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ABSTRACT: In this study, the artificial solid electrolyte
interphase (SEI) formed on lithium metal when treated in ZnCl,
solutions is thoroughly investigated. The artificial SEI on lithium - i
metal electrodes substantially decreases the interfacial resistance by & —— |

. . e g . ZnCl, + Sol."
ca. 80% and improves cycling stability in comparison to untreated

lithium. The presence of a native SEI negatively affects the

. . . i s e Native SEI I
morphology and interfacial resistance of the artificial SEL | ~. Nothe T ot St A SE \o)ko/\

Artificial SEI for Li by WET processing

Salt Coqcentratior- Li Li + art. SEI . Solvent

Increasing the ZnCl, concentration in tetrahydrofuran (THF) |; THF
(precursor solution) results in higher homogeneity of the surface ¢/ S i T—
morphology. Independent of the ZnCl, concentrations, the ::2 ;i ‘_”H_Ww.
artificial SEI is composed of C,, CO, LiCl, Li,CO;, ZnCl,, and | [~ -

Li,Zn, alloys. ZnCl, (1 M) produces the most homogenous surface e ’ —
and additional surface species with carbonyl side groups.

Nonetheless, the ZnCl, concentration only has a small effect on the interfacial resistance or cycling stability. Using ethyl methyl
carbonate (EMC) as the solvent significantly reduces the interfacial resistance to 7 Q cm? in comparison to 25 Q cm” for THF. The
composition of the artificial SEIs varies depending on the solvent. Either way, the SEI consists of C, Li,C, LiCl, Li,CO;, ZnCl,, and
LiZn alloys. The THF-based SEI additionally features ether and carbonyl groups, LiZnO, and Zn metal. For the artificial SEI formed
with both solvents, the atomic percentage of the LiZn alloy increases close to the Li surface.

KEYWORDS: lithium metal battery, solid electrolyte interphase, artificial SEL, lithium alloys, SEI precursor, precursor solvent

1. INTRODUCTION electrolyte (dead or mossy lithium) and eventually dendrite
formation. These undesirable side reactions deteriorate the
cell's life span, representing a serious safety hazard and
preventing the commercialization of secondary lithium metal

Nowadays, all-solid-state batteries are intensively investigated
as they hold the promise of enabling improved cell
performances and enhanced safety. The use of lithium metal

as the anode is appealing to increase the battery cell energy and batteries with the liquid electrolyte.”
thereby to enable longer driving ranges due to the high Since the 1980’s, the SEI has been extensively studied,
theoretical volumetric and gravimetric capacities of lithium, beginning with the pioneering work of Peled et al. and Aurbach
2062 mA h cm™ and 3861 mA h g™, respectively.' et al. on the composition, physical, and electrochemical
The standard reduction potential of lithium (—3.04 V vs properties of the SEI formed in LIBs."~'' The SEI was
standard hydrogen electrode, SHE) lies outside the electrolyte found to consist of a layer of microphases ranging from lithium
stability window of conventional liquid organic electrolytes. oxide (Li,O) and lithium fluoride (LiF) close to the electrode
Consequently, the electrolyte is reduced by the lithium metal, to lithium carbonates and polyolefin closer to the electrolyte.’
leading to its decomposition and formation of a solid Such a layer is formed during the first charge as a result of

electrolyte interphase (SEI)."” If such an interphase does not
possess sufficient mechanical stability and flexibility, the SEI
will rupture because of the large volumetric changes of the
electrode during cycling. In graphite electrodes, these
volumetric changes can be up to 10%, while for lithium
metal electrodes, they are virtually infinite because of lithium
being considered host-less.” The continuous exposure of fresh
lithium, as well as the rough surface of a damaged SEI, leads to
inhomogeneous lithium plating during charging, resulting in
significant reaction products between lithium and the liquid

electrolyte decomposition. The role of any SEI is to stabilize
the anode surface and prevent side reactions with the
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electrolyte and hence prolong the cell life."* Therefore, it must
possess a high lithium-ion conductivity while simultaneously
being an electronic insulator."> Additionally, the SEI must have
sufficient mechanical stability and flexibility to withstand the
volumetric changes of the anode upon charge and discharge
also.’ So far, SEIs formed on graphite anodes in LIBs in
combination with organic electrolytes fulfill the previously
mentioned requirements, and the respective cells work well in
commercialized products for various applications.

The disadvantage of SEIs formed during the formation cycle
is the difficulty of precisely controlling the SEI composition."*
Stabilizing the anode surface prior to cycling via the targeted
preparation of an SEI, a so-called artificial SEI, circumvents
these issues and allows for greater control of the surface
considering the composition, thickness, homogeneity, and
conformity. Artificial SEIs formed on a graphite anode via
electroplating or vacuum insertion of, for instance, carbox-
ymethylcellulose were able to prolong the cycle life fivefold
than those without prior treatment.” Yet, to utilize the
particularly high volumetric and gravimetric capacities of the
lithium metal, an artificial SEI, specifically tailored for the
lithium metal anode, is of great need.

So far, artificial SEIs on lithium metal anodes were often
formed either by atomic-layer deposition, aeration, or coating
in a liquid.'™"® The low-temperature atomic-layer deposition
of AL,O; on lithium showed improved stability toward ambient
atmosphere, sulfidic solid electrolytes, and liquid electrolytes.
However, the cell cycle life was still limited to 100 cycles."
The direct reaction of lithium with nitrogen gas provided a
relatively stable thin Li;N film on the lithium surface, which
allowed cycling for approximately 50 cycles before mossy
dendrites were observed.”” Liang et al. showed promising
results by stabilizing the lithium surface via the dip-coating
process in a precursor solution consisting of a metal salt and an
organic solvent, for instance, indium chloride (InCl)) in
tetrahydrofuran (THF).”" The authors suggest that the metal
salt is reduced by the metallic lithium leading to the formation
of a lithium metal alloy on the Li surface, which allowed for
stable cycling at high currents for over 1000 h. Zinc chloride
(ZnCl,) was also suggested as a potential metal salt, suitable
for alloying with lithium, yet further in depth investigation was
not provided.

Herein, we present the systematic development of an
artificial SEI for lithium metal anodes by treatment in a zinc
chloride (ZnCl,) solution with different solvents and salt
concentrations. To circumvent the influence of the native SEI,
the artificial SEI in this study was directly formed on top of a
pristine lithium surface, generated by cutting lithium metals
directly in the precursor solution.”” The native SEI, consisting
of inorganic species such as lithium hydroxide and lithium
carbonate, is ever present on lithium metal because of its
extremely high reactivity toward the surrounding atmos-
phere.”’ The native SEI can influence the composition of the
artificial SEI and prevent the unambiguous assignment of
electrochemical properties to the artificial SEI. Furthermore,
the composition of the native SEI depends on the lithium
provider and storage conditions and hence can vary from
lithium batch-to-batch. As a control sample, pristine lithium is
prepared by generating a fresh lithium surface in an inert
atmosphere. Because the pristine lithium is prepared in a
solvent-free argon-filled glove box (with H,O and O, < 0.1
ppm), it is reasonably assumed to be native SEI-free. Hence,
the influence of a native SEI on the properties of a lithium

metal electrode can be avoided. Parameters such as metal salt
concentration, precursor solvents, and the presence of a native
SEI, affecting the morphology, interfacial resistance, and
composition of the artificial SEI, were systematically
investigated combining a multitude of analysis methods such
as electrochemical impedance spectroscopy (EIS), galvano-
static cycling, scanning electron microscopy (SEM), X-ray
spectroscopy (EDX), X-ray diffraction (XRD), and X-ray
photoelectron spectroscopy (XPS).*

2. RESULTS AND DISCUSSION

2.1. Influence of the Native SEI on the Artificial SEI.
To our knowledge, the explicit contribution of the native SEI
on the artificial SEI on lithium has not yet been examined in
detail. Therefore, this aspect was first investigated. Based on a
previous work done by Liang et al., ZnCl, in THF was chosen
as a model precursor solution to understand the influence of
the native SEI on the artificial one.”’ Hence, the lithium metal
was treated in 0.167 M ZnCl, in THF via either dip coating
(aSEI@nLi, artificial SEI on top of native Li surface) or cutting
the metal directly in the precursor solution (aSEI@pLi,
artificial SEI on top of a pristine Li surface). After drying the
electrodes, the surface morphology of both samples was
analyzed via SEM and EDX, as depicted in Figure 1.

Zn Lal 2

Zn Lal_2

Figure 1. SEM images of Li coated with 0.167 M ZnCl, in THF and
the corresponding EDX spectra of zinc. Figures a and b show the
surface of a Li sample with an artificial SEI formed on top of the
native SEI (aSEI@nLi). In figures c and d, the surface was prepared
with the artificial SEI on top of pristine lithium (aSEI@pLi).

The morphology and composition of the lithium surface
vary significantly. In the presence of the native SEI, zinc-
containing species agglomerate on the surface into rod-shaped
clusters, which are not evenly distributed (Figure lab).
Differently, when the artificial SEI is formed directly on freshly
cut lithium, defined particles (@ ca. 0.5 ym) containing zinc
are distributed uniformly on the surface (Figure 1c,d). This
can be attributed to the passivating properties of the native
SEI, lowering the reactivity of the lithium metal surface and
resulting in the reduced homogeneity of the artificial SEI
produced on top. Meyerson et al. analyzed in their work the
surface composition of a native SEI facing the atmosphere and
determined a mostly inorganic surface (Li,O and Li,CO5) with
organic-rich veins.”* The inorganic sections of the surface were
shown to be less reactive than the organic-rich veins. The
presence of these more reactive, organic-rich veins may explain

https://dx.doi.org/10.1021/acsami.0c08938
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the distribution of zinc in rod-shaped clusters. Beyond the
agglomerates of zinc-containing particles, mostly oxygen and
carbon were detected via EDX and displayed by mapping
(Figure Slb,c). The detected oxygen and carbon can either
derive from the native SEI or from the side reactions of lithium
with the precursor solvent (THF). The carbon and oxygen
EDX spectra also show a lack of the respective elements in the
areas directly next to the rod-shaped agglomerates (Figure
S1b,c, red circles), indicating the agglomerates to be raised,
leading to the shadowing effect to be better visible, as shown in
Figure S1.

In the carbon and oxygen spectra of aSEI@pLi, there are
also areas with reduced amounts of carbon or oxygen (Figure
Sle,f, red circle). However, in these areas, a much lower zinc
content was also detected (Figure 1d), suggesting that the
shadowing effect of the surrounding topography prevented
proper elemental mapping in the area. Aurbach et al. showed
that the uniformity of the SEI morphology plays a determining
role in its passivation effect.”> Therefore, because the higher
homogeneity in the surface morphology as well as the option
for the unambiguous assignment of electrochemical properties,
all further tests were carried out on lithium metal electrodes
without the presence of the native but only the artificial SEI
(aSEI@pLi). Hence, all further work utilized the method of
cutting lithium metal directly in the precursor solution.

2.2. Influence of Salt Concentrations on the Artificial
SEl. 2.2.1. Morphology and Chemical Composition. The
influence of individual factors of our model SEI precursor, such
as the solvent choice and the salt concentration, on the
artificial SEI has not yet been investigated in detail. As a first
step, the influence of the metal salt concentration on the
morphology and the composition of the artificial SEI was
examined. Three precursor solutions were prepared at
concentrations of 0.1, 0.5, and 1 M ZnCl,. THF as a solvent
was kept as a constant, and all samples were prepared equally
and analyzed via SEM (representative samples shown in Figure
2). ZnCl, (1 M) was chosen as the highest concentration

Pristine Li
FaER Ry

Figure 2. SEM images of (a) lithium pristine and coated with (b) 1 M
ZnCl, in THF, (c) 0.5 M ZnCl, in THF, and (d) 0.1 M ZnCl, in
THEF.

because the solution already felt close to being saturated, and
ZnCl, would precipitate when the precursor solution was left
unstirred. For these reasons, higher concentrations were
excluded.

The SEM micrograph of the pristine lithium surface (Figure
2a) shows a smooth, homogenous surface with small, parallel,
and linear indentations. These linear indentations result from
the cutting process, as they correlate to the cutting direction of

the tungsten wire and were not detectable once the surface was
coated with an artificial SEI. No other relevant surface features
are visible. Independent of the zinc chloride concentration, the
protected surfaces show distinguishable particles varying in size
from approximately 0.3—1 um (Figure 2b,c). However, the
surfaces noticeably differ in the morphology depending on the
zinc chloride concentration. The 1 M ZnCl, precursor solution
results in a homogenous distribution of particles ranging in the
size of ca. 0.5—1 pm (Figure 2b). The particle layer itself is
uniform and does not show any cracks or uncovered areas. In
comparison, the surface produced by the 0.5 M ZnCl, solution
differs noticeably (Figure 2c). There are two types of particles
visible, one has a diameter of approximately 1 ym (yellow
circle), while the other is much smaller with ca. 0.2 ym (blue
circle). The smaller particles cover almost the whole surface
and contain zinc. The larger particles, not containing zinc, are
not distributed uniformly across the surface (i.e., some areas do
not show any particle, while in others, multiple particles are
agglomerated together). Additionally, a small part of the
surface is not covered by any particles (Figure 2c, red circle).
EDX analyses of these smoother areas showed the presence of
carbon but the lack of zinc and reduced amounts of oxygen
(Figure S2, red circles). The 0.1 M ZnCl, precursor solution
establishes a surface covered in more similarly sized particles
than the 0.5 M ZnCl, solution (Figure 2d). The particles are
all ca. 0.5 um large and cover entirely the surface, leaving no
visible unprotected lithium. However, at this concentration,
the artificial SEI does not seem to have a uniform thickness,
considering the large crack spanning across the surface (Figure
2d). Although the crack itself is also covered in particles, it
does reduce the conformity of the surface. Based on SEM
imaging, a higher salt concentration results in a more
homogeneous artificial SEI, both in the aspect of particle size
distribution and surface conformity. Based on these morpho-
logical features, a solution with higher concentration seems the
most promising for the establishment of an artificial SEIL

In order to get a deeper insight into the chemical
composition of the artificial SEI, XPS analysis was carried
out on lithium samples treated with THF solutions of different
salt concentrations. The intensities of the spectra were
normalized to account for intensity differences due to varying
measurement parameters. However, because of background
contributions, the normalized intensities cannot be taken as
absolute values. Therefore, only the ratio of the atomic
concentration of a chemical species, based on the peak areas,
could be compared between different measurements. Still, clear
distinctions were visible between the different concentrations
in the C 1s, Li 1s, Cl 2p, and Zn 2p spectra (Figure 3). For all
three concentrations, the C 1s shows the C—C and C—0O-C
group peaks at 285 and 286.4 eV, respectively (Figure 3a). For
the artificial SEI based on 1 M ZnCl, in THF, we see a third
additional peak in the C 1s spectrum, representing C=0 at a
binding energy of 288.8 eV. The atomic concentration of the
C—C decreases with the increasing salt concentration from
92.5 to 88.5, and 78.75% for 0.1, 0.5, and 1 M ZnCl,
concentrations, respectively. The atomic concentration of C—
O—C increases from 7.5 to 11.5% from 0.1 to 0.5 M ZnCl, but
decreases to 7.5% for 1 M ZnCl, because of the presence of
14.0% C=O0. This shows that the composition of the artificial
SEI is affected by the salt concentration in the precursor
solution. At higher salt concentrations, the surface species
increasingly contain C—O—C bonds and, eventually, carbonyl
side groups.

https://dx.doi.org/10.1021/acsami.0c08938
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Figure 3. XPS analysis of protected lithium metal at 0.1, 0.5, and 1 M ZnCl, in THF. (a) C 1s spectrum, (b) Li 1s spectrum, and (c) Zn 2p

spectrum.

The Li 1s spectrum shows lithium carbonate and lithium
chloride as main peaks at 55.12 and 56.5 eV, respectively
(Figure 3b). For 0.1 M ZnCl,, the atomic ratio of Li,COj; to
LiCl is almost 1:1 at 45.0—55.0%, respectively. At two higher
salt concentrations, the atomic ratio of Li,CO; to LiCl is
almost identical with 12.0—88.0 and 13.7—86.3%.

Because LiOH and lithium metal have binding energies of
54.90 and 55.1 eV, respectively, their presence cannot be
excluded completely. However, adding the LiOH peak would
have degraded the quality of the overall spectral fit and was
therefore excluded. The lithium metal was excluded on the fact
that the SEM analysis of the SEI based on 1 M ZnCl, in THF
showed to have covered the lithium metal surface completely.
Without any sputtering, it is unlikely to see any lithium metal
on the artificial SEI surface at such a high metal salt
concentration. The peak at 55.1 eV is also not expected to
represent the LiZn alloy. Although it was not possible to find
any reference data in the literature, zinc has a higher
electronegativity than lithium, and the alloy would therefore
be expected at higher binding energies than the pure lithium
metal. A similar trend was seen for the lithium—aluminum
alloy. Metallic lithium is found at 54.1 eV, while the LiAl alloy
is found at 55.4 eV. Because the electronegativity of aluminum
and zinc is very similar, 1.61 and 1.6S, respectively, a similar

shift is expected for the LiZn alloy. The Cl 2p spectrum
(Figure S3) shows predominantly ZnCl, and LiCl. Correlating
to the Cl 2p spectrum, the Zn 2p spectrum (Figure 3c) shows
the ZnCl, doublet peak at 1022.8 and 1045.8 eV. The
difference of 23 eV in the binding energy and the peak area
with a ratio of 2:1 prove the peaks being a doublet rather than
two different species. The same can be said about the lithium—
zinc (LiZn)-alloy doublet peak at 1019.5 and 1042.5 eV. The
LiZn alloy can be found at slightly lower binding energies than
metallic zinc, specifically at 1021.6 eV (Figure S4). Lithium is
more electropositive than zinc resulting in a reduction of
binding energy of the alloy compound, as similarly seen during
the XPS analysis of copper—zinc alloys by Deroubaix and
Marcus.*® The lithium—zinc alloy does not have one distinctive
peak position in the zinc spectrum, but the extent of the shift
depends on the lithiation degree of zinc. A similar work done
on lithium—aluminum alloys could confirm the presence of the
alloy by a peak shift to lower binding energies.”” Interestingly,
the atomic ratio of ZnCl, to the LiZn alloy is almost identical
for all three concentrations with 94.3—5.7, 95.6—4.4, and
92.8—7.2%, respectively, going from the lowest to the highest
concentration. However, with higher salt concentration, the
Li—Zn-alloy peak becomes more pronounced, indicating a
higher amount (in absolute terms) of LiZn alloy, as expected

32854 https://dx.doi.org/10.1021/acsami.0c08938
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with higher salt concentration. Additionally to the changing
LiZn-alloy content, the composition of the organic compounds
found on the surface is affected. With the increasing ZnCl,
concentration, the ratio of C—O—C bonds increases, and
carbonyl groups are additionally being formed.

To confirm the presence of a lithium—zinc alloy, XRD
analysis of a samples treated with 0.1, 0.5 M (Figures SS and
S6), and 1 M ZnCl, in THF (see Figure 4) was carried out.

—— 1M 2ZnCl,in THF
* 1,0,

Intensity (a.u.)
*
*
*

20 /deg.

Figure 4. XRD pattern of 1 M ZnCl, in THE-protected lithium metal.
Data from the corresponding ICSD codes were used as reference:
181734 for zinc, 642408 for the Liyy,Zn, g alloy, 26909 for LiCl,
25530 for Li,O,, and 151210 for Li.

The main phases are consistent for all three concentrations,
but the composition of the different artificial SEIs varies
regarding reflections at low intensities, as seen in Figures S
and S6.

For 1 M ZnCl, in THF, the diffraction pattern shows the
presence of crystalline phases, in accordance with the
crystalline surface structure seen in the SEM image (Figure
2d). The reflections at 20 = 36° and 26 = 52° are attributed to
the body-centered cubic structure of metallic lithium (space
group Im3m (no. 229), a = 3.500 A). The XPS analysis showed
the presence of ZnCl); however, the corresponding reflections
are absent in the XRD diffraction pattern. This could have two
explanations; most likely, the ZnCl, is present as a thin layer
on top of the surface, too thin to be detectable by XRD, or
ZnCl, is amorphous and therefore not detectable. However,
even a small contribution of an amorphous phase should still
result in an increased background, which is noticeably absent
in the above pattern. Hence the latter explanation is less likely.
According to the literature, reflections at 20 = 30.17, 35.17,
50.38, and 59.60°, fit the cubic structure of LiCl (space group
Fmm (no. 225); a = 2.5660 A). Reflections with lower intensity
such as at 20 = 32.8° were attributed to the hexagonal structure
of Li,O, (space group P6;/mmc (no. 194), a = 3.1420 A, ¢ =
7.6500 A) (Figure S7). It cannot be entirely excluded that the
presence of Li,O, may arise from impurities found either in
anhydrous ZnCl, or dried THF.

The distinction between metallic zinc and the lithium—zinc-
alloy (Lig,Zn, o5) reflections is challenging because of a severe

overlap of reflections (the unit cells of the alloy and metallic
zinc are almost identical: space group P6;/mmc (no. 194); zinc
metal: a = 2.6700 A, ¢ = 4.9660 A; LiZn alloy: a = 2.6655 A, ¢
= 4.9467 A). Reflections present at 20 = 36, 39, 43, and 54°
can be attributed to both metallic zinc and the Lijy,Zn, 4 alloy
(ICSD code 01-077-2883642408), especially, because the
double peaks cannot be attributed to Cu Ka radiation. In fact,
the double peaks of Cu Ka radiation always have the main
peak at lower phase angles, which is not the case here.
Surprisingly, neither the lithium-rich phase, LiZn, previously
shown by Liang et al. nor any of the other many lithium—zinc-
alloy phases could be detected.”’ XRD shows clearly the
decomposition of ZnCl, into LiCl and potentially the Zn
metal. The detection of LiCl by XRD confirms the XPS results.
Because of the very similar reflection positions of the LiZn
alloy and metallic zinc, it is not possible to completely
differentiate between the two via XRD analysis. Even though
metallic zinc was not detected via XPS on the electrode
surface, the detected reflections shall most likely be attributed
to the LiZn alloy and the Zn metal for the bulk of the
electrode.

2.2.2. Electrochemical Behavior. In addition to the
morphology, the influence of the salt concentration on the
interfacial resistance of the lithium electrodes was investigated.
Symmetric three-electrode EL cells were assembled and
underwent an 8-day aging test at open-circuit conditions,
including impedance measurements every 24 h at open-circuit
voltage (OCV). The aging test followed 100 cycles of stripping
and plating at a current of 0.1 mA cm™> (Figure S9),
intermitted and finished by another impedance measurement.
The interfacial resistance (Ry,) was calculated by adding the
charge-transfer resistance (Rcr) and the resistance of the SEI
(Rsgr) (Rie = Rer + Rggr). The equivalent circuit used for
fitting the impedance data omitted the Warburg element
because the interfacial resistance and not the diffusion was the
focal point of this fit. The first ten cycles of stripping and
plating are shown in Figure 5. To ensure the improvement in
the electrochemical behavior is actually a result of ZnCl,; cells
using pure THF as a precursor solution were also tested. As
demonstrated in Figure S8, it is evident that THF alone is not
capable of establishing an efficient artificial SEL

The pristine lithium electrode shows an overvoltage of ca.
+50 mV, approximately 1 order of magnitude higher than any
of the samples protected by an artificial SEI (Figure Sa). This
correlates with higher interfacial resistance shown in Figure Se.
Throughout the 100 cycles, the overpotential decreased to ca.
+20 mV. The reduction in overpotential shows the
modification of the passivation layer during the cycling process
on the pristine lithium surface. The potential profile itself is
asymmetric, and after the first three cycles, the electrode
potential increases throughout each stripping step, showing
higher polarization. A similar behavior can be seen for lithium
protected by 0.5 and 1 M ZnCl, in THF (Figure Sc,d).
However, the lower overvoltage of ca. +10 mV and the
reduced polarization demonstrate the beneficial contribution
of the protective layer. Additionally, the shape of the potential
profiles was stable throughout the measured 100 cycles (Figure
S9b,d,f). Interestingly, the most symmetric voltage profile is
achieved by 0.1 M ZnCl, in THF, ranging ca. + 4 mV (Figure
Sb). However, the shape of this voltage profile could also
indicate a short circuit in the cell.

As seen in Figure Se, the interfacial resistance is reduced
significantly from ca. 110  cm? of pristine lithium to 15—25
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cycles.

Q cm® for protected lithium, for all investigated ZnCl,
concentrations. In all measurements, an increase in interfacial
resistance during the 8-day aging test could be observed. This
increase was significantly higher for the unprotected pristine
lithium (approx. 90 © cm?) than for lithium with an artificial
SEI (Figure S11). For the protected surfaces, the increase in
interfacial resistance throughout the aging test was about 10 Q
cm?® This shows that the lithium surface protected by an
artificial SEI does reduce side reactions with the liquid
electrolyte but cannot completely prevent them. Interestingly,
after 50 cycles, the interfacial resistance in all cells with
electrodes treated with the three precursor concentrations is
almost identical at ca. 10 Q cm?” (Figure 5f). After 100 cycles of
stripping/plating, it increases minimally to around 12 cm?
for all three concentrations. The relative stability of interfacial
resistance upon cycling suggests that, as proposed by Liang et
al,, the deposition/stripping of lithium occurs underneath the
artificial SEL>" This avoids the direct contact of fresh lithium
with the electrolyte. However, contrary to Liang et al, it was
not possible to cycle any of the cells at higher current densities,
such as 2 mA cm™. The initial reduction in interfacial
resistance can be attributed to side reactions of lithium with
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the electrolyte, contributing to the surface passivation. After
100 cycles, the interfacial resistance is still less than one-third
of that of unprotected lithium. The unprotected lithium
experiences a significant reduction of the interfacial resistance
from the approximate 120 © cm” prior to cycling, to 90 Q cm?
and finally ca. 60 Q cm?, after S0 and 100 cycles, respectively.
In this case, the significant, continuous reduction of the
interface resistance can be explained by the reaction of the
unprotected lithium surface with the electrolyte. The reaction
products, such as LiF, Li,CO;, and other organic compounds,
passivate the surface and probably increase the overall surface
area of the electrode, resulting in a reduction of the interfacial
resistance.”® Additionally, upon stripping, fresh lithium is
exposed and consumed by further side reactions with the
electrolyte, producing dead lithium on the surface. During
plating, inhomogeneous lithium deposition leads to an
increased surface area. The increased surface area contributes
positively to the reaction rate at the lithium surface while it
simultaneously reduces the polarization of the lithium metal
anode at the electrolyte interface.””*
reduction of the interfacial resistance but are detrimental to the

Both effects cause a
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Figure 6. SEM images showing the surface of aSEI@EMC (a). Panels (b,c) show the corresponding EDX spectra of zinc and carbon.
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Figure 7. XPS analysis of lithium metal anodes, protected by 1 M ZnCl, in THF. The sample was sputtered for 0, S, 15, and 115 min. (a) C Is

spectrum, (b) Li 1s spectrum, and (c) Zn 2p spectrum.

cycle life, either by depleting the lithium present in the anode
or leading to dendrite formation.

2.3. Influence of the Precursor Solvent on the
Artificial SEl. 2.3.1. Morphology, Chemical Composition,
and In-Depth Profiling. In order to investigate the influence of
the precursor solvent on the artificial SEI, 1 M ZnCl, in THF
(aSEI@THF) and 1 M ZnCI2 in ethyl methyl carbonate
(EMC) (aSEI@EMC) were chosen as the model precursor
solutions. All surfaces were prepared as mentioned above and
analyzed via SEM and EDX. Results for aSEI@THF were
shown previously in Figure 2, and the analysis of aSEI@EMC
is shown in Figure 6.

As seen in Figures 2 and 6, the surface morphology varies
significantly among the investigated samples. On the surface of
aSEI@EMC (Figure 6a), it is more difficult to distinguish
individual particles via SEM analysis. Instead, the surface
clearly consists of two different areas. One area is composed of
particles approximately 0.5 pm in size (Figure 6a, blue circle).
However, the individual particles are conglomerated and can
barely be distinguished. The second area (Figure 6a, red circle)
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is not covered by particles or another distinguishable surface.
Yet, this seemingly uncovered area does not show the same
linear indentations as the pristine lithium surface.

Indeed, the EDX mapping of aSEI@EMC shows the zinc
distribution on the surface, correlating well with the coverage
by the conglomerated particles (Figure 6b). Areas without
particles present also show lower zinc contributions but a high
carbon content (Figure 6b,c, red circle). In areas in which zinc
and consequently particles were mapped, barely any carbon
contribution was detected. On the other hand, EDX mapping
of aSEI@THEF shows a homogenous distribution of zinc on the
surface (Figure S10). This finding is in good agreement with
the even distribution of particles on the surface seen via SEM
analysis (Figure 2b). The differing zinc distribution on the
surface shows that the choice of the solvent significantly
influences the surface morphology.

The XPS analysis was performed on freshly coated
electrodes, which were transferred to the instrument via an
air-tight vessel. As explained before it was not possible to
compare peak intensities between aSEI@THF and aSEI@

https://dx.doi.org/10.1021/acsami.0c08938
ACS Appl. Mater. Interfaces 2020, 12, 32851-32862


http://pubs.acs.org/doi/suppl/10.1021/acsami.0c08938/suppl_file/am0c08938_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsami.0c08938?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c08938?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c08938?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c08938?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c08938?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c08938?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c08938?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c08938?fig=fig7&ref=pdf
www.acsami.org?ref=pdf
https://dx.doi.org/10.1021/acsami.0c08938?ref=pdf

ACS Applied Materials & Interfaces

www.acsami.org

Research Article

a) C1s b)
w LiCl i

C-C = LiCl

5 min no sputtering

Intensity (a.u.)

15 min

115 min

Li 1s <) Zn 2p
= Li2003f : ‘

wm ZnCl,
Li,Zn, alloy

o
I
1
1

23eV |

290 288 286 284 282 280 60 58

54 52 1050 1040 1030 1020 1010

Binding Energy (eV)
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EMC; however, the change in the atomic concentration can be
compared with one sputtered sample, as the measuring
parameters remain the same. It is estimated that during the
sputtering process, 0.6—1 nm/min of the material is removed.
The XPS analysis shows clear differences between the two
investigated artificial SEIs, as displayed by the C 1s, Li 1s, Cl
2p, and Zn 2p spectra reported in Figures 7 and 8.

Prior to sputtering, the C Is spectrum aSEI@THF shows
the characteristic peaks of C—C, C—0—C, and C=O0 at 285,
286.4, and 288.8 eV, respectively (Figure 7a). Upon removal of
3-S5 nm of the material (S min sputtering), an additional peak
appears at 282.4 eV, representing lithium intercalated into
carbon.”’ The atomic concentration of the carbon containing
intercalated lithium increases upon further sputtering from 4 to
12%, after 15 min of sputtering. However, after 115 min of
sputtering (ca. 69—115 nm material removed), the atomic
percentage reduces back down to 7%. This is the first indicator
of the artificial SEI being composed of a layered structure or
made up of various microphases. The carbon layer containing
intercalated lithium seems to have a minimum thickness of
66—112 nm. Even after 115 min of sputtering, there is still a
Li,C peak present, and the layer thickness is most likely higher.
Additionally, upon sputtering, the atomic concentration of C—
C decreased from 79% (no sputtering) to 29% (115 min
sputtering). With the reduction of the C—C atomic ratio, the
share of C—O—C bonds and carbonyl groups increases. The
concentration of the C—O—C bonds rises from 7 to 17%
within the first 15 min of sputtering. After 115 min of
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sputtering, the C—O—C bond peak disappears; however, in
this case, the peak of the carbonyl group is relatively broad and
therefore could be covering the C—O—C bond peak. This
would also explain the large increase in the atomic percentage
from 14, 17%, and finally 65% after no, 15, and 115 min of
sputtering, respectively. However, there was no reasonable fit
for adding an individual C—O—C bond peak in this spectrum.
The C 1s spectrum shows that the carbon composition
changes throughout the artificial SEI, indicating a change in
artificial SEI when approaching the lithium metal bulk.

The Li 1s spectrum shows lithium chloride at 56.5 eV
(Figure 7b) as the main peak. Throughout the sputtering
process, the atomic concentration of LiCl decreases from 86%,
via 74 and 64, to 63% for no, 5, 15,, and 115 min sputtering,
respectively. This shows that the LiCl concentration at the
surface of the artificial SEI is significantly higher than in the
bulk of the artificial SEI. The consistency in the atomic
concentration after 15 and 115 min of sputtering indicates,
however, that LiCl is present throughout the whole SEI and
does not disappear closer to the lithium metal surface.
Interestingly, Li,CO; was only detected at 55.12 eV prior to
sputtering with an atomic concentration of 14%. Instead, in all
sputtered samples, LiZnO was detected at 53.7 eV. Its atomic
concentration increases throughout sputtering from 26 to 37%
after S and 15 min of sputtering, respectively. This once again
shows that the chemical composition varies from the surface
toward the bulk of the artificial SEI.
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The Cl 2p spectrum (Figure S12a) shows predominantly the
ZnCl, doublet at a binding energy of 198.8 and 200.4 eV. The
LiCl doublet was detected at 199.6 and 201.2 eV. For once, the
atomic concentrations of both ZnCl, and LiCl remain
relatively constant throughout the complete sputtering process.
This may indicate that it was present in excess during the
formation process of the artificial SEI In correlation to the Cl
2p spectrum, the Zn 2p spectrum (Figure 7c) shows the ZnCl,
doublet peak at 1022.8 and 1045.8 eV. The atomic percentage
of ZnCl, decreases upon sputtering from 63 and 49 to 42% for
no, 5, and 15 min of sputtering, respectively. Interestingly, after
115 min of sputtering, contrary to the Cl 2p spectrum, there is
no further detection of ZnCl,. Instead, at 1021.0 eV, the zinc
metal occurred. This further supports ZnCl, being present in
an excess in the precursor. Toward the surface of the artificial
SEL more unreacted ZnCl, is expected to be found, while the
lithium metal would fully reduce ZnCl, to the zinc metal closer
to the lithium surface. With a binding energy of 1018.5 eV, the
lithium zinc (LiZn) alloy can be found at slightly lower binding
energies than metallic zinc. As explained previously, lithium
has a higher electropositivity than zinc, resulting in a reduction
of binding energy of the alloy compound.’** Interestingly, the
LiZn-alloy atomic concentration increases significantly from 4
to 50% from no sputtering up to 115 min. This shows that the
majority of the LiZn alloy can be found close to the lithium
metal surface.

The composition of aSEI@EMC shows some remarkable
differences compared to the case of THF (Figure 8). In the C
1s spectrum (Figure 8a), only the C—C peak at 285 eV and the
Li,C peak at 282.8 eV can be appreciated. Interestingly, for this
sample, the carbon with intercalated lithium was already
detectable prior to sputtering. As before, its atomic
concentration increases throughout the sputtering process
from 18% prior to sputtering to 48% after 115 min of
sputtering. Similarly, the C—C atomic concentration decreases
from initially 82% prior to sputtering to 52% after 115 min of
sputtering. Even though EMC has more oxygen atoms per
molecule than THEF, it is interesting to see that neither the C—
O—C bond nor carbonyl groups were detected. As before, the
Li 1s spectrum (Figure 9b) shows the LiCl peak at 56.5 €V and
the Li,CO; peak at 55.12 eV. Contrary to the aSEI@THEF,
aSEI@EMC does not show a LiZnO peak. Even upon
sputtering, the only two species detected in the Li 1s spectrum
are LiCl and Li,CO;. Throughout the sputtering process, the
ratio of LiCl to Li,CO; changes from 1:1.35 to 1:1.60,
indicating an increase of Li,COj; toward the lithium metal bulk.

The Cl 2p spectrum (Figure S12b) shows only the ZnCl,
doublet at a binding energy of 198.8 and 200.4 eV. The Zn 2p
spectra (Figure 8c) correlate to the Cl 2p spectra by showing
the ZnCl, doublet peak at 1022.8 and 1045.8 eV. For this
artificial SEI, the atomic percentage of ZnCl, is reduced by
almost half upon sputtering from 57 to 29% after 115 min of
sputtering. In this sample, the zinc metal was not detected after
any length of sputtering. Once again, the LiZn alloy was found
at slightly lower binding energies of 1018.5 eV. Upon
sputtering, the LiZn-alloy atomic concentration increases
noticeable from 10 to 38% from no sputtering up to 115
min of sputtering. After 115 min of sputtering, the LiZn-alloy
peak intensity and area are both larger than of ZnCl,. This
shows that closer to the lithium surface, the majority of ZnCl,
in the precursor is forming the desired LiZn alloy.

2.3.2. Electrochemical Behavior. To investigate the
influence of the solvent on the electrochemical behavior of
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Figure 9. First 10 full stripping and plating cycles for (a) aSEI@EMC.
In (b), complete cycling procedure is shown. Panel c shows the
influence of the solvent on the interfacial resistance. The electrical
equivalent circuit shown in Figure S was used for fitting the high-
medium frequency portion of the spectra in the Nyquist plot shown in
figure (c). The Nyquist plot shows the reduction in interfacial
resistance through the artificial SEI. The inset shows the change in
interfacial resistance after cycling the same cell for 50 and 100 cycles.

the lithium metal, three-electrode symmetric EL-cells were
assembled. Like before, the cells underwent an 8-day aging test,
including impedance measurements every 24 h at OCV.
Subsequently, 100 cycles of stripping and plating, intermitted
and concluded by another impedance measurement, followed.
In Figure 9a, the first ten cycles of stripping and plating are
shown for aSEI@EMC.

Similarly, to aSEI@THF, the potential profile of aSEI@
EMC is asymmetric and shows an increasing polarization
during each stripping step (Figures 9a and 5d). However, the
aSEI@EMC electrode shows a lower overvoltage of ca. +7 mV
in comparison to ca. +10 mV observed for aSEI@THF.
Additionally, over the course of 100 cycles the overvoltage
increases from ca. 7 mV for aSEI@EMC to about 12 mV for
the stripping step (Figure 9b). The asymmetry of the voltage
profile also increases throughout the cycling process. While the
overvoltage in the stripping step increases significantly, it only
decreases slightly in the plating step from —7 to —8 mV. This
behavior suggests that the surface layer may increase in
thickness and/or become less conductive throughout the
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cycling process. In comparison, the overvoltage of aSEI@THEF
remains stable and only experiences a small dip after the cell
was removed for the impedance measurement after 50 cycles
(Figure S9g). The stability of voltage profile throughout
cycling indicates a relatively stable artificial SEL

As seen from the impedance spectra displayed in Figures Se
and 9¢, both artificial SEIs reduce the interfacial resistance
significantly from ca. 110 Q cm? for pristine lithium to ca. 25 Q
cm? and ca. 7 Q cm? for lithium protected with an aSEI@ THF
or aSEI@EMC, respectively. All cells showed an increase in
interfacial resistance during the 8-day aging test. The largest
increase was observed for pristine lithium (approx. 90 Q cm?).
In comparison, the interfacial resistance of aSEI@THF
increased about 10  cm? and of aSEI@EMC only about §
Q cm® (Figure S13). This shows that independent of the
solvent, the artificial SEI is beneficial in stabilizing the lithium
surface and reduces unwanted side reactions with the liquid
electrolyte. During the first 50 cycles, all cells experience a
reduction in interfacial resistance. For the lithium metal
protected by an artificial SEI, the change in interfacial
resistance is much less than for pristine lithium, as seen in
Figure Sf. For the cells using aSEI@THEF, the interfacial
resistance decreases from 25 Q cm?® before cycling to around
10 Q cm? and increases again to 15 Q cm? after 50 and 100
cycles, respectively. A similar trend can be seen for cells
containing aSEI@EMC. The interfacial resistance decreases
during the first 50 cycles on average from 10 Q cm’ to
approximately S Q cm? In the last 50 cycles, the interfacial
resistance increases back up to about 17 Q cm® The
considerably smaller changes in the interfacial resistance than
for pristine lithium show that independent of the solvent, both
SEIs stabilize the lithium metal surface significantly. The
increase in resistance during the second set of 50 cycles also
indicates that the surface area is not increasing because of the
exposure of fresh lithium. Therefore, as proposed by Liang et
al,, it is likely that the stripping and plating of lithium occurs
underneath the artificial SEL”' Yet, contrary to the proposal in
their work, it was once again not possible to cycle at higher
current densities than 0.1 mA cm?® because it immediately
results in short circuit.

3. CONCLUSIONS

In summary, we have demonstrated that an artificial SEI based
on ZnCl, in THF reduces the interfacial resistance
significantly. The presence of the native SEI beneath the
artificial one negatively affects the morphology of the surface
layer and zinc distribution. The ZnCl, concentration in the
precursor solution affects the morphology, with the highest
concentration resulting in the most homogenous surface.
However, the concentration has a negligible effect on the
interfacial resistance. Interestingly, XPS analysis showed that
the concentration does affect the surface composition. At high
salt concentrations generally a higher amount of organic
compounds could be detected, including species containing
carbonyl groups. For all salt concentrations, the formation of a
lithium—zinc alloy was suggested by XPS. Nonetheless, the
presence of the lithium—zinc alloy could not be confirmed
definitively via XRD. Further measurements are still required
to fully clarify this point. Additionally, it was shown that the
precursor solvent has a considerable influence on the artificial
SEL aSEI@THEF provides a more homogenous surface, a more
even zinc distribution, and slightly more symmetric voltage
profile during cycling than aSEI@EMC. However, aSEI@EMC

results in a lower interfacial resistance. The composition of the
artificial SEISs is influence by the decomposition products of the
precursor solvent.>”** Both cases contain C, Li,C, LiCl,
Li,CO;, ZnCl,, and LiZn alloys. The THF-based SEI
additionally features C—O—C bonds and carbonyl groups,
LiZnO, and Zn metal. For both artificial SEIs, the atomic
percentage of the LiZn alloy increases while the ZnCl,
concentration decreases. For aSEI@EMC, even after 115
min of sputtering, ZnCl, was still detected, while for aSEI@
THEF, this was not the case. Instead, the zinc metal was
detected.

4. EXPERIMENTAL SECTION

Experimental details are discussed in Section 1 of the Supporting
Information.
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