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Abstract

Directing the morphology of lithium metal deposits during electrodeposition is crucial to
the development of safe, high energy density batteries with long cycle life. Towards this end,
mechanistic insight is imperative to understand the impact of electrolyte components and cycling
conditions on lithium morphologies. In this work, we used a standard carbonate-based
electrolyte while systematically adding water (0-250 ppm, corresponding to 0-500 ppm HF) in
Li||Cu cells to study the links between electrolyte composition, initial solid electrolyte interphase
(SEI) formation, and morphology of electroplated lithium metal using electrochemical
characterization, X-ray scattering, X-ray photoelectron spectroscopy, and electron microscopy.
Under conditions in which the electrolyte contains several hundred ppm added HF and applied
constant currents on the order of 0.5 mA/cm?, this system yields electrodeposited lithium metal
with a highly monodispersed columnar morphology. Systematic experimental investigation of
the HF reduction process, nature of the initial SEI, and the structure of the electrodeposited
lithium metal enable insights to be drawn concerning the underlying mechanisms of columnar
lithium formation. This morphology arises from an SEI layer comprising crystalline LiF
deposits on the copper current collector surface, formed through selective reduction of HF at
high potential, embedded in an amorphous matrix of solvent reduction products. This interphase
structure contains fast lithium-ion diffusion pathways which lead to a high nucleation density
and uniform growth of lithium metal deposits. The mechanism proposed herein will help to
inform future electrolyte additive design and formation cycling protocols for lithium metal
batteries.

Introduction

In recent years, scientists have referred to lithium metal as the “Holy Grail” of battery
anodes due to its low electrode potential (-3.04 V vs SHE), low density (0.54 g/mL), and high
specific capacity (3,860 mAh/g).' These properties make lithium an attractive candidate to
replace graphite anodes (-2.94 V vs SHE, 2.2 g/mL, 370 mAh/g) used in conventional lithium-
ion batteries with applications ranging from portable electronics to electric vehicles, and lithium
metal anodes can enable next generation battery chemistries such as lithium-sulfur and lithium-
air.5® There are, however, challenges hindering commercialization of lithium metal anodes and
several issues remain to be resolved with regards to the poor safety and low cycle life of current
lithium metal batteries. Ultimately these issues stem from poor control over lithium morphology
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during plating and stripping processes at the anode surface, leading to high surface area deposits
(e.g. whiskers, mossy microstructure) which rapidly react with and consume electrolyte.’!!
Furthermore, there is potential to form dendrites which can cause an internal short circuit and
cell overheating.”!2

Various approaches have been employed to address these issues through the engineering
of ex situ deposited surface coatings, solid electrolyte interphase (SEI) transplantation,
electrolyte additives, and 3D host materials.!3-'® These studies have been largely empirical with
limited effort directed towards a fundamental understanding of the interplay between electrolyte
composition, SEI formation, and lithium metal morphology. For example, it is important to
quantify the amount of lithium lost into the SEI, soluble reduction products, “dead” lithium, and
corrosion, and to identify how these loss mechanisms are mitigated by using additives or surface
coatings. This knowledge will enable the development of commercially viable solutions.!”
Empirical approaches have had some success in improving Coulombic efficiency and cycle life,
but in most cases it is unclear which loss mechanism is mitigated and how. We consider
understanding these processes mechanistically to be the “Holy Grail” of lithium anode research,
knowledge that may be extensible to other battery chemistries.

Several literature reports have described the growth of lithium metal with a columnar
geometry with only ppm level concentrations of water as an electrolyte additive on copper, brass,
nickel, and stainless steel working electrodes.'®2! Over the course of 48-72 hours most of the
added water reacts with PF-¢ anions to form HF (Reaction 1).22 Strmcnik et al. reported that
upon lowering the potential of the working electrode, HF is electrocatalytically reduced on the
surface to form LiF (Reaction 2)?3, and it is this layer of reaction products that is believed to be
responsible for directing the lithium deposit morphology.!® We note that LiF can also be formed
via the direct reduction of PF4", however, this is predicted to occur at lower voltages.?*?> Other
groups have also reported columnar lithium metal growth using other electrolyte additives?%-2
(e.g. CsPFg, LiAsFg) or ex situ deposited LiF layers.?® However, there is still a lack of
understanding for the correlation between the presence of LiF in the initial SEI and the resulting
columnar growth, and an optimum additive concentration has not been explained. Furthermore,
LiF is an SEI component in almost all lithium-based batteries which contain a fluorinated salt,
solvent, or additive in the electrolyte, yet columnar lithium metal is unique to a few systems, thus
its presence alone is not sufficient to produce any particular microstructure.

H,O + LiPFs = 2 HF + LiF + POF; (1)
HF + Li* + & > LiF + % H, (2)

Due to the sensitivity of lithium deposit size and shape to small composition changes in
electrolytes such as 1 M LiPF4 in EC/DMC with 0-500 ppm added HF, we have chosen to use
this system in our case study. In this work, we used a combination of electrochemical
characterization, electron microscopy, X-ray photoelectron spectroscopy (XPS), and operando
synchrotron X-ray scattering to determine the key SEI and electrolyte properties which direct the
evolution of a columnar lithium metal morphology in “anode-free” Li||Cu cells.?*3° We report
this SEI layer is composed of crystalline LiF deposits on the copper current collector surface,
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formed through selective reduction of HF at ~2 V vs Li/Li", embedded in an amorphous matrix
of solvent reduction products. This interphase structure contains fast lithium-ion diffusion
pathways which lead to a high nucleation density and uniform growth of lithium metal deposits.
Our proposed mechanisms will help to inform future electrolyte additive selection and rational
cycling protocols for high energy density lithium metal batteries.

Experimental
Electrolyte Preparation

From 1 M LiPF¢ in EC/DMC (LP30, Gotion), a stock solution was prepared by using a
micropipette to add a controlled amount of Milli-Q water, which when fully reacted (48-72
hours) with the LiPF¢ adds 770 ppm of HF to the solution. The stock solution was then diluted
with as-received LP30 to make solutions with 10, 100, and 500 ppm added HF. Solutions were
stored in high density polyethylene bottles inside of optically opaque aluminized polymer bags in
a UHP argon glovebox to protect against photodegradation and prevent SiO, etching which
would occur if glass vials were used.

Working Electrode Preparation

Copper evaporated onto a glass slide was used as the working electrode. The copper
films exhibit strong (111) crystallographic texture, as is common for face centered cubic metals.
Glass slides were cut to size, ultrasonicated in acetone, scrubbed with soapy water (Liquinox),
rinsed with deionized water, and dried with a nitrogen gun prior to evaporation. A KJL electron-
beam evaporator was used to deposit 200 nm of copper with a 5 nm titanium adhesion layer and
the slides were then stored in an argon glovebox.

Prior to cell assembly the working electrode was removed from the glovebox for acid
cleaning to remove the native oxide. The electrode was first cleaned with a 1 M aqueous sulfuric
acid solution for one minute, thoroughly rinsed with Milli-Q water, followed by a rinse with
ethanol, and rapidly transferred to the antechamber of a UHP argon glovebox while still damp
with ethanol and vacuum dried for 15 minutes. See the Electronic Supplementary Information
for a discussion on the effects of this cleaning procedure on SEI formation and lithium metal
plating.

Electrochemical Measurements

All electrochemistry experiments were performed using a Bio-Logic potentiostat and EC-
Lab software in a two-electrode configuration with an evaporated copper working electrode
(detailed above) and a 750 um lithium foil counter/reference electrode (Alfa Aesar). The
electrochemical cell used was a PTFE “cone-cell” design fabricated in house, with an electrode
spacing ~10 mm, which eliminates all conductive surfaces aside from the well-defined working
electrode active area, resulting in near-zero side current.’! Galvanostatic cycling was performed
at current densities (0.2-1.0 mA/cm?) well below the limiting current density for the cell,
calculated using the Sand’s time equations.3?

Operando X-ray Scattering Cell
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To allow for X-rays to probe the surface of the copper working electrode during
electrochemical cycling, a cell (similar to that used in references 3334 ) with X-ray transparent
windows was designed for operando experiments at the beamline (Figure 1). PTFE-coated
stainless-steel current collector screws (with the PTFE removed from the bottom) are placed
outside of the electrolyte reservoir to minimize side reactions. The lithium foil is positioned to
be out of the X-ray beam so only the copper surface is probed. The electrode spacing is ~5 mm
and the working electrode active area is 1.08 cm?. Note that the electrode spacing required for
X-ray access to the surface necessitates an open cell design with no applied pressure, as would
be found in a coin or pouch cell geometry. Fluorosilicone gaskets and X-ray transparent Kapton
windows seal the cell on both sides, and the entire cell is placed in a sealed chamber while still in
a glovebox for transport to the beamline. Helium is flowed through the chamber during
experiments to minimize air scattering and prevent any air or moisture exposure.

ector screws

E-coated current coll

PTF

PEEK spring

74
PEEK frame

Figure 1: (top) Rendering of the operando X-ray cell showing the copper working electrode, lithium
counter electrode, and PTFE-coated stainless steel current collector screws. (bottom left) Photograph of
the operando X-ray cell. (bottom right) Photograph of the operando X-ray cell inside of a chamber which
contains a flow of helium gas during scattering experiments.

Grazing Incidence Wide Angle X-ray Scattering

Grazing incidence wide angle X-ray scattering (GIWAXS) experiments were performed
at beamline 11-3 of the Stanford Synchrotron Radiation Lightsource (SSRL) at SLAC National
Accelerator Laboratory. The incident photon energy was 12.7 keV (A= 0.976 A) with a sample
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to detector distance of ~210 mm, calibrated using a LaBg standard. Each 2D image was acquired
for 120 seconds. Grazing incidence X-ray scattering data was reduced and analyzed using in-
house Python scripts employing the PyFAI and pygix libraries.?>3¢

Grazing Incidence Small Angle X-ray Scattering

Grazing incidence small angle X-ray scattering (GISAXS) experiments were performed
at SSRL beamline 1-5. The incident photon energy was 14.0 keV (A = 0.886 A) with a sample to
detector distance of ~2.8 m, calibrated using a silver behenate standard. Each 2D image was
acquired for 8 seconds. PyFAI and pygix libraries?>-3¢ were used for data reduction and analysis.

X-ray Photoelectron Spectroscopy

XPS experiments were performed at the Stanford Nano Shared Facility (SNSF) using a
PHI Versaprobe 1 Scanning XPS Microprobe. The X-ray source was Al K-alpha (1486.6 eV).
The pass energy was set to 23.5 eV. Both ion beam and electron beam charge neutralization were
used. Remaining peak shifts due to surface charging were corrected by normalizing to the C 1s
peak at 284.8 eV. XPS fitting was performed using the PHI MultiPak software package.
Sputtering was performed using an argon ion source with a nominal sputtering rate of 2 nm/min
calibrated using Si0,.

Scanning Electron Microscopy

Scanning electron microscopy (SEM) images were acquired using an FEI Quanta FEG
250 scanning electron microscope. The accelerating voltage was 10 kV and the working
distance was 10 mm. Samples were transported to the SEM in a heat-sealed aluminized polymer
bag filled with UHP argon. Air exposure during transfer from the bag to the microscope was less
than 5 seconds.

Results & Discussion

The addition of ppm levels of HF to lithium metal battery electrolytes causes a dramatic
difference in the morphology of electrodeposits and a signature of HF reduction can easily be
identified in electrochemistry data. While the galvanostatic plating curve for as-received
electrolyte has a sloping shape with no pronounced voltage plateau until that corresponding to
solvent reduction®-7 at ~0.5 V vs Li/Li* (Figure 2a), the curve for electrolyte with 100 ppm
added HF (Figure 2b) exhibits a clear voltage plateau at ~2.0 V vs Li/Li*, corresponding to
electrocatalytic reduction of HF (Reaction 2). The morphology of lithium metal deposited from
each electrolyte can be seen in the SEM images, which show a mossy microstructure formed in
as-received electrolyte (Figure 2¢) and a smooth columnar morphology when 100 ppm added HF
is present (Figure 2d).
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Figure 2: Capacity vs. voltage curves from galvanostatic electroplating of 1 mAh/cm? lithium metal at 0.5
mA/cm? in 1 M LiPFs in EC/DMC (a) as-received (AR) and with (b)100 ppm added HF. Top-view SEM
images of the resulting lithium metal morphology in (c) as-received electrolyte and that with (d) 100 ppm

added HF. Note the different scale bars in (c) and (d) were chosen to highlight relevant features of the
two morphologies.

Experimental results providing insight into the stepwise, mechanistic relationship
between the presence of added HF in the electrolyte, initial SEI formation on a copper working
electrode, and ultimately the effects on morphology of electroplated lithium metal will be
presented and discussed in subsequent subsections. The results are presented in the order in
which the processes would occur during galvanostatic deposition of lithium metal, i.e. bare
copper, SEI coated copper, and lithium plating. In the final subsection, a mechanism is proposed
to explain the phenomenon of columnar lithium metal growth, tying together all the experimental
results, and demonstrating the interrelation between electrolyte composition, initial SEI
formation, and morphology of plated lithium metal.

Initial SEI Directs Columnar Growth

Electrolyte additives may modify lithium deposition in several different ways, e.g. by
influencing initial SEI formation on the current collector, the nucleation stage of lithium metal
deposition, the growth of lithium metal deposits, or some combination thereof.3® To investigate
during which step of lithium metal electrodeposition HF plays an active role, a cell was first
galvanostatically brought down to 0 V vs the counter electrode (CE, Li/Li*) at 0.5 mA/cm? in
LP30 containing 100 ppm added HF to form the initial SEI on copper ( Figure 3a). The
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electrolyte was then removed, the cell rinsed with as-received LP30, and refilled with as-
received LP30 for deposition of lithium metal (Figure 3b). There is no voltage plateau ~2V
indicative of HF reduction, but we observe and additional small amount of capacity below 1 V
which is consistent with solvent reduction.’”-3° Lithium metal with a highly monodispersed
columnar morphology (Figure 3c) was still deposited although there was no HF in the electrolyte
during electroplating. This demonstrates that it is the initial SEI on copper which directs the
microstructure and that HF does not play an active role beyond the initial SEI formation. This
experimental evidence is in agreement with studies in the literature that report the formation of a
columnar microstructure without additives when a LiF rich layer was deposited ex sifu on copper
prior to cell assembly.20-28

2.54

b)

2.0 207 1 M LiPF4 in EC/DMC
315- u?'j“. no added HF
et “ | 1 M LiPF; in EC/DMC rinse with LP30 ¢ ' 0.5 mA/cm?
> 1.0 + 100 ppm HF o 1.0+ plate 1 mAh/em?® Li
g 0.5 mA/cm? 2
505 505
> cycle downto OV >

0.0 0.0

DTU OjZ Oj4 Ujﬁ 0.‘8 DTU 012 0j4 Ojﬁ U:B
Capacity (uAh/cm?) Capacity (WAh/cm?)

500 nm
I

Figure 3: (a) Capacity vs voltage plot during formation of the initial SEI on copper galvanostatically
brought to 0V at 0.5 mA/cm? in LP30 +100 ppm HF. (b) Capacity vs voltage plot for electroplating of
lithium metal at 0.5 mA/cm? in LP30 without added HF after initial SEI formation and rinsing. (c) Top-
view SEM micrograph showing columnar morphology directed by the initial SEI

As the initial SEI formed on copper modifies the nucleation and growth of lithium metal
in a way that gives rise to a columnar microstructure, understanding the formation of this layer
and its resulting properties is imperative. XPS results show that the initial SEI formed by
galvanostatically bringing copper working electrodes to 0 V vs Li/Li*at 0.5 mA/cm? in LP30
electrolyte with and without added HF are quite similar in chemical composition (Table S1).
Both SEIs contain primarily LiF, LiOH, and organic species (Figure 4), indicating that the
nanostructure of this layer rather than its chemistry is likely key to modifying lithium nucleation
and growth. The thickness of this initial SEI layer is roughly 2-3 nm based both on the charge
passed (~3 nm, assuming fully dense and uniform LiF (Figure 3a)) and the Ar ion sputter rate
(~2 nm, calibrated using SiO,, Figure S3). The presence of a smaller peak around 687.6 eV in
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the F1s spectrum for the as-received sample in Figure 4a corresponds to PF~ and could be due to
a more porous SEI that traps electrolyte. This is another indication of different SEI structures
with and without an HF additive. Alternatively, this could be residue from incomplete electrolyte
removal during rinsing.
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Figure 4: (a) XPS surface spectra of SEI on copper in as-received (AR) LP30. (b) XPS surface spectra of
SEI on copper in LP30 with 100 ppm added HF. Samples were galvanostatically brought to 0 V at 0.5
mA/cm?.

Directing the LiF’ Content of the Initial SEI

To study the electrolyte reduction processes resulting in SEI formation, cyclic
voltammetry (CV) was performed systematically as a function of added HF concentration (as-
received, +10, +100, and +500 ppm) and voltage sweep rate. Figure 5 shows a series of CV
scans measured at 5 mV/s in electrolytes with varying concentrations of HF. The peak at ~2 V,
indicated by the dashed line, results from the electrocatalytic reduction of HF to form LiF
(Reaction 2). The additional peak at higher potential in the as-received electrolyte may be
attributed to either PF-4 or POF; reduction.?>#? The slight shift in peak position to higher
potentials (from 1.9 to 2 V) with increasing HF concentration is consistent with the report by
Strmcenik ef al.?* Solutions with more HF exhibit higher peak currents and increased capacity
going into SEI formation. If a uniform film of LiF alone were fully passivating the copper
surface, this would be achieved at a specific capacity as further HF reduction would be prevented
by the passivation, and increased HF in the electrolyte would not lead to increased SEI
capacity.?> However, this data suggests that LiF alone does not passivate the copper surface at
these HF concentrations and scan rates because increased HF concentration in the electrolyte
results in a corresponding increase in the capacity of the HF reduction peak. Passivating LiF
films can be formed under different conditions, however, namely at slower scan rates and on
smoother single-crystalline substrates.*! We rationalize that HF reduction is limited by the
availability of HF at this interface, which in turn determines the amount of LiF that is formed in
the initial SEI.
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Figure 5: Cyclic voltammetry scans on copper in LP30 electrolytes with different concentrations of added
HF. The sweep rate for all scans was 5 mV/s. The dashed line indicates the HF reduction peak.

Voltammetric scans of LP30 with 100 ppm added HF were collected at a series of sweep
rates covering four orders of magnitude (0.5 — 500 mV/s) to determine which step of the SEI
formation process is rate limiting. The background subtracted peak currents from the raw data
(Figure 6a) were fit to the equation log(i,...) = log(a-?), where i,,, is the peak current density at
the HF reduction potential, v is the CV sweep rate, and a and b are constants. The fit of those
data to the equation (Figure 6b) yields a line with a slope of b = 0.494+0.007, which is indicative
of a diffusion limited process.3? This % power law behavior is the diffusion-limited response of
HF to the copper surface, since copper does not appreciably alloy or intercalate lithium, which is
a key advantage of using this analysis for this system. This conclusion is consistent with the
results of rotating disc electrode experiments in literature.>>*> A slower CV scan provides
sufficient time for HF to diffuse from the bulk electrolyte to the copper surface and be reduced to
form LiF (Reaction 2). This is shown in Figure 7 for both slower scan rates in voltammetry
(Figure 7a) and lower current densities during galvanostatic experiments (Figure 7b), which
result in increased capacity at positive potentials from HF reduction. The data shown in Figure
7a was obtained by normalizing the raw CV data shown in Figure 6a by scan rate to yield
capacity-voltage plots, which are more easily compared to galvanostatic cycling data. A longer
voltage plateau in these capacity-voltage plots indicates the reduction of more HF. A
potentiostatic hold at the HF reduction potential ~ 1.9 V was also performed for 12 hours, after
which the current density was <0.5pA/cm?, as shown in Figure 7b, with the reduction capacity
at this potential being very similar to that of the slowest galvanostatic measurement taken at
0.005 mA/cm?. The amount of charge passed, and thus LiF in the initial SEI, can be controlled
by carefully choosing an optimal concentration of HF in the electrolyte and appropriate rate of
electrochemical cycling, allowing for precise tuning of SEI properties.
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Figure 6. (a) Cyclic voltammetry scans on copper collected using several different voltage sweep rates in
LP30 electrolyte with 100 ppm added HF. (b) Plot of log(sweep rate) vs l0g(i,.) showing the HF
reduction process is limited by diffusion of HF to the copper surface as indicated by the fit of the data to
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Figure 7: Capacity vs voltage plots from (a) cyclic voltammetry and (b) constant current cycling tests.
All cells used LP30 with 100 ppm added HF. The plot in (a) was obtained by normalizing CV data by
scan rate to obtain differential capacities at each potential and plotted with the same axes as the
galvanostatic data shown in (b). Note the presence of a small second plateau in the galvanostatic data at
~0.7-0.9 V vs Li/Li*, consistent with carbonate solvent reduction.

In situ GIWAXS was used to probe the crystallinity and crystallographic texture of the
initial SEI layer formed on copper in 100 ppm added HF electrolyte. The initial SEI, formed by
galvanostatically bringing the potential down to 0 V vs Li/Li* by cycling at 0.5 mA/cm?, was
found to contain crystalline LiF particles as evidenced by the small broad peak at 2.71 A-! in the
inset of Figure 8a, corresponding to the (111) crystallographic plane. These LiF crystallites
exhibit (111) texturing as shown by the peaks at £70.5° in the I(y) analysis (Figure 8b and Figure
S5), which is reasonable given the face centered cubic rock salt structure of LiF. Scherrer
analysis of the LiF (111) peak width from the I(q) data indicates a crystallite size on the order of
~5 nm, slightly larger than the SEI thickness calculated from both charged passed and XPS depth
profiling, suggesting LiF does not form a continuous film. The other SEI components are either
amorphous or too thin to characterize with GIWAXS. No crystallographic texture is evident in
the SEI formed on copper from an electrolyte without added HF (Figure S4). The texturing may
only occur in electrolyte with added HF because LiF is formed at higher potential vs Li/Li" due

11
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to selective HF reduction, and LiF is the only solid product of this reaction. Therefore, the
reduction process does not have to compete for reactants (lithium ions, fluorine atoms, electrons)
or physical space on the copper surface, resulting in more facile LiF deposition homogenously
distributed across the working electrode. In the case without HF, multiple reduction processes
(e.g. PF, solvent) which yield multiple solid products (e.g. LiF, Li,0, Li,COs3, organic species)
all occur simultaneously at the applied scan rates, resulting in more random LiF formation.

1200 A
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1000 4
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400 1

Intensity (a.u.)

2001

Intensity (a.u.)

=75 =50 =25 25 50 75
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Figure 8: (a) 1D scattering pattern of SEI formed on copper by galvanostatic cycling at 0.5 mA/cm? down
to 0V vs Li/Li* in LP30 with 100 ppm added HF. The large broad peak around 1.5 A" is due to
amorphous scattering from the liquid electrolyte and glass substrate. Inset shows a zoom in of the LiF
(111) peak after background subtraction. (b) I(x) at the LiF (111) diffraction peak showing peaks at +
70.5° (dashed lines) indicative of (111) texturing. The data was background subtracted using the average
of I(y) at £0.1 A" above/below the LiF (111) peak as the background.

Mechanism of Copper Passivation and SEI Nanostructuring

We showed above that LiF formation slows significantly after HF is depleted near the
copper surface. We further conclude that solvent reduction follows in between and/or on top of
LiF particles. This is evidenced by a much shorter second plateau at ~0.7-0.9 V vs Li/Li"
(Figure 7b) and is consistent with experimental carbonate solvent reduction potentials from
literature.3”-** When the remaining unpassivated areas of the electrode surface become covered

12
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with solvent reduction products, further electrolyte reduction is significantly slowed, as
evidenced by the much reduced peak current in subsequent CV sweeps (Figure 5)

To test this hypothesis, HF was used as a probe of unpassivated surface area by first
cycling a cell down to 1.5 V vs Li/Li* such that HF becomes depleted near the copper surface but
solvent has not yet been reduced. The HF depletion layer was then removed by lightly agitating
the solution with bubbles created using a pipette, and the cell was again galvanostatically
brought down to 0 V vs Li/Li* (Figure 9). The presence of a second HF reduction plateau at the
same potential indicates there is working electrode surface available for further reaction and that
the plateau in the first half cycle ended due to HF depletion rather than electrode passivation by
LiF. The same behavior is observed if, instead of light agitation with a pipette, the cell is rested
for several hours before applying current a second time.

3.5

)
rest + pipette

ol HF +Li* + & > LiF + %2 H,

Voltage vs

=
w
L

=
o
1

0.0 0.2 0.4 0.6 0.8 1.0 1.2
Capacity (uAh/cm?)

Figure 9: Capacity vs voltage plot of a cell containing LP30 with 100 ppm added HF first
galvanostatically brought down to 1.5 V vs Li/Li* at 0.5 mA/cm?, indicating HF is depleted near the
copper surface, then down to 0 V vs Li/Li* after the depletion layer is removed by light agitation with a
pipette. The voltage plateau during the second half cycle at the HF reduction potential shows there is
unreacted copper available and that the plateau in the first half cycle ended due to HF depletion, not
electrode passivation by LiF.

To summarize, the initial SEI formed on copper from LP30 electrolyte with 100 ppm
added HF consists of crystalline LiF particles with (111) crystallographic texture covered by
amorphous solvent reduction products such as organic species and LiOH. It has been reported in
literature that grain boundaries between individual crystalline LiF particles and interfaces
between LiF and an amorphous phase can act as fast lithium diffusion pathways.***> For
example, Zhang et al. showed that the interface between crystalline LiF and amorphous Li,CO;
can create enhanced lithium-ion diffusivity. For our case, the areal density of these fast diffusion
pathways is determined by the number density of LiF particles on the copper surface, which we
hypothesize is controlled by the HF concentration and cycling rate, allowing for the direct tuning
of SEI properties via electrolyte additive engineering and formation cycling protocols. Such
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control over the initial SEI allows for control of initial lithium metal nucleation and growth and
the ability to direct a desired lithium morphology.

Crystallographic Texturing of Lithium Columns

In situ GIWAXS was again employed to probe the crystallinity and texturing of
electrodeposited lithium metal in electrolytes with and without added HF. While lithium
deposited by galvanostatic cycling at 0.5 mA/cm? to a capacity of 1 mAh/cm? in as-received
LP30 electrolyte does not exhibit any preferred texture (Figure S6), lithium deposited in LP30
with 100 ppm added HF has a strong (110) crystallographic texture as evidenced by the peaks at
+60° in the I(y) analysis (Figure 10b). Shi et al. have also reported lithium metal with a (110)
texture, though in a different electrolyte system.*® This (110) texture can be explained by the
fact that lithium is a body centered cubic metal, with the close packed crystallographic plane
being the (110). However, DFT has shown the lithium (100) plane to have the lowest
energy*’48  although these DFT calculations are for surface energies in vacuum.
Electrodeposition is inherently in liquid electrolyte, where both diffusion of lithium ions in the
bulk electrolyte and the SEI play critical roles in determining lithium deposit morphology, and
this may lead to a (110) texturing.4%-4

Li et al. used cryogenic transmission electron microscopy to show that lithium whiskers
are single crystalline, even in electrolytes without additives.’® In electrolytes that do not produce
an aligned columnar microstructure, these individual whiskers bend at random orientations,
disrupting any relative coherence between the lithium whiskers and the substrate, as well as
between individual lithium whiskers, resulting in a mossy microstructure devoid of texture.
However, in electrolytes with added HF, we propose the initial LiF-nanostructured SEI with
uniformly high lithium diffusivity promotes a fast nucleation event with high nucleation density;
~70 nuclei/um? at 0.5 mA/cm? in this work compared to ~0.5 nuclei/um? reported in reference !
without HF added. A similar positive correlation between uniformity of SEI properties and high
nucleation density was observed by Meyerson et. al for nucleation on lithium metal foils.?
Nucleation is followed by simultaneous lateral and vertical growth of lithium deposits until they
bump into one another laterally, leaving the only available growth direction as the one normal to
the copper substrate. The uniformity of growth is enabled by high lithium-ion diffusion within
the SEI, allowing lithium ions to easily move laterally across the electrode surface thus
eliminating sites of preferential deposition which can lead to mossy microstructures. Growth
from this point on is along the vertical direction, resulting in a highly monodispersed columnar
geometry.

