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Abstract: With more than 10 times the capacity of the graphite used in current commercial batteries, lithium

metal is ideal for a high-capacity battery anode; however, lithium metal electrodes suffer from safety and efficiency
problems that prevent their wide industrial adoption. Their intrinsic high reactivity towards most liquid organic
electrolytes leads to lithium loss and dendrite growth, which result in poor efficiency and short circuiting. However,
the multitude of factors that contribute to dendrite formation make determining a nucleation mechanism extremely
difficult. Here, we study the intricate science of dendrite nucleation on metallic lithium by using an array of
analytical techniques that provide simultaneous ultra-high spatial sensitivity and chemical selectivity. Our results
reveal a 3D picture of the chemical make-up of the native Li surface and the resulting solid electrolyte interphase
(SEI) with better than 200 nm resolution. We find that, contrary to the general understanding, the initial surface
chemistry, not the topography, is the dominant factor leading to dendrite nucleation. Specifically, inhomogeneously

distributed organic material in the native surface leads to inhomogeneously dispersed LiF-rich SEI regions where
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dendrite nucleation is favored. This has significant implications for battery research as it elucidates a mechanism for
inhomogeneous SEI formation, something that is accepted, but not well understood, and highlights the importance
of Li surface preparation for experimental studies, which is implicit in battery research, but not directly addressed in
the literature. By homogenizing the initial lithium surface composition, and thus the SEI composition, we increase
the number of dendrite nucleation sites and thereby decrease the dendrite size, which significantly increases the

electrode lifetime.

With the mass popularization of electric vehicles (EVs), alternative energy conversion
systems, and portable electronics there is an ever-growing demand for higher energy density
batteries to power these new technologies. Advances in battery technology have pushed the
practical capacity of graphite anodes in current commercial, rechargeable lithium-ion batteries
(LIBs) to their theoretical limits. Thus, it is necessary to replace graphite anodes with a more
energy dense material to further increase battery capacity. Lithium metal (3860 mAh g!) has
more than ten times the capacity of graphite (372 mAh g!), making it ideal for a high capacity
anode. However, rechargeable Li metal batteries (LMBs) have not yet been commercialized due
to major safety and efficiency problems caused by dendrite growth on the Li. When dendrites
grow inside a battery, they can short circuit the cell, producing heat and leading to thermal
runaway. Additionally, the growth of these high surface area structures consumes both Li and
electrolyte as a result of solid electrolyte interphase (SEI) formation. This decreases the
coulombic efficiency, and therefore, lifespan, of the battery.!~3 In practical cells, excess Li and
electrolyte is undesirable because it increases the weight and cost of the battery. Therefore, as
recently described by Liu et al., it is imperative to understand the relationship between SEI and

Li metal in order to develop strategies to enable longer cycle life for high-energy LMBs.#
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When Li dendrites deposit on the Li surface they nucleate preferentially in certain
locations.>® Many experimental and modeling studies have been conducted to try to elucidate the
mechanisms for dendrite formation and growth; however, the causes of dendrite growth are
numerous and complex.”'° This complexity is reflected in the considerable number of methods
being researched to suppress dendrite growth and improve battery performance, including the
uses of 3D current collectors to confine the Li metal,!' high shear modulus solid or polymer
electrolytes to mechanically suppress dendrites,!>!3 artificial SEIs to prevent inhomogeneous
reduction of the electrolyte on the Li surface and improve SEI conductivity,'*!> and electrolyte
additives to control the SEI composition.'®-1?

In early modeling studies, confirmed by experimental work, Chazalviel showed that, at
high current densities, the development of a concentration gradient, and subsequent depletion of
ions at the electrode surface, leads to dendritic deposition.”? At lower current densities, localized
high current density regions develop at sharp edges where the local electric field is enhanced,
leading to preferential deposition on these regions.>%10 Although these types of models work
well for noble metals, SEI formation due to the high reactivity of Li with nearly all electrolytes
complicates the nucleation and growth mechanism of dendrites on Li metal.?°

The composition of the SEI that forms as a result of the reaction between metallic Li and
organic electrolytes has been extensively studied in numerous different systems and is highly
dependent on the type of electrolyte used in the cell as well as electrode chemistry, temperature,
and cycling conditions.?! It has been found that the reduction of common carbonate electrolytes
and Li salts on the Li surface leads to a wide variety of organic and inorganic compounds,
resulting in extremely complex surface chemistry.?? Despite this complexity, the SEI is generally

composed of a denser inorganic layer close to the Li surface with a more porous organic layer in
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contact with the electrolyte.?? The complexity of the SEI plays a large role in the formation of
dendritic structures on Li anodes because Li will preferentially deposit in locations where Li*
transport is easier, for example in thinner regions of the SEI. As Li continues depositing, it
stretches the SEI and can cause it to crack. This crack becomes even more favorable for Li
deposition, and a site for dendritic growth.>?* To further complicate matters, Harry et al. have
found yet another factor contributing to dendrite nucleation; the preferential Li deposition on
crystalline impurities in the anode surface.?3-27

Much of the work already done in the field of Li dendrite nucleation has focused on
either the role of the Li surface topography or the role of the overall SEI composition in Li
dendrite nucleation and growth, but little work has been done to examine how the local
chemistry of the native Li surface affects dendrite nucleation and growth, and local SEI
composition. Furthermore, much of the compositional analysis of the native surface and SEI that
has been done relies on techniques with relatively low spatial resolution. To our knowledge, no
work has yet explored the relationship between surface topography, native surface chemistry,
and SEI composition on Li electrodes with an in-plane spatial resolution better than 200 nm, or
looked at the effect of the local Li surface chemistry on the SEI chemistry.

In this work, we develop a 3D chemical picture of the native Li surface as well as the SEI
that forms as a result of this native surface. By correlating this chemical picture with the surface
topography we examine how the surface chemistry and topography are related and thus
determine the dominant factor for dendrite nucleation. Using a combination of atomic force
microscopy (AFM) and time-of-flight secondary ion mass spectrometry (ToF-SIMS), we are able
to examine the chemistry of the Li surface with much greater spatial resolution than other

common techniques such as x-ray photoelectron spectroscopy (XPS) and Fourier-transform
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infrared spectroscopy (FTIR).?! This allows us to correlate the chemistry of the surface with its
topography with better than 200 nm in-plane resolution. We find that on an untreated Li surface
there are organic inhomogeneities present before exposure to electrolyte, which lead to the
formation of LiF-rich regions in the SEI on these locations. These LiF-rich regions provide
preferential locations for Li deposition due to their higher Li-ion conductivity. Comparison of
these regions with the surface topography suggests that the chemical composition of the Li
surface has a larger impact on preferential dendrite nucleation than topography in this system.
This has significant implications for battery research as it elucidates a mechanism for
inhomogeneous SEI formation, something that is accepted, but not well understood. It also
highlights the importance of Li surface preparation for experimental studies, which is implicit in

much battery research, but not directly addressed in the literature.

Experimental
Lithium foil treatments

Lithium foil of 99.9 % purity and 0.75 mm thickness was purchased from Alfa Aesar
(CAS# 7439-93-2). The foil was packaged under argon and stored in an argon-filled glove box
with <0.1 ppm O, and H,O. The rolled foil was prepared by hand rolling the purchased foil with
a polyethylene coated stainless steel rod. The sliced and rolled foil was made by melting a piece
of the purchased foil in a stainless steel crucible, removing the floating layer containing the
impurities, and pouring the molten lithium into a weigh boat to form an ingot. The ingot was
cooled and cut with a craft blade into slices that were about 2 mm thick and then rolled to 0.75
mm with the polyethylene coated rod. ToF-SIMS and AFM were conducted on these samples

before exposure to electrolyte and after soaking in 1 M LiPFg in 1:1(v/v) ethylene carbonate
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(EC):diethyl carbonate (DEC) (dried with molecular sieves to <3 ppm H,0) for 7 hours. The
LiPF¢ in EC:DEC electrolyte system was chosen for its commercial relevance, as it is still used

more frequently in commercial batteries than the better performing ether electrolytes.

Surface analysis

Time-of-flight secondary ion mass spectrometry ToF-SIMS depth profiles and high-resolution
surface maps were obtained with a TOF.SIMS 5 by ION-TOF GmbH, 2010. Lithium samples
were transferred from an Ar-filled glovebox to the ToF-SIMS without air exposure by using an
interface designed by the Texas Materials Institute of The University of Texas at Austin.?® The
depth profiles were collected in non-interlaced mode alternating the sputtering and analysis
beams with all detected ions having a negative polarity given the electronegative nature of most
SEI impurities (carbonates, oxides, fluorinates). A beam of Cs* ions (2 keV, ~70 nA measured
sample current) impinging upon a 300 x 300 um area was selected for sputtering of the sample
surface as this enhances the ionization probability of electronegative species. For analysis, a
beam of Bi* ions (30 keV, ~3 pA measured sample current) was chosen, raster scanning 100 x
100 um or 50 x 50 um areas, segmented into 256 x 256 pixels and centered within the regressing
Cs™ sputtered areas. The sputtering rate for Li using the Cs* beam was calculated at ~1 nm/s
based on previous work by Zu et al.?? The analysis beam was set in either high current mode
(HC, ~1 um lateral, that is, in-plane, resolution) or burst alignment mode (BA, that is, high
lateral resolution mode, ~200 nm) depending on the required resolution. For example, when the
AFM topography had to be correlated with the surface composition the ToF-SIMS maps and

depth profiles were acquired in BA mode. The mass resolution in HC mode is 0.001 amu. BA
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mode has lower mass resolution; however, the m/z peaks for the species analyzed in BA mode
were compared to those in HC mode to confirm that there were no other species present in the
region covered by the peak in BA mode. The time consuming nature of ToF-SIMS analysis
meant only one sample from each treatment process could be analyzed; however, multiple
locations on each sample were analyzed and all data shown is representative of these multiple
locations, providing reasonable statistics.

Atomic force microscopy For surface mapping, a Bruker Dimension 3100 AFM that was
enclosed in an argon-filled glove box (Innovative Technologies) with <0.1 ppm O, and H,O was
used. All mapping was done in the argon environment to prevent lithium corrosion and to ensure
the Bi* sputtered spots were protected from any oxygen-related reactions, similar to previous
work on an organic photovoltaic system.3? Topographical images were taken in tapping mode
using a MikroMasch HQ:NSC15/Al BS silicon probe. The samples were transported both ways
between the Ar glove box of the AFM and the ToF-SIMS high vacuum chamber with an air-free
capsule described in the ToF-SIMS section above. Imaging locations were found after transfer by
creating a grid around the sample and using the stage x, y coordinates to locate the spots in
relation to the grid. Images were plane leveled and the zero point set as the average surface
height.

X-ray photoelectron spectroscopy XPS spectra were obtained with a Kratos Axis Ultra X-ray
photoelectron spectrometer, with a monochromatic Al-Ka x-ray source (hv = 1486.5 eV).
Samples were transferred from an Ar filled glovebox using the same transfer capsule as was used
for ToF-SIMS. The data were analyzed using CasaXPS software and the peak binding energies
were normalized to the adventitious C 1s peak aligned to 284.8 eV. Samples were sputtered with

Ar" one sample at a time alternating sputtering and analysis with sputtering for 15 s each before
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analysis for the first three analyses then 30, 60, 120, and 240 s sputtering between subsequent
analysis scans. One sample was sputtered at increasing intervals up to 16 min, but no change in
signal was detected after 240 s sputtering. At each time point, the area under the peak
corresponding to carbonate, oxide, or non-oxygen containing C compounds was normalized to
the area under the metallic Li peak and these ratios were compared and correlated with the ToF-
SIMS data for the same surface components to create a diagram of the overall surface
composition.

Electrodeposition and electrochemical testing

Lithium was electrodeposited in a home-built, optical, three-electrode cell described in
the supporting information, Fig. S1. The cell was composed of a Li working electrode treated as
described above, untreated Li counter and reference electrodes, and 1 M LiPF4 (BASF) in 1:1
(v/v) ethylene carbonate (99.95%, BASF): diethyl carbonate (99+%, Alfa Aesar) as the
electrolyte. A 7.1 mm inner diameter fluorosilicone gasket was used to define the area of the
working electrode. The electrolyte, prepared under Ar in a glovebox (<0.1 ppm O, and H,0),
was dried with EMD Millipore molecular sieves to less than 3 ppm H,O. An Arbin BT 2043 was
used to apply a current density of 12.5 or 2.5 mA c¢m for 0.5 mAh cm for the videos taken of
the deposition, 1.5 s for the depositions analyzed by ToF-SIMS and AFM, and 60 s for the
depositions analyzed by SEM.

For electrochemical testing, 0.75 mm thick Li foil electrodes were prepared under Ar in a
glovebox as described under Lithium foil treatments and used in CR2032 coin cells made with a
Celgard 2400 polypropylene separator and either a Li counter electrode treated in the same
manner or LiyTis0;, (LTO) electrode. The LTO electrodes were made by slurry casting an

86:7:7 mixture of LTO: Super P conductive carbon: polyvinylidene fluoride (PVDF) in N-
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methylpyrrolidone (Sigma-Aldrich) onto Cu foil and then calendaring the dried electrodes to ~
Sum film thickness. The LTO, Super P, and PVDF were obtained from MTI and the LTO has a
median particle size of 1.1 um and a tap density of 1.5 g cm3. The coin cells were conditioned at
C/20 then C/10 then cycled between 1.0 and 2.5 V at a rate of C/5 also using an Arbin BT 2043.
A CH Instruments 604D electrochemical analyzer was used for electrochemical impedance
spectroscopy (EIS) and galvanostatic linear charge cycling measurements. Electrochemical
impedance spectra were taken between 10 mHz and 100 kHz with an amplitude of 5 mV and the
galvanostatic linear charge measurements were taken from -20 pA to 20 pA.
Microscopy

The in-situ electrodeposition of Li was recorded with a Firefly DE300 USB Polarizing
Dermatoscope and photographs were taken using a Keyence VHX-5000 digital microscope.
Scanning electron micrographs of the rolled and sliced and rolled lithium foils, as well as the
untreated foil, were obtained before and after lithium deposition with an FEI Quanta 650
scanning electron microscope (SEM). Samples were transferred between the Ar filled glovebox
and the SEM using a sealed interface system, Fig. S2, described in the supporting information, to

avoid air exposure.

Results and discussion
Topography of untreated Li

To correlate the initial surface topography of untreated Li with the chemical composition
of the surface, we used both atomic force microscopy (AFM) and time-of-flight secondary ion
mass spectrometry (ToF-SIMS) on the same regions of the sample; AFM for topographical

information on the regions and ToF-SIMS for their chemical composition. We analyzed these
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regions of untreated Li (1) before exposure to electrolyte, (2) after exposure to electrolyte, and
(3) after electrodeposition on the surface. In Fig. 1, AFM of the untreated Li surface before
exposure to electrolyte shows that lines observed in optical micrographs, Fig. S3, are ridges and

cracks in the surface, which are about 1 pm deep and 0.5-1 um wide.

x 10.0 4, A

Figure 1. Atomic force micrographs, a, b, and d, of the vein shown in the optical micrograph in ¢, on untreated Li prior to
electrolyte exposure.

There are also ridges, or striations, present on the surface likely arising from the machining
process. These striations, along with the cracks/ridges, are visible in optical images taken of the
surface, Fig. S3 in the SI. To examine the topography of the Li underneath the dendrites, we took
AFM scans of the same region of untreated Li before and after electrodepositing Li on the
surface. Fig. 2a, d, and g correspond to the Li before exposure to electrolyte, Fig. 2b, e, and h
correspond to the Li after exposure to electrolyte, but before electrodeposition, and Fig. 2¢, f, and
i correspond to the Li after electrodeposition at 12.5 mA c¢cm for 1.5 s. The circled regions in
Fig. 2 correspond to the areas where dendrites are observed on the Li after electrodeposition.
Comparing this region before and after exposure to electrolyte for 7 hours shows little change in
the size of the cracks or ridges. Comparing the same region before and after Li electrodeposition

shows dendrite growth along the ridges and striations. The preferential deposition of Li along

10
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these lines is also apparent in scanning electron micrographs taken before and after

electrodeposition on the untreated Li surface, Fig. S4.

a | b

230 pum

Figure 2. Atomic force micrographs, a-f, and ToF-SIMS secondary ion maps (high lateral resolution mode) of C,H-, g-i, of
untreated Li. a; d; and g, are before exposure to electrolyte, b; e; and h, are after soaking in 1 M LiPF4 in 1:1 EC: DEC for 7 hr,
and c; f; and i are after Li electrodeposition at 12.5 mA c¢cm for 1.5 s. All ion maps are of the top surface layer taken without Cs*
sputtering and the scale bar corresponds to the number of ion counts.

From this data it appears that the sharper edges of the ridges and striations lead to preferential
dendrite growth. This is in agreement with work by Aurbach’s and Tarascon’s groups, as well as
Li et al., showing that the enhanced electric field at edges leads to preferential Li deposition.®?3!
Correlation between topography and chemical composition

In order to explore the relationship between the surface topography described in the

previous section and the chemical composition of the surface, we employed ToF-SIMS high

11



Journal of Materials Chemistry A Page 12 of 34

resolution mapping, Fig. 2g-i, after each AFM scan. ToF-SIMS mapping before and after
exposure to electrolyte shows higher concentrations of C,H- along the surface of the ridges
observed in the AFM maps. Of note, due to the destructive nature of the ToF-SIMS, we were
only able to analyze (that is, image) the very top surface and did not sputter deeper into the
surface (that is, no depth profiling) of the samples scanned with AFM until after Li deposition;
otherwise we would significantly modify the initial Li surface morphology and composition,
thereby disturbing the dendrite growth in the sputtered region. Instead, we used ToF-SIMS depth
profiling to examine the surface of an untreated sample that had not been exposed to electrolyte
and was not electrodeposited on afterward, Fig. 3, to examine the native surface chemistry below
the first few nm. Additionally, we sputtered through the dendrites that had deposited on the
sample scanned with AFM after Li deposition to examine the chemical composition at the base

of the dendrites, Fig. 4.
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Figure 3. a) Optical micrograph of untreated Li foil analyzed by ToF-SIMS, b) Overlay of LiO- and C,H- ToF-SIMS secondary
ion maps (high current mode, ~1 um lateral resolution) corresponding to the region highlighted in yellow in a, and ToF-SIMS
depth profiles of ¢) C,H- and d) LiO- on and off the vein of untreated Li.
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Figure 4. a) Atomic force micrograph of untreated Li after Li deposition corresponding to Fig 2f, b) 2D rendering of a ToF-
SIMS ion map in high lateral resolution mode, overlaying C- (red) and O- (blue) secondary ion spatial distributions after 9000 s
of Cs* sputtering. Brighter colors indicate higher counts.

After sputtering through the top few nanometers of an untreated Li sample without
exposure to electrolyte, the Li surface still shows that the vein contains a higher concentration of
C,H- than the surrounding area, even extending into the bulk of the Li, Fig. 3. As the surface is
sputtered away, the C,H- localizes into points along the vein, Fig S5. These individual points
appear to provide nucleation sites for dendrites, correlating well with the carbon signal seen at
the base of dendrites after sputtering through them, Fig. 4. Here, the onset of bulk Li was

determined by the onset of the Lis- signal and occurs at about 6 nm (based on a sputter rate of ~1
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nm s1)?° both on and off the vein. A diagram of the average composition of the native Li surface
as a function of sputter depth can be found in the SI (Fig. S6).

In contrast to C,H-, LiO-, indicative of Li,O, exists in higher concentrations on the
regions surrounding the vein (plateau) than on the vein itself, Fig. 3. Overall, the ToF-SIMS
analysis of the untreated Li surface without any exposure to electrolyte shows an inhomogeneous
surface chemistry with organic rich veins running through a Li,O (and other inorganic species,
such as, Li,COs, Fig. S7) rich surface. The preferential Li deposition that we observe, discussed
later, correlates with these higher concentrations of organics as well as the topographical ridges
observed in the AFM maps.

Combining the results on surface topography from the AFM scans and surface chemistry
prior to electrolyte exposure from ToF-SIMS, we find that the optically visible lines on the Li
surface are ridges/cracks with about 1 pm height/depth. ToF-SIMS analysis of these ridges
shows that they are richer in organic material, but poorer in oxide and other inorganic
compounds than the surrounding area. During electrodeposition, Li deposits preferentially along
these organic rich ridges, rather than on the oxide rich plateaus. Given that the deposition
correlates with both the surface topography and surface chemistry, we cannot conclude that one
factor is dominant in the preferential deposition of lithium in this case, so we developed surface
treatments to (1) smooth the surface topography and (2) alter the surface composition.

Surface treatments to remove native surface layer and smooth surface topography

When Li metal is processed in dry air, as it typically is during manufacturing, the highly
reactive metal reacts with various environmental constituents to form a passivating film. This
passivating film is composed of a thin layer of adventitious carbon on top of a layer of LiOH and

Li,COs, which sits on an oxide rich layer in contact with the metallic Li.3> We confirmed this
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surface composition on our samples with x-ray photoelectron spectroscopy (XPS) and ToF-
SIMS depth profiling, Fig. S6. To smooth the surface without removing this native oxide layer,
we used a polyethylene-coated rod to roll the untreated Li, smoothing out the surface striations
present from machining. This treatment is hereafter referred to as “rolled only.” To create a
smooth surface without the native oxide layer, the untreated Li was melted to form an ingot and
then the ingot was sliced inside an argon glovebox with <0.1 ppm H,O and <0.1 ppm O, to
expose a clean face. The cut slice was then rolled with the polyethylene coated rod to yield a
similar surface topography to the rolled only Li. This treatment is referred to as “sliced and
rolled.”

AFM confirms that the surface roughness of both the rolled only and the sliced and rolled
surfaces is similar and that both treated surfaces retain the vein features, Fig. 5. Measurements of
multiple veins show that they are approximately 1 um deep (0.9 = 0.2 um and 1.1 &+ 0.4 pm for
untreated and sliced and rolled Li). The plateau areas of both of the treated surfaces are smoother
and more uniform than the untreated Li surface. The average root mean square (RMS) roughness
and standard deviation calculated from four separate regions of the rolled only surface and sliced
and rolled surface is 146 = 19 nm and 134 + 20 nm respectively. In contrast, the untreated Li has
an RMS roughness of 250 = 120 nm indicating it is not only rougher than the treated samples,
but also less uniform. Note that RMS measurements were taken only from plateau regions to
avoid convolution with roughness from the veins; however, all three surfaces show vein features,
Fig. Sa-c. Additionally, the narrowing of the distribution of the surface height on both the vein
and plateau regions of the rolled and sliced and rolled surfaces indicates a more uniform surface
surrounding the veins, Fig. 5g and S8. The similarity of the distribution of surface heights on the

rolled only and sliced and rolled surfaces also corroborates the similarity of these surfaces. The

16
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average peak width of the histograms from the plateau region of the untreated Li is 0.7 £ 0.3 um
compared to an average peak width of 0.31+ 0.09 um and 0.25 + 0.05 um for the rolled only and

sliced and rolled surfaces, respectively.

a ; " T T T T
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7 Rolled only
~ —— Sliced and rolled
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Figure 5. Atomic force micrographs of a, d) untreated Li, b, e) rolled only Li, and c, f) sliced and rolled Li before exposure to
electrolyte. a-c show vein regions while d-f show plateau regions. RMS roughness of untreated Li plateau is 250 + 120 nm, rolled
only Li is 146 + 19 nm, and sliced and rolled Li is 134 + 20 nm. g) z-height histograms of the plateau regions.

More interesting than the surface topography are the differences in surface chemistry that
result from the native surface removal. ToF-SIMS and XPS analyses of the treated surfaces
reveal differences in the chemical composition and distribution of the surface layer prior to

electrolyte exposure, Fig. 6 and Fig. S6.
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max

min

Figure 6. Top view and 3D rendering of ToF-SIMS depth profiles taken in high lateral resolution mode overlaying secondary ion
maps of LiO- (red), and C,H- (blue-green), from a) untreated, b) rolled only, and c) sliced and rolled Li; and corresponding
optical images. d-f) ToF-SIMS maps showing the C,H- to LiO- ratio integrating the top 500 nm of the surface

The native surface on the sliced and rolled Li is an order of magnitude thicker than that on the
untreated surface. It also differs compositionally with a higher carbonate to oxide ratio on
average, Fig. S9. However, the most striking differences are in the spatial distribution of oxide
and organic material. The organic impurities are more dispersed on the rolled only surface than
the untreated surface, but still largely localize along the veins. The organic impurities are even
more uniformly spread across the surface of the sliced and rolled Li with no apparent localization
in the veins. Given the persistence of veins on all samples and the similarities in surface

topography of the rolled only and sliced and rolled surfaces, the differences in deposition

18
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patterns on these samples, discussed in the next section, are likely a result of the differences in
surface chemical composition rather than topography.
Preferential Li electrodeposition on veins

We used an optical three-electrode cell described in the supporting information to
observe the in-situ electrodeposition of Li on the treated and untreated Li surfaces. We also used
a specially built transfer capsule to transfer the electrodes to the SEM without exposing them to
air during the transfer, SI. Fig. 7 and SI videos show optical time lapse images taken on
untreated, rolled only, and sliced and rolled surfaces. As deposition on the untreated Li
progresses, the organic-rich ridges, visible as lines in the optical images, darken as a result of
dendrite growth on these locations. This preferential deposition along the veins is also apparent
at short times for the rolled only surface, although there is also deposition on the plateau areas
where the organic material has spread out, as shown in the ToF-SIMS ion map in Fig. 6b. After
100 s, however, the thick dendrite coverage obscures the preferential deposition along the veins

on the rolled only Li.

19



Journal of Materials Chemistry A

Untreated

Os 30s 60 s 100 s 144 s
Figure 7. Time lapse optical micrographs of Li deposited on a) untreated, b) rolled only, and c) sliced and rolled Li in an optical
three-electrode cell with 1 M LiPFg in 1:1 (v/v) EC: DEC electrolyte. Deposition at 12.5 mA cm™. Scale bar is 2 mm.

The starkest difference in deposition pattern occurs with the sliced and rolled Li. Although the
cracks/ridges are still optically visible on this sample and have similar depth to the untreated
sample, the Li does not deposit preferentially along these (no longer organic-rich) regions.
Instead it deposits fairly uniformly across the electrode surface following the same pattern as the
organic-rich spots. Despite the more uniform deposition on the sliced and rolled surface, it is still
dendritic. The trend of increased uniformity on sliced and rolled Li is also seen at a lower current
density of 2.5 mA cm2, Fig. S10. Given the similarities of the surface topographies of the rolled
only and sliced and rolled Li surfaces it is unlikely that the differences in electrodeposition on
these samples are due to the surface topography. Instead, it appears these differences are due to
the distribution of organic material on these surfaces; specifically, the effect of the underlying

surface chemistry on the SEI that forms on top of it.

20

Page 20 of 34



Page 21 of 34

Journal of Materials Chemistry A

Dependence of SEI formation on native surface chemistry

The SEI composition is highly dependent on the chemistry of the Li surface and
electrolyte.?33* Therefore, the composition of the SEI formed on the inhomogeneous surface of
the Li is likely also inhomogeneous, as a result of the carbonate electrolyte reacting differently
with Li,O than the organic species formed at the Li foil surface following air exposure, as
illustrated in Scheme 1. This could lead to either a thinner or more ionically conductive region in
the SEI where the veins are. In order to determine which is the case, we applied a similar ToF-
SIMS analysis as that for the native Li surface to examine the composition and thickness of the
SEI that formed on the treated and untreated Li samples after soaking in 1 M LiPF¢ in 1:1(v/v)

EC: DEC for 7 hours.

More conductive

a5 ﬂ tolLi"
- ﬂ

Organic
= Or

Lithium Thinner

Organic electrolyte

Scheme 1. SEI formation on Li metal surface dependent on underlying surface chemistry.

ToF-SIMS depth profiling on the vein and plateau of untreated Li shows similar SEI
thicknesses on both regions, indicated by the appearance of bulk Li at ~6 nm, Fig. 8 and Fig.

S

Juey

1.
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Figure 8. Diagrams of SEI on a) plateau region of untreated Li, b) vein region of untreated Li after soaking in 1M LiPFg in 1:1
EC:DEC for 7 hours. Diagrams constructed from ToF-SIMS depth profiles of the compounds shown in Fig. S11 in the SI. c)
depth profiles of °LiF," on the vein (dashed line) and on the plateau (solid line) corresponding to the regions highlighted in d. d)
ion map of °LiF," on untreated Li taken in high current mode.

The thicknesses of the common SEI compounds, Li,O, LiOH, and Li,COs, are also similar on
the vein and plateau regions, although there are higher concentrations of these compounds on the
plateau than on the vein, Fig. S11. However, the LiF is higher in concentration on the vein than
off and extends much farther into the bulk Li along the vein, which suggests the organic species

promote LiF formation. It is well known that LiF can be formed by the thermal decomposition of
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LiPF; into LiF and PF5 via Equation 1, below. However, LiF can also be produced by the
hydrolysis of LiPF4 or PFs with water or alcohols (ROH) such as in Equations 2 and 3: 3336
LiPFgeLiF + PFs (1)
LiPFg + H,0-LiF + POF3 +2HF (2)
PFs +ROH—-POF3; +HF + RF 3)
ToF-SIMS secondary ion maps of the untreated Li without exposure to electrolyte indicate
higher concentrations of ROH species along the organic-rich vein region than the oxide-rich
plateau, Fig. 9a. When untreated Li has been exposed to electrolyte, the vein regions no longer
show higher concentrations of ROH species; however, they do show higher concentrations of
LiF, POF;, and RF, the expected reaction products of Equations 2 and 3, Fig. 9b. The presence
of ROH compounds on Li that has not been exposed to electrolyte combined with the
disappearance of these compounds and appearance of LiF, POF3, and RF on Li that has been
exposed to electrolyte suggests that the LiF rich veins are a result of the hydrolysis of LiPF4 with

the ROH containing organic material.

a) Untreated Li-no b) Untreated Li-after electrolyte exposure
electrolyte exposure

Figure 9. ToF-SIMS secondary ion maps (high current mode) of alcohol fragments and hydrolysis reaction products on untreated
Li a) without exposure to electrolyte and b) after soaking in 1 M LiPF¢ in 1:1 EC:DEC for 7 hr.

In a study on the role of diffusion and SEI stability on dendrite growth, Ozhabes et al.
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performed density functional theory calculations comparing the surface energy and diffusion
barriers of common SEI components and found that the diffusion barrier of LiF is lower than that
of Li,O or Li,COs for Li* 37 Given that the SEI layer is similar in thickness on the vein and
plateau, the lower diffusion barrier of LiF compared to Li,O and Li,CO; means it should be
easier for Li to diffuse into areas that are LiF rich (vein) compared to areas that are Li,O and
Li,CO; rich (plateau). When comparing the surface energies, they found that LiF has a higher
surface energy than Li,CO; due to its small lattice constant and the large electronegativity of F,
but that it has a lower surface energy than Li,O.3” Based only on surface energy, it is not clear
whether LiF-rich regions would be preferred sites for nucleation over mixed Li,CO;/Li,O-rich
regions since it is difficult to say in this case what the true surface energy of each region is. It is
also possible that the lower diffusion barrier of LiF is more important than the surface energy, a
likely possibility given that Ozhabes et al. have shown a clear correlation between lower
diffusion barriers and a longer time to short circuit.?” This supports the theory that the underlying
organic material promotes the growth of a more Li* conductive SEI.

ToF-SIMS depth profiling also shows that the differences in the SEI composition of the
untreated compared to the treated Li surfaces after soaking in electrolyte for 7 hours depend on
the underlying chemistry. The SEI on the sliced and rolled Li is more homogeneous than that on
the untreated Li, as expected based on the underlying surface composition, Fig. 10. The
thickness of the SEI on the treated surfaces follows same trend as the respective thicknesses of
the native layer, with slightly thicker SEI (~7 nm) on rolled only Li than untreated Li (~6 nm)
and the thickest SEI on sliced and rolled Li (~13 nm), Fig. S12. Diagrams of the native surface
composition and SEI composition on rolled only and sliced and rolled electrodes are shown in

Fig. S12. The SEI compounds, including LiF, are more uniformly dispersed on the rolled only Li
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surface than the untreated surface, corresponding to similar changes in the native surface layer.
Further, the sliced and rolled Li has the most uniform SEI corresponding to the most uniform

(that is, most chemically homogeneous) native surface layer, Fig. 10.

Figure 10. 3D reconstruction of LiO- (red) and °LiF," (blue) from a) untreated Li, and b) sliced and rolled Li after soaking in 1 M
LiPFg in 1:1 EC:DEC for 7 hours. 100 x 100 pm area, 780 nm depth.

Although thicker, the SEI on the sliced and rolled electrode is more conductive to Li*
than the SEI on the untreated electrode. This is confirmed by electrochemical impedance

spectroscopy of Li/Li symmetric cells exposed to 1 M LiPF¢ in 1:1(v/v) EC:DEC for 7 hours,
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where the SEI resistance of the untreated Li was calculated to be 24 Q/nm compared to 11 Q/nm
for the sliced and rolled electrode. However, the exchange current densities of both untreated and
sliced and rolled surfaces were similar, iy= 0.16 mA c¢cm, indicating that the kinetics of lithium
reduction are similar in both SEIs. This value was determined using galvanostatic linear charge
cycling from -20 pA to 20 pA and fitting the resulting potential to the approximation of the
Butler-Volmer equation at low overpotentials, i = -iyfy7, where i is the current, f = F/RT (F is
Faraday’s constant, R is the ideal gas constant, and T is the temperature in kelvin), and # is the
overpotential .38

Considering both the topographical and chemical differences in the Li surface, the
underlying surface chemistry appears to influence the SEI chemistry more than the surface
topography does. These differences in the SEI chemistry are most likely the cause of the
preferential deposition of Li through the LiF rich areas, given the ease of Li diffusion in these
regions.
Practical implications of surface homogeneity

SEM of the treated and untreated surfaces after electrodeposition at 12.5 mA cm2, Figs.
11 and S13, show smaller dendrites that are more dispersed on the sliced and rolled surface than
on the untreated Li surface. The dispersion of the organic material on the sliced and rolled
surface creates a larger number of LiF-rich nucleation sites on this surface than on the untreated
Li that has localized organic impurities. After initial Li clusters have formed on nucleation sites
it is more energetically favorable for Li to deposit on existing clusters than it is for Li to deposit
on new sites.3%4? Thus, it makes sense that a surface with a greater number of nucleation sites

would have smaller dendrites, as the same number of Li* ions is distributed to a greater number
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of sites; therefore, the structures that grow are smaller, as there is less Li going to each site, Fig.
11.

