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ABSTRACT: In this study, we report on the electroplating
and stripping of lithium in two ionic liquid (IL) based
electrolytes, namely N-butyl-N-methylpyrrolidinium bis-
(fluorosulfonyl) imide (Pyr;,FSI) and N-butyl-N-methylpyrro-
lidinium bis(trifluoromethanesulfonyl)imide (Pyr,,TFSI), and
mixtures thereof, both on nickel and lithium electrodes. An
improved method to evaluate the Li cycling efficiency con-
firmed that homogeneous electroplating (and stripping) of
Li is possible with TFSI-based ILs. Moreover, the presence
of native surface features on lithium, directly observable via
scanning electron microscope imaging, was used to demonstrate the enhanced electrolyte interphase (SEI)-forming ability, that
is, fast cathodic reactivity of this class of electrolytes and the suppressed dendrite growth. Finally, the induced inhomogeneous
deposition enabled us to witness the SEI cracking and revealed previously unreported bundled Li fibers below the pre-existing
SEI and nonrod-shaped protuberances resulting from Li extrusion.
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1. INTRODUCTION inhomogeneous Li deposition, which can induce short circuits
through what are commonly known as dendrites, whose
uncontrolled growth causes the perforation of the separator
(or polymer electrolyte) and internal cell failure.”

Several models have been proposed to explain the mechanisms
of dendrite onset, growth, or both, among which it is worth
noting those by Chalzaviel et al.®® and Yamaki et al.” The first
one predicts that nucleation and growth of dendrites initiate
when the applied current density hits the limiting value i, and
triggers the depletion of Li* ions at the surface of the metal,
causing a large, localized electric field to appear at the interface.

Electrochemical energy storage has established itself as an
essential technology in several applications, be it intermittent
renewable energy sources, laptops, smartphones ,or electric
vehicles. Li-ion batteries have quickly gained the lion’s share of
the market thanks to their high specific energy. However, the
“rocking chair” concept faces an intrinsic theoretical limitation of
250—300 W h kg™, mostly because of restrictions related to the
cathode’s maximum specific capacity and voltage.' > Resorting
to new battery chemistries is therefore vital if higher energy
densities are to be reached. Lithium has long been proposed as a

