li metal is inhibited or passivated, and in the
field of electrodeposition, inhibition represents the degree to
which additive molecules absorb to the active metal surface
and suppress the reduction reaction. In the case of our control
system (ether electrolyte with 1 wt % LiNO3), the LiNO3 acts
as an inhibitor, which promotes the growth of rounded Li
particles and improves the Coulombic efficiency.38 For Li
deposition on polymer-coated electrodes, the specific polymer
coatings take on the role of inhibitors because they are directly
in contact with the Li surface at the onset of and throughout
deposition. Thus, the exchange current densities measured
would ideally represent the level of inhibition or the strength of
absorption and interaction of the polymers with the as-
deposited Li metal and provide some relation to the Li
morphology observed.
It is challenging to accurately measure the exchange current

density in traditional coin cell geometries because of SEI
forming reactions that occur on the surface of the Li metal.
Fast sweep rates would allow this limitation to be overcome,
but are generally not possible due to mass transport limitations.
Here we utilized a home-built microelectrode, a technique
known to overcome the mass transport limitations, to perform
cyclic voltammetry sweeps at high rates of 200 mV/s. At these
high sweep rates the freshly deposited Li is in direct contact
with the polymer coating because the short time scale (∼2 s)
of the scan minimizes any reactions of the Li metal and
electrolyte that may occur. These quick scan rates prevent
resistive SEI formation from influencing the experiment and
provide accurate measurement of the exchange current density,
which reflects how the polymer coating interacts with the Li
metal surface.
Electrochemical impedance spectroscopy (EIS) is some-

times used to measure the charge-transfer resistance and
exchange current, but we have previously found that the
charge-transfer resistances measured from Li||Li symmetric
coin cells and by microelectrode could differ by orders of
magnitude (0.1 mA/cm2 vs 10s of mA/cm2).38 This
discrepancy is because the high-frequency AC used in EIS
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does not cause significant amounts of Li deposition. Thus, the
kinetics probed by EIS here are mostly of Li+ transported
within the SEI, which is known to be a limiting factor.39 So
without fresh exposed Li from deposition, the charge-transfer
resistance measured from a coin cell will be high. The
microelectrode allows us to probe the properties of the Li
surface that is directly in contact with the polymer coating and
to minimize any effects that the SEI has on Li kinetics that
would be present in normal EIS measurements.
Tafel plots are created from the high-rate CV scans (Figure

S6) and the exchange current density (j0) is extracted from the
cathodic slope. Typical exchange current densities for Li in
liquid electrolytes are 27 mA cm−2 for DOL/DME with 1 M
LiTFSI and LiNO3 (Table 2) and 35 mA cm−2 for EC/DEC
with 1 M LiPF6.

38 The polymer coatings tested here show
exchange currents both lower and higher than these values,
indicating that the materials we have selected cover a broad
range of properties. PEO and PU both exhibit a low j0 around
20 mA cm−2 and similarly contain ether groups throughout
their backbones which may coordinate strongly with Li+. In
comparison, the SHP coatings show a higher j0 of 26.9 mA
cm−2 and have a combination of polar hydrogen bonding end
groups and non polar, branched cores. The chemically similar
fluorinated PVDF and PVDF-HFP both show higher j0’s of
27.2 mA cm−2 and 39.1 mA cm−2 respetively. Consistent with
literature, we find that PDMS promotes the growth of
moderate-sized Li particles (Figure S7),25,27 and when
examining the exchange current, we measured a very low j0
of 4.7 mA cm−2.

■ DISCUSSION

Exchange Current, Surface Energy, and Li Particle
Size. As mentioned above, the mechanical properties of the
polymer coating and the overpotential measured from
galvanostatic deposition could not accurately predict the size
of the Li particles that were deposited. We also found that the
swelling, ionic conductivity, or resistance of the film did not
follow any discernible trend (Table S1). However, we observed
that the exchange current increased with dielectric constant of
the polymer coating (Table 2 and Figure 5a). PVDF-HFP
contains a high density of polarizable fluorinated groups and
has a higher dielectric constant of 15. PVDF-HFP also
exhibited the highest measured exchange current. PDMS has a
much lower dielectric constant of 2.7 because of the nonpolar
nature of the siloxane chemistry and exhibited the lowest
exchange current measured. The other polymers tested have
intermediate dielectric constants, and their exchange current
densities fell in between that of PVDF-HFP and PDMS. We
hypothesize that the relationship between dielectric constant
and exchange current is due to the better solvation of Li+ ions
at the lithium-polymer interface from improved charge
screening by the high dielectric constant coatings. This allows
for easier dissolution and solvation of the Li from the metal
electrode surface and could also increase the concentration of
Li+ ions available for deposition locally. These phenomena
would cause an increase in exchange current between the Li
metal surface and the electrolyte and are different effects from
the adsorption-based inhibition that happens in the case of
low-concentration additives added to electrolyte solutions.
We also noticed that in general, the size of Li deposits

increased for the polymer coatings with higher exchange

Table 2. Surface and Electrical Properties of Polymers Used in This Study

polymer γa (mJ/m2) κb j0
c (mA/cm2) CEd (%)

DOL/DME − − 27 98.80 (±0.69)
PDMS 14.6 (±0.95) 2.77 (±0.30) 5 (±2.0) 99.42 (±0.05)
PEO 43.7 (±0.47) 5.42 (±0.35) 22 (±3.4) 98.71 (±0.05)
PU 40.8 (±2.5) 6.56 (±0.52) 20 (±5.5) 98.51 (±0.18)
PVDF 34.8 (±1.4) 10.0 (±1.75) 27 (±6.32) 99.11 (±0.15)
PVDF-HFP 31.0 (±1.5) 15.2 (±0.31) 39 (±10.6) 98.98 (±0.62)
SHP 38.6 (±0.43) 8.76 (±1.24) 27 (±5.4) 97.93 (±0.05)

aSurface energy. bDielectric constant at 100 Hz. cExchange current density. dCoulombic efficiency.

Figure 5. (a) Exchange current density plotted against dielectric constant for various polymer coatings measured via microelectrode. (b) The
average diameter of the Li deposited under various polymer coatings plotted against the surface energy of those coatings. Error bars represent the
standard deviation for all samples measured.
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current. However, PDMS presents a notable exception. Even
though it has a very low exchange current due to a low
dielectric constant, the Li deposited under the PDMS coating
grows into large particles around 1.26 μm in size. When we re-
examined the relationship between deposit size and other
polymer properties, we found that PU, PEO, and SHP coatings
all had high surface energy and promoted the growth of small
Li particles around 100−400 nm in size (Figure 5b). The
higher surface energy coatings should have enhanced adhesion
to the Li metal surface compared to the lower surface energy
polymers, and this stronger polymer-Li interaction serves to
stabilize the Li-polymer interface. When both surface energy
and exchange current are considered as relevant parameters,
the anomalous size of the Li in the presence of the PDMS
coating can be understood. The low surface energy of PDMS
(14.6 mJ m−2) resulted in a larger average particle size than the
other polymers with low dielectric constants, but smaller than
the ∼3 μm particles from intermediate surface energy, high
dielectric constant PVDF and PVDF-HFP.
This combined dependence of the Li particle size on both

surface energy and exchange current becomes clear when the
energetics of the nucleation process are analyzed.35,40−42 A
critical radius (rcrit) for Li nucleation can be found by
examining the free energy for nucleating a new particle
(ΔGnuc). This free energy is the combination of the free energy
for the bulk species (ΔGbulk) and the energy required to create
the new Li surface (ΔGsurf):

35,40−42

Δ = Δ + ΔG G Gnuc bulk surf (1)

ηΔ = − | | + Γ ×G
zF
V

V SAnuc
molar (2)

where z is the number of electrons transferred, F is Faraday’s
constant, η is the overpotential, Vmolar is the molar volume of
lithium, Γ is the interfacial energy of the lithium metal surface,
V is the volume of the nuclei, and SA is the surface area of the
nuclei. The maximum in this function with respect to size of
the new particles represents the transition from small unstable
clusters to stable larger nuclei. Assuming that the nuclei are
spherical and differentiating with respect to the radius of the
nuclei yields the following as the critical radius size:35,40

η
=

Γ
| |

r
V

zF
2

critical
molar

(3)

From eq 3 one can see that changes in both Γ and η can
affect the critical size of the nuclei. Γ can be defined in terms of
the surface energies of the two materials in contact.43 It is
expressed as the following:

γ γ γ γΓ = + − Φ2 ( )Li poly Li poly
1/2

(4)

where γLi is the surface energy of the lithium metal, γpoly is the
surface energy of the polymer coating, and Φ is an interaction
parameter for the two species. By expanding eq 4 with a Taylor
series around the center of the surface energy data collected
here (γpoly = 30 mJ m−2), we find that the second-order and
higher terms are 2 orders of magnitude smaller than the linear
term and that the first-order term is negative (Supporting
Information). Therefore

γΓ ∝ − poly (5)

The Bulter−Volmer equation describes how the exchange
current relates to the overpotential.44 At high overpotential it

reduces to the Tafel equation shown below for the case of a
cathodic process:

η− = −
i

k
jjjjjj

y

{
zzzzzzA

j
j

ln
0 (6)

η− ∝ −
i

k
jjjjjj

y

{
zzzzzz

j
j

ln
0 (7)

where A is known as the Tafel slope and j is the current
density. From these two evaluations we can see that the nuclei
size scales with both the surface energy of the polymer and the
exchange current:

γ
∝

−

i
k
jjj

y
{
zzz

r
ln j

j

crit
poly

0 (8)

As surface energy increases, the particle size decreases.
Furthermore, as exchange current increases, the ratio of j/j0
decreases which causes the overpotential to decrease. This
decrease in overpotential causes an increase in the size of the
nucleating Li particles.
In addition to the scaling described above, high dielectric

constants and corresponding high exchanges currents serve to
decrease the Li nucleation rate through decreased over-
potential (eq 9) and increase the size of nucleation exclusion
zones, resulting in more sparsely packed, larger Li deposits.42