This also makes sense from the perspective of surface energy if the increased
homogeneity of the sliced and rolled surface leads to a smaller variation in surface energies
across the electrode. When the variation in surface energies is smaller there is a corresponding
decrease in the variation of dendrite sizes, as seen in the smaller spread of dendrite sizes on the
sliced and rolled electrode compared to the untreated electrode.*' The differences in nucleation
density may also be related to surface energy in this system. The interfacial energy is directly
proportional to the critical radius of a nucleus, and the radius of the nucleus is directly
proportional to the radius of the screening zone around that nucleus.*>* In the case of the
untreated Li surface, a larger critical radius would lead to a larger screening zone around the
dendrite nucleation site, causing dendrites to be less densely distributed across the surface than

they are on the treated electrodes.

Figure 11. Scanning electron micrographs of a) Li deposited on untreated Li, and c) sliced and rolled Li for 20 s and diagrams of
deposition of the same amount of Li on untreated Li with large, segregated impurities b, and small, homogeneous impurities d.
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Figure 12. Scanning electron micrographs of lithium electrodeposited on a) untreated, b) rolled only, and c) sliced and rolled
lithium at 2.5 mA cm? for 60 s, histograms of dendrite sizes from scanning electron micrographs d) untreated, €) rolled only, and
f) sliced and rolled Li. Dendrite count comes from ~27,000 pm?. Bin size in main graphs and insets is 50 pm? and 1 pm?
respectively.

To quantify these differences we electrodeposited Li at 2.5 mA cm for 60 s, so that we
could distinguish individual nucleation sites before the dendritic clusters had grown together.
Scanning electron micrographs, Fig. 12, of the untreated surface show the largest dendrites with
most of the Li deposited going to dendrites above 1000 um? and a nucleation density of 0.0010 +
0.0005 dendrites/pum?. Dendrites on rolled only Li are smaller, with the largest dendrites less than
400 um?, and have a higher nucleation density, 0.0022 = 0.0006 dendrites/um?. Dendrites on the
sliced and rolled Li are the smallest and most densely distributed with the largest dendrites less
than 200 um? and a nucleation density of 0.005 + 0.001 dendrites/um?.

This difference in dendrite size and nucleation density leads to improved performance for
coin cells with sliced and rolled Li electrodes compared to coin cells with untreated Li electrodes
run at a C-rate of 0.2C, such that Li transport is not limited, Fig. 13. The faster capacity fade for

the untreated cells can be attributed to the increased build-up of dead Li on the untreated surface
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compared to the sliced and rolled surface. The stripping of Li from the base of dendrites causes
the upper portion of the dendrite to become electrically disconnected from the electrode, leaving
behind dead Li.>*** Smaller dendrites that are in closer contact with the Li surface mean less of
the deposited Li is lost as the upper portions of the dendrites lose contact with the current
collector during cycling. Consequently, more dead Li builds up on the untreated Li surface

during Li stripping given that more Li is left behind in the upper portions of the larger dendrites

on this surface.
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Figure 13. Capacity retention for untreated Li vs Li4TisO;, (LTO) and sliced and rolled Li vs LTO coin cells cycled at C/5. Note:
Data shown from single coin cell is representative of performance of multiple cells tested.

Conclusions

By employing both ToF-SIMS high resolution mapping and depth profiling, as well as
AFM imaging, the native Li surface chemistry was examined with a high level of detail and
correlated with the surface topography, solid electrolyte interphase (SEI) chemical composition,
and localization of Li electrodeposition, creating a 3D chemical and physical picture of the Li
surface before and after exposure to electrolyte. Prior to electrolyte exposure, the native Li

surface of untreated Li metal contains localized, micron-sized veins of organic material that
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correspond with topographical ridges/cracks; these organic-rich regions provide preferential sites
for Li electrodeposition. After electrolyte exposure, these organic rich areas grow an SEI that is
of the same thickness as the surrounding areas, but richer in LiF, likely due to the hydrolysis of
LiPF¢ with alcohols found in higher concentrations in those regions compared with that of the
surrounding plateaus, resulting in locations that are more conductive to Li*, and thus leading to
preferential Li deposition.

Li metal that has been rolled with a polyethylene-coated rod to homogenize the surface
topography is smoother than the untreated Li, but still contains ridges/cracks. When the native
surface of the Li is not removed to homogenize the composition, dendrites still grow
preferentially along the organic rich veins, which likewise remain. However, when the native
surface is removed, homogenizing the Li surface composition, and thus the SEI, dendrite growth
is no longer localized to the ridges/cracks, but instead spreads out across the entire surface.
When Li" transport is not limited by concentration polarization, the increase in number of
nucleation sites on the sliced and rolled Li surface results in smaller dendrites, which extends the
cycling life of Li coin cells by reducing the amount of dead Li formed during each cycle.

These results suggest that although both surface topography and surface chemistry play a
role in the preferential nucleation of Li dendrites, it is the initial inhomogeneous surface
composition leading to inhomogeneous SEI composition that is the dominant factor for dendrite
nucleation at or below 0.2C cycling rate. This not only elucidates a mechanism for
inhomogeneous SEI formation, but also highlights the importance of considering the native Li
surface when designing improved Li surface coatings in order to make Li metal anodes a reality

for commercial batteries.
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ToC Graphic

Li deposition

Dendrites

High lateral resolution analysis shows localized organic-rich impurities in the native lithium

surface that promote preferential lithium deposition in those regions, leading to dendrite growth.