As seen in the XPS spectra in Figure 11, the SEI on lithium deposited by galvanostatic
cycling at 0.5 mA/cm? to a capacity of 1 mAh/cm? in LP30 with 100 ppm added HF is thin
enough to allow for detection of Li® signal after only 1 minute of sputtering, while no Li° is
detectable for the SEI formed in as-received LP30 even after 20 minutes of sputtering at the
same rate. The lack of Li® signal in the SEI formed in as-received electrolyte may be due both to
a thicker SEI as well as the effect of the mossy morphology on Ar ion sputtering uniformity. We
infer that the higher lithium diffusivity of the SEI formed in electrolyte with added HF enables a
more uniform microstructure of the lithium metal with lower surface area and reduces the extent
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of continuous electrolyte reduction, resulting in a thinner SEI. The initial simultaneous lateral
and vertical growth of lithium metal followed by unidirectional, vertical growth normal to the
substrate is aided by this thinner SEI. Depth profiling of the SEI on 1 mAh/cm? of
electrodeposited lithium formed in HF containing electrolyte reveals a bilayer-like structure with
a LiF-rich outer layer and Li,O-rich inner layer (Figure S7), which is consistent with that
reported by Kanamura et al.'® Li,C, has been reported to form alongside Li,O as a product of
carbonate decomposition, which is further supported by the results presented here.?
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Figure 10: (a) 1D scattering pattern of SEI formed on electrodeposited lithium metal in LP30 with 100
ppm added HF by galvanostatic cycling at 0.5 mA/cm? to a capacity of 1 mAh/cm?. The large broad peak
around 1.5 A is due to amorphous scattering from the liquid electrolyte and glass substrate. (b) I(y)

analysis at the Li (110) diffraction peak showing peaks at + 60° (dashed lines) indicative of (110)
texturing.
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Figure 11: (a) XPS depth profiling spectra of SEI on electrodeposited lithium metal in as-received LP30.
(b) XPS spectra of SEI on lithium metal in LP30 with 100 ppm added HF. Times indicate extent of argon
ion sputtering.

Persistence of Columnar Morphology After Cycling

To test the cyclability of columnar lithium metal during cell operation, operando
GISAXS was used to probe the morphology of lithium metal deposits during cycling. GISAXS,
being sensitive to length scales on the order of a few to a few hundred nanometers, exhibits a
distinct set of evenly spaced intensity oscillations in the g, direction (Figure 12) arising from the
highly monodispersed columnar microstructure, with column diameters of ~100-200 nm
depending on current density (Figure S8); the periodicity 4q, of these oscillations is related to
the column diameter d by 4q, = 2z/d. Oscillations in the g, direction arise from interference
between X-rays scattered from the lithium-electrolyte and lithium-copper interfaces, complicated
by multiple scattering and indicate the top surface of the film is very smooth.>* At the end of
plating 1 mAh/cm? of lithium, strong intensity oscillations are apparent in the g, direction,
indicative of a columnar morphology (Figure 12c). After stripping half of the plated capacity
(0.5 mAh/cm?), the intensity oscillations are still present, though broader and less pronounced,
indicating the columnar morphology is maintained but is less monodisperse in size and shape
(Figure 12d). At the end of the second plating half cycle the oscillations are even less
pronounced (Figure 12¢), suggesting that cycling a large percentage of the plated 1 mAh/cm?
capacity, in this case 50%, with a columnar morphology leads to a loss of uniformity in the
microstructure. This is further evidenced by the fact that if all the columnar lithium is stripped to
a 1 Vvs LI/Li" cutoff voltage, the second plating half cycle does not produce a columnar
morphology (Figure S9). This is consistent with the report from Zhang ef al. which
demonstrated using ex situ SEM that lithium is stripped from both the tops and sides of lithium
nanorods?%, enabled by the high lithium-ion diffusivity of the SEI, disrupting uniform re-plating
onto the high aspect ratio columns. This limits the cycle life of practical batteries which must
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uniformly plate and strip high capacities of lithium during each charge/discharge cycle,
particularly in “anode-free” configurations. Thus, further understanding the impact of additional
conditions, including electrochemical profile and mechanical compression (stack pressure),
which could help promote the growth of columns with a lower aspect ratio (disc-like rather than
rod-like), will be crucial to maintaining morphology control after hundreds of cycles and
enhancing the long term cyclability of lithium metal batteries. The effects of compression, the
presence of a separator, and lower volume of electrolyte, in particular, require additional
investigation as the behavior observed using the flooded open cell design employed in this study
may not be directly transferable to a commercial-type battery.
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Figure 12: (a) Voltage profile over time for the first plating, partial stripping, and second plating half
cycles of lithium on copper in LP30 electrolyte with 100 ppm added HF cycled at a constant current of
1.0 mA/cm?. (b-e) 1D GISAXS Intensity vs q, profiles from the timepoints indicated, where intensity
oscillations show evidence for the presence of a columnar morphology. Insets show the raw 2D detector
images.

Proposed Mechanism of Columnar Lithium Metal Deposition

Combining the insights derived from the systematic set of experiments detailed in this
report along with complimentary results from literature, we have uncovered a new understanding
of the mechanisms underlying the growth of columnar lithium metal. A schematic representation
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of the proposed mechanism linking electrolyte additive concentration, initial SEI formation, and
the resulting growth of lithium columns is shown in Figure 13. The initially pristine, oxide-free
copper surface enables the electrocatalytic reduction of HF at ~2 V vs Li/Li" which forms (111)
textured LiF deposits a few nanometers in size on the surface. Two morphologically distinct yet
functionally equivalent LiF deposit morphologies are possible — uniform yet discontinuous LiF
particles decorating the copper surface or a continuous polycrystalline film - with the former
being more probable in this system when considering the substrate roughness and LiF crystallite
size. This HF reduction and LiF deposition process slows significantly when HF becomes
depleted near the interface. Subsequently, as the potential drops below 1 V, solvent molecules
are decomposed on the remaining unpassivated surfaces between and/or on top of LiF particles,
forming organic reduction products and slowing further reduction of electrolyte species. While
the precise morphology of the LiF particle layer could not be directly imaged, both candidate
morphologies shown schematically in Figure 13 would result in an SEI with similar properties
and identical effects on lithium nucleation and growth. Interfaces between individual crystalline
LiF particles and/or between LiF particles and the amorphous matrix of solvent reduction
products in the initial SEI act as fast lithium-ion diffusion pathways. These pathways serve to
homogenize the electronic and ionic properties near the copper surface, enabling a high
nucleation density of lithium metal as the potential of the working electrode is brought below 0
V vs Li/Li* and electrodeposition of the active material begins via an instantaneous nucleation
event. High lithium-ion diffusion within the SEI created by these interfaces, which allows for
easier movement of lithium ions laterally across the electrode surface, along with the layer being
very thin, allow for uniform, lateral growth of the lithium metal deposits until they bump into
one another. After lateral growth is inhibited the deposits are restricted to growing vertically,
normal to the working electrode, resulting in the highly monodisperse (110) textured columnar
morphology observed. The diameter of these lithium columns can be controlled by varying the
current density during electrodeposition (Figure S8). Indeed, a columnar morphology may be
the intrinsically preferred growth mode of lithium metal?'3%. However, such growth may be
inhibited by the SEI formed in conventional electrolytes without additives due to non-uniform
lithium-ion diffusivity and the presence of “hot spots” where preferential deposition occurs,
whereas the nanostructured SEI formed in electrolytes with added HF would allow columnar
growth to proceed uninhibited.
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Figure 13: Schematic (cross-sectional view) showing the series of processes resulting in an SEI layer
containing crystalline LiF particles in an amorphous matrix which directs the growth of highly
monodispersed columns of lithium metal. Crystalline LiF is produced as a product of selective HF
reduction at 2 V vs Li/Li", followed by solvent reduction at lower potentials yielding amorphous products.
The high lithium diffusivity of the nanostructured SEI promotes high lithium nucleation density, and
allows for uniform lateral growth, and eventually the formation of a columnar morphology.

Conclusions

In this work, a mechanism is proposed to explain the phenomenon of columnar lithium
metal deposition. An electrolyte additive, such as HF, is selectively reduced at high potential vs
Li/Li* to form uniformly distributed crystalline LiF particles with preferred crystallographic
texture which are then encased in an amorphous matrix of solvent reduction products, as
evidenced by systematic electrochemical analysis and in sifu X-ray surface scattering. The LiF
quantity and distribution are directly tunable by choosing an appropriate additive concentration
and electrochemical cycling rate. Interfaces between LiF and the amorphous phase act as fast
lithium-ion diffusion pathways, promoting a thin and more uniform SEI which leads to a very
high lithium metal nucleation density relative to additive-free systems followed by nearly-
isotropic and eventually vertical columnar growth, observed in real-time using operando small
angle X-ray scattering. Understanding this process step-by-step provides new insights into the
role of electrolyte additives and provides new information for the rational design of such
additives. As HF is damaging to cathodes, current collectors, and other cell components, new
additives which decompose at high potentials vs lithium and direct the formation of a columnar
morphology should be developed for practical use in lithium metal batteries.
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Investigation of the mechanisms underlying control of electrodeposited lithium metal morphology using
electrolyte additives in lithium metal batteries.
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