The nucleation rate (J) can be written as

η
= −

i
k
jjjjj

y
{
zzzzzJ K

K
exp1

2
2

(9)

where and K1 and K2 are constants that are practically
independent of the overpotential.40,42 Nucleation exclusion
zones refer to the local deformations in the electric field that
occur near the newly formed Li nuclei and cause an ohmic
drop in the potential around the new nuclei. This potential
drop prevents new nuclei from forming and is related to the
exchange current. At high exchange current densities, the
screening of the nuclei is poor, and so the exclusion zones are
large leading to the growth of only the initial nuclei and thus
larger particles. It should be noted, however, that these effects
still enable relatively dense Li deposits without compromising
the Li coverage of the electrode (Figure 4c,f).
Simultaneously, polymers with low surface energies have a

weaker interaction with the Li metal and therefore do not
reduce the polymer-Li interfacial energy as much as high
surface energy polymers. With increased interfacial energy, the
Li will deposit as larger particles to minimize surface area and
reduce the total energy of the Li-polymer interface. This
phenomena was suggested by Archer et al. in their calculations
for polymer systems with immobilized anions.33 Intuitively,
both the chemical and ionic properties of the interface between
the polymer coating and the Li metal surface should influence
the Li deposition and growth. There should be interplay
between the effects of polymer surface energy and exchange
current; the swollen polymer coating at the Li interface serves
critical roles in the deposition process as both a surface
inhibitor and also as a localized electrolyte, mediating both
charge-transfer and ionic transport. It may be the case that
there is some cooperative inhibition behavior between the
LiNO3 and the polymer coatings, as has been observed in
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traditional electrodeposition systems.45 Further study of these
cooperative effects should be pursued using the framework
presented here. Figure 6 schematically illustrates the effects of
the exchange current and interfacial energy on the Li particle
size as described through the polymer dielectric constant and
surface energy. In general, larger Li particles deposited under
polymer coatings correspond to polymers with high dielectric
constant and low surface energy.
Cycling Efficiency. Finally, we tested the Coulombic

efficiency (CE) of the polymer coatings, as this is one of the
most important factors for Li metal electrode performance. An
average CE was measured by depositing a fixed reservoir of Li,
cycling a fixed 1 mAh cm−2 capacity for 10 cycles, and then
stripping all of the remaining Li.46 Most of the coatings
exhibited CEs around 98%, which is similar to the control case
of the ether-based electrolyte. Notably, the PDMS coatings
achieved a higher CE of 99.13%. There was no clear
relationship between exchange current density and cycling
CE. However, when we order the polymers by decreasing
reactivity, an upward trend in the CE is observed (Figure 7).
The reactivity of the different polymer coatings was estimated
from their relative bond strengths. This is consistent with the
present understanding that sub-100% efficiency of Li metal
deposition/stripping is considered to be the result of parasitic
side reactions and highlights the importance of polymer
reactivity as an additional parameter. We also find that while
CE is generally higher for polymer coatings that promote larger
sized Li deposits (PVDF-HFP, PVDF, and PDMS), lower
surface energy appears to be the best parameter that was
recorded in this study for predicting high cycling CE.

■ CONCLUSION
In summary, by examining the initial stages of Li deposition
and growth in the presence of polymer coatings, we have found
that the chemistry of a polymer coating has significant impact
on Li electrodeposition. The chemical functionality of a
polymer coating resulted in different local Li deposit

morphology, but coating mechanical properties, including
modulus and flowability, and uniformity are still very
important for the global deposition quality. We additionally
found that the dielectric constant, and thus the solvation
environment of the Li+ ions, of the respective coatings
determines the exchange current in the presence of polymer
coatings. Furthermore, the size of the Li particles is dependent
on both the dielectric constant, due to effects of the exchange
current on nucleation, and surface energy, due to energetics of
the Li-polymer interface, of the polymer coatings. Finally, both
coating thickness and reactivity should additionally be
considered as they both have large effects on coating
performance. Moving forward, new coatings should be
designed with high dielectric constant, low surface energy,
and low reactivity. Ideally, a coating would also be soluble in
nonpolar solvent or amenable to melt processing below
lithium’s Tm at 180 °C. This would allow for direct coating

Figure 6. Schematic of the factors influencing Li metal deposition through a polymer coating. Low surface energy coatings give rise to higher
interfacial energies and encourage the growth of large surface area particles. Additionally, high dielectric constant polymers have higher exchange
currents and promote larger Li metal deposits.

Figure 7. Coulombic efficiency of various polymer coatings. The
horizontal axis is ordered in decreasing volume density of reactive
groups. The gray bar represents the Coulombic efficiency of bare
copper electrodes in DOL/DME electrolyte with 1 M LiTFSI and 1%
LiNO3.
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on the Li metal surface, which is important for the fabrication
of practical lithium metal batteries that are unlikely to be
anodeless. The insight provided here should serve as a starting
point for further systematic investigation into soft organic
coatings that can potentially help to enable the uniform and
reversible deposition of lithium metal at high rates and over
long times.
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