good anode material for Li-metal, Li/S, and Li/O, batteries. Dendri.te growth can Of:cur, however, even below i, due to
It sports a high specific capacity (3861 mA h g™') and a very small 11.1terelectrode ‘.ilstar.lce and.surface defect§ tl}(l)at are
negative potential (—3.05 V vs SHE), but has found only limited responsible for a localized increase in current density. Ways
commercial applications in secondary batteries due to its high to circumvent the detrimental effect of ;ilefects have been (lizevised,
reactivity and tendency to form short circuits. The first phe- such as applying an external pressure, pulse chargir}%,ls using
nomenon leads, in aprotic electrolytes, to the formation of an composite plcélymer electrolytes, ” ionic liquidls7_(£124), " block
electronically insulating (but ionically conductive) passivation copolymers, and protective films/additives, but surface
layer on top of lithium every time a fresh surface is exposed to the imperfections remain intrinsic and unavoidable. Yamaki et al.
electrolyte. This film, which has been dubbed the solid— stressed the importance of such defects by describing the
electrolyte interphase (SEI),* consists of a mix of organic and conditions under which dendrites can grow. According to them,
inorganic insoluble compounds that result from native species lithium deposition takes place underneath the SEI, until stress on
and electrolyte decomposition products. It is an unavoidable its surface leads to a disruption of the texture and to the extrusion
phenomenon and generally regarded as a protective layer.
Undesired side reactions can, however, still take place during Received: January 8, 2015
cell operation, leading to a low Coulombic efficiency and Accepted: February 25, 2015
irreversible capacity loss. The situation is further exacerbated by Published: February 25, 2015
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oflithium from these sites. Deposition can continue at the base of
these whisker-like structures until Li" transport is sufficiently
hindered. At this point, deposition starts to take place on the tip
and at the whiskers’ kink sites, which are rich in lattice defects.
During the reverse process, such whiskers dissolve at the base
(where the SEI is fresher and less resistive), ultimately causing
the physical detachment of the outgrowths from the substrate.
Finally, according to the authors, a higher current during
stripping is beneficial for the cycle life because it promotes
the dissolution of lithium at the tip and kink sites rather than
from the base. However, the assumptions of Yamaki’s model are
rather broad and neglect both lithium’s rheological properties
and the elasticity of the SEI, which Monroe and Newman 3 have
taken into account in an alternative explanation based on
Li" mass transport in solution and surface tension. More recently,
Kramer et al. observed a mixed kink—tip—base growth behavior
via in situ optical microscopy with carbonate-based electro-
lytes.***® They showed the role played by the SEI shell present
on lithium whiskers, which prevents dendrite shortening during
lithium dissolution and favors a thinning mechanism, instead.
Furthermore, they also stressed the importance of defect sites
(be it SEI irregularities or lattice defects) and ionic mass
transport in triggering needle-like dendrites, in accordance with
other recent observations.”****” A uniform, low resistance and
elastic SEI is paramount to ensure good lithium deposition,”®
and ionic liquids are among the proposed solutions to form
an interphase with such characteristics and mitigate side
effects. Basile et al. studied the cyclability of lithium after
chemical interaction with N-propyl-N-methylpyrrolidinium
bis(fluorosulfonyl)imide (Pyr;;FSI) and lithium tetrafluorobo-
rate (LiBF,) as salt. They followed the changes in morphology
through scanning electron microscopy (SEM) and recorded
cauliflower-like shapes appearing on the surface of lithium
after 18 days of reaction with the electrolyte, which, however,
did not impact the cyclability.’® A smooth surface after exten-
sive cycling was recorded by the same group using lithium
bis(fluorosulfonyl)imide (LiFSI) as salt in the same IL.*” In both
works, a 12 h rest period was fixed before each lithium plating/
stripping tests, which, in the authors’ view, allowed the
FSI™ anion to react and build a stable SEI on the metal surface,
thanks to the cleavage of the S—F bond in ESI™***" Our group
recently showed that lithium bis(trifluoromethanesulfonyl)imide
(LiTFSI) in N-butyl-N-methylpyrrolidinium bis(trifluoro-
methanesulfonyl)imide (Pyr,,TFSI) also contributes to an
enhancement in cyclability if a rest period of 1 week is provided
to the cell,*” in spite of the higher strength of the anion’s C—F
bond. The adoption of a TFSI™ anion allows to extend the IL’s
electrochemical stability window on the cathodic side,*>**
thereby increasing its tolerance to lithium metal and inhibiting
electrolyte degradation during cycling.

In this study, we analyzed the interplay between ionic liquid
mixtures containing these two anions in terms of lithium
nucleation and deposition on nickel and addressed the efficiency
determination of Li metal cycling when an initial homogeneous
plating cannot be reached. Finally, we report unique observations
of the morphological changes underneath the SEI during Li
deposition onto Li foil.

2. EXPERIMENTAL SECTION

2.1. Materials Used. Lithium foil (50 gm, 99.999%) was obtained
from Rockwood Lithium GmbH, and stored in a dry room (rela-
tive humidity (RH) <0.1% at 20 °C) together with all the other
chemicals. Pyr,TESI and Pyr,FSI were synthesized and purified
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according to a well-established procedure®® and subsequently

vacuum-dried at 90 °C for at least 24 h with a turbo molecular
pump (P < 1077 mbar). This step leads to colorless ILs exhibiting a
water content below 2 ppm, measured via coulometric Karl Fischer
titration (C30, Mettler Toledo). LiTFSI (99.9%, battery grade, 3M)
was dried at 120 °C under vacuum for at least 24 h before use.
The electrolytes were mixed according to different molar ratios (listed
in Table 1) and further dried under turbo molecular vacuum at 70 °C
for 24 h.

Table 1. Molar Ratios of the Electrolyte Mixtures Analyzed in
This Study

sample FSI™ molar TESI” molar Pyr,," molar Li* molar

name ratio ratio ratio ratio
0:1 0.5 0.45 0.05
3.7 0.15 0.35 0.45 0.0S
1:1 0.25 0.25 0.45 0.05
7:3 0.35 0.15 0.45 0.05
9:1 0.45 0.05 0.45 0.0S

Whatman GF-F glass fiber separators (GE Healthcare UK, Ltd.) were
dried at 120 °C for at least 24 h prior to usage. Ni foil strips with a 20 gm
thickness were used both as current collector and as working electrode
in the plating/stripping tests.

2.2. Cell Assembly and Characterization. All cells were
assembled inside the dry room according to a procedure already
described.* The active area of the cells thus fabricated was ca. 1 cm?. All
Li/Li cells were assembled within a few hours to ensure similar initial
SEI properties, then placed in an MKS3 climatic chamber (Binder
GmbH) with a AT = + 0.1 °C at either 20, 40, or 60 °C.

The interfacial resistance evolution was monitored via electro-
chemical impedance using a Solartron 1287 potentiostat/galvanostat
coupled to a Solartron 1260 frequency response analyzer (Solartron
Analytical, Ltd.). The obtained spectra, which spanned a range of 65 kHz
to 10 mHz, were then fitted using an equivalent circuit described in our
previous publication.*”

Galvanostatic tests were performed on a battery cycler (54000,
Maccor, Inc.) at 0.1 mA cm™2 with cutoff voltages of 0.5 and —0.5 V. The
current was reversed every 60 min for the plating/stripping tests, while it
was kept constant during the continuous plating experiments. Thermal
equilibration of the cells was ensured by inserting a 12 h rest step before
the beginning of each test.

The morphology of the lithium and Ni foil electrodes was analyzed via
an AURIGA EVO MA 10 scanning electron microscopy (Zeiss) and a
Tabletop Microscope TM-1000 (Hitachi). Lithium electrodes were
rinsed three times with dimethyl carbonate (99%, Sigma-Aldrich) to
remove IL traces and then dried under vacuum.

X-ray photoelectron spectroscopy (XPS) on lithium electrodes was
carried out using an Axis Ultra HAS spectroscope (KRATOS)
equipped with a monochromatic Al Ko source at 10 mA and 12 kV.
A pass energy of 20 eV was employed for the measurements, and
sample charging was compensated with a charge neutralizer. The
analysis area on the sample surface was about 300 X 700 um.
The electrodes were transferred to the antechamber under argon
atmosphere to avoid contact with oxygen and moisture. For the
comparative evaluation of the obtained spectra, energy indication and
component fitting were calibrated according to the peak for
amorphous carbon in the C 1s spectra, due to its characteristic
binding energy of 285 eV.

3. RESULTS

3.1. Plating on Ni Electrode. Plating/stripping of Li
is a useful tool to estimate the compatibility between lithium
metal and a given electrolyte.®® To estimate the efficiency
of the process, a fixed amount of lithium is plated on a metal
electrode and then a fraction of it is shuttled back and forth,
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which allows calculating the average efficiency through the
equation:

Q,- Q.
nQ

where Q,, is the amount of charge plated during the first cycle,
n the number of cycles, and Q . the charge that is plated/stripped at
each cycle. In an asymmetrical cell (ie, where the working
electrode is not lithium metal), Q,, is generally chosen as 10 times
Q,, while in a symmetrical configuration (Li/Li) this value is
predetermined by the Li reservoir already present in the electrode.
Because the Li reservoir of symmetrical cells is generally 1 or 2
orders of magnitude larger than needed, (QP — Q) can, in these
cases, be approximated to QP.32 The number of cycles that can be
achieved reversibly gives an indication of the uniformity of the
lithium deposit and the amount of parasitic reactions. Our
attempts at estimating the average plating/stripping efficiency with
Li/Ni cells failed and only led to limited and irreproducible cycling.
An SEM investigation of the Ni electrode (portrayed in Figure 1a)
revealed the presence of spherical dendrites on its surface, with an
accumulation toward the metal’s edges, suggesting a localized
nucleation on surface irregularities.
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Figure 1. SEM images of (a) a Ni electrode after 10 h plating from the
0:1 electrolyte (the circled dark dots evidence the dendrites), (b) a
pristine Ni foil, and (c) Li homogeneously deposited on Ni foil using a
9:1 electrolyte. (d) Plating potential of a Li/Ni cell showing the
characteristic spike at around —50 mV associated with the nucleation of
Li crystals onto the Ni surface.

Thus, it seems clear that Ni foil induces fast dendrite growth,
which can easily be explained by the intense current density
reached locally at the few nucleation points, in accordance with
Chazalviel’s model.*~® This observation is in contradiction with
the long-term cycling obtained using Pyr,, TFS in Li/Li cells,* as
well as other observations that show the positive effect of TFSI-
based ionic liquids in suppressing dendrite growth."* However, it
agrees with the results reported by Howlett et al., who met similar
difficulties on a Cu electrode,®” and Wibowo, who failed to obtain
a reversible plating/stripping on a Ni microelectrode, supposedly
due to the poor SEI-forming ability of Pyr,,TFSI on the metal.*®
Only through the addition of vinylene carbonate to a series of ILs,
including Pyr,, TESI, were Matsumoto et al.'® able to establish a
uniform lithium electrodeposition regime on a Ni substrate,
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thereby effectively suppressing dendrites. Unlike Li metal, that is
already passivated, nonlithiated materials require the formation of
an SEI during the first cycle prior to other reduction processes
(insertion, plating, or degradation of electrolyte components), to
provide with Li nucleation sites and allow for a homogeneous
transport to the electrode. The same problems were not observed
when using an FSI-rich electrolyte (Figure 1c), hinting to the
conclusion that FSI™ and TESI™ react differently at the Ni
electrode. The reason lies in the narrower electrochemical stability
of the former anion, resulting in the fast formation of an SEI as it
has already been shown on graphite®® and Ni,** that would act as
a good nucleation substrate. The stabilization of the solid-
electrolyte interphase is therefore crucial, as we pointed out in a
previous publication,” and as Figure 1a shows, it does not take
place at high potentials for Pyr,, TFSL

3.2. Influence of the FSI/TFSI~ Ratio on SEI Evolution
and Plating on Ni. The influence of the FSI/TFSI ratio on the
SEI formation was investigated using Li/Li cells stored at
different temperatures. Analogous blends have already been
reported with regards to the synergistic effect of the two anions
on the overall physicochemical properties, with FSI™ providing
the final mixture with lower viscosity and higher ionic
conductivi?r, and TESI™ extending the electrochemical stability
window.*"** Figure 2 shows the evolution of the SEI resistance
(Rggy) for different ratios at three different temperatures. At
20 °C, a surge in SEI resistance is observed for all samples, with a
more marked increase for electrolytes that have a higher TFSI
ratio. At 40 °C, the situation differs notably, with the Rgg; of
samples 0:1 and 3:7 first reaching a peak and then dropping
considerably. The time scale within which this maximum is
reached is shorter for 3:7 than 0:1, indicating faster reaction
kinetics promoted by the presence of the FSI™ anion.

Cells containing higher FSI molar fractions, on the other hand,
reach stable and similar values (ca. 40 Q cm?®) within 1 day. At
60 °C, the cell containing the 0:1 mixture exhibits a high starting
value, followed by a considerable drop in Rggy; this behavior
suggests that temperature speeds up the reaction kinetics behind
the SEI formation. When FSI™ is added to the blends, the
situation becomes mixed, with the only common feature being
the stabilization between 30 and 40 Q cm? after 1 week. While
the complexity of the factors involved (such as the presence of an
initial SEI, its wetting by the electrolyte, and the solubility of
reduction products) makes the complete understanding of these
evolutions difficult, it is clear that at 20 and 40 °C, the presence of
a high fraction of FSI™ accelerates the evolution of a stable
interface. This effect vanishes at 60 °C, when either anion seems
to react rather quickly with Li.

The influence of the FSI™ anion toward plating on Ni was also
investigated. SEM images obtained after a 10 h plating at 0.1 mA
cm™? reveal a lithium morphology which evolves from one close
to the 0:1 electrolyte, with the Ni electrode covered by discrete
deposits of Li (Figure 3ab), to a situation close to the 1:0
morphology, where the Ni electrode is covered by a rather
homogeneous Li layer (Figure 3c). However, in all the analyzed
blends it was still not possible to perform stripping/plating, most
likely because of the electrochemical inactivation of the deposits
that leads to high overpotentials and ultimately low Coulombic
efficiency.

3.3. Alternative Efficiency Estimation Method. The
impossibility to obtain a good first plating of Li on Ni restricts
efficiency determination tests to Li/Li configurations only. This
obviously affects the experiments’ time scale, which can require
up to 8 months for a single measurement.>* For this reason, an

DOI: 10.1021/acsami.5b00209
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Figure 2. Interfacial resistance evolution in Li/Li pouch cells at (a) 20, (b) 40, and (c) 60 °C, for electrolyte mixtures with the following FSI~/TFSI~

molar ratios: 0:1, 3:7, 1:1, 7:3.

Figure 3. SEM images of lithium deposits on nickelin () 3:7, (b) 1:1,and (c) 7:3 FSI"/TFSI" electrolyte mixtures. Microsized round features are found

on the surface after Li deposition (circled in yellow).
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Figure 4. (a) Voltage profile corresponding to (black) a symmetrical Li/Li cell and (red) a symmetrical cell that was subjected to 90% stripping of one of
its electrodes, here indicated as Li/t-Li; (b) voltage profiles of selected cycles as indicated on the graph. T = 40 °C, i = 0.1 mA cm™>

inverse approach was adopted: a symmetrical Li/0:1/Li cell
made of two S0 pm thick Li electrodes (equivalent to ca.
10.32 mA h cm ™ each) was assembled and, prior to cycling, 90%
of the Li was stripped from one of the two electrodes so that only
1 mA h cm™ remained on the Ni current collector. Because plating
of Li on Li with TFSI-based electrolytes is possible, this enabled us
to perform the efficiency determination tests, using the standard
value of Q,, = 10 Q.. The Li/thinned-Li cells thus manufactured
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were labeled as “Li/t-Li”, to distinguish them from conventional
stripping/plating tests.>®

Figure 4a shows the cycling results obtained with the pristine
(50 um Li foil) and stripped (electrochemically thinned, S gm)
electrodes. The two electrodes exhibit an identical final increase
in overvoltage once the 100 mV overvoltage threshold is stepped
over. This can be attributed to the thickening of the SEI with time
and the subsequent increase in mass transport limitation for Li*,

DOI: 10.1021/acsami.5b00209
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Figure S. Different magnifications of (a—c) fresh Li foil and (d—f) Li foil taken from a Li/IL/Li pouch cell.

and it indicates the complete equivalence of the two measures, as
confirmed by the first cycle voltage profiles depicted in Figure 4b.
Upon cycling, both cells reached the 100 mV threshold. Their
voltage profiles overlap quite well, although the time (i.e., the
number of cycles) required for reaching such a threshold was
about 4 times longer in the case of the Li/Li cell. However, the
voltage profiles of the two cells differ substantially when the
upper 500 mV boundary is reached (Figure 4b, third voltage
profile). The Li/Li profile shows two plateaus, a phenomenon
that is ascribable to either the buildup of a thick SEI over the
surface of lithium or to the clogging of the SEI's Li* diffusion
channels.*® The same is not observed for the Li/t-Li cell,
probably because the Li electrodes in the cell are given less time
to accumulate decomposition products. Despite this difference,
the two protocols can be regarded as equivalent. The values of
efficiency obtained were 98.41% for the Li/t-Li cell, versus
94.77% for the symmetrical equivalent, also in line with our
previous observations.>> It must be stated that these values
represent an underestimate of the real performance, because Li
cycling can still occur, albeit at the cost of a high overpotential.
The results show that fast efficiency determination tests for
lithium electrodes are possible with electrolytes that do not allow
a uniform nucleation on different substrates other than Li, while
curbing down the overall measuring time by 70%.

3.4. Morphology of Li Foil during Electrodeposition. A
question that arises at this point is whether the 90% of lithium
initially deposited on the Li anode forms an irregular layer, as this
would negatively bias the test, with special reference to the
shorter measuring time recorded with the Li/t-Li cell. With this
scope in mind, two pieces of Li foil were observed in this way, the
first being a fresh, unused, unwashed strip of Li foil, the second a
strip taken from an assembled (uncycled) pouch cell after rinsing
with DMC. As shown in Figure Sa—c, groove-like features are
present on the surface of the pristine Li foil. These most likely
derive from the extrusion/calendering step utilized in the indus-
trial process and are found homogeneously throughout the foil.

The sample obtained from the pouch cell appears identical
(Figure Sd—f), despite having been in contact with the
separator, the electrolyte, and the rinsing solvent. In addition,
the vacuum under which pouch cells are fabricated does not seem
to have either flattened or damaged the grooves observed on the

5954

sample. This finding provides a baseline morphology of the
metal’s surface that can be monitored upon deposition/
dissolution to assess the uniformity of our Li plating/stripping
and the mechanical integrity of the SEL A chart depicting the
typical chronopotentiogram recorded while plating on Li is
shown in Figure 6. The plating overvoltage AV remains constant
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> -0.057L
o 0.101
2 -0.15
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-0.251
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-0.35~
0

Volta

50 75 100 125
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Figure 6. Voltage profile behavior of a Li/Li pouch cell during
galvanostatic plating. T = 40 °C, i = 0.1 mA cm ™

throughout deposition, indicating that the concentration
gradient has reached a steady state. However, soon after the
total capacity of the working electrode has been plated, a steep
increase in AV indicates that Li* depletion occurs.

Different pouch cells were stopped at different plating/
stripping stages (30, 60, and 90%) and SEM images of their
electrodes were taken to observe morphological changes
(Figure 7).

The striped features observed on the pristine sample remained
unchanged after every step of the process, on both the pin-striped
and plated electrodes. This important finding denotes the good
compatibility between Li metal and ionic liquid electrolytes,
especially in terms of the stable SEI that does not suffer from
cracking during long-term, continuous plating (ca. 100 h).

The fact that the aspect ratio of the stripped features does not
change, either during Li dissolution or deposition, indicates that
the SEI formed is a homogeneous ionic conductor with no
defects, and that, below iy, no favored regions for Li* transport
arise over time. Most likely, the SEI's favorable properties

DOI: 10.1021/acsami.5b00209
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Figure 7. Surface of cycled Li electrodes after cycling (a and b) 30,
(cand d) 60, and (e and f) 90%. Images on the left are of the plated side,
and images on the right are of the pin-striped side.

originate from the storage of our Li foil in a dry room for long
periods of time, where reactivity with moisture is limited. Other
components of the atmosphere (such as CO,) can, however, still
react with the foil, leading to the slow accumulation of an
inorganic Li,COj; layer that is homogeneous over the whole
surface, as the XPS measurements depicted in Figure 8 show.
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Figure 8. X-ray photoelectron spectra performed on two types of
pristine Li foil: (left) C 1s peaks and (right) O 1s peaks.

Li foil that is stored in a dry room has a surface content of
Li,CO; that is 38% higher than lithium normally stored under an
Ar atmosphere. Also, Li,O was not found on the surface of the
dry room lithium, which is consistent with other reports showing
that it is located underneath lithium carbonate.**** The O 1s
peak related to Li,O was, however, detected in the case of the
thicker lithium stored in an Ar-filled glovebox, suggesting that in
this case the carbonate layer could be inhomogeneous, thin
enough to allow the detection of the primary SEI, or both.
Lithium carbonate has already shown a positive influence on
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lithium by lowerin§ the electrodes’ polarization and the
interfacial resistance.” CO,, which is a common constituent of
atmospheric air, can effectively react with Li,O and build a thick
layer of Li,COj, a compound that has the remarkable property of
providing fast intermolecular Li* exchange.**™*® Because poor
deposition is driven by impurities and lattice defects, this brings
us to the conclusion that either our pouch cells contain very pure
chemicals or that the SEI we were able to form on lithium has the
power to suppress their effects. Upon the secondary SEI and
between the grain boundaries, a plastic, organic matrix also
forms, originating from the IL electrolyte. This SEI composition,
which is largely agreed upon, is particularly stable under the
conditions described in this study. Finally, although no dendrites
were observed on the 30—90% samples, we did note interesting
features on a fully plated electrode. Figure 9a gives an overview of
the general appearance of the 100% plated electrode, which does
not differ much from the ones depicted in Figure Sa—f. However,
dramatic changes in morphology were found in some areas of the
Li electrode. As seen in Figure 9b, a landscape made of plateaus
several micrometers wide between separator fibers hints to an
extrusion process taking place on the surface, in good accordance
with Yamaki’s model,” despite the notable difference in size
between these structures and common dendrites. Figure 9c
illustrates the rupture of the Li surface on one of such plateaus,
with fibrous features filling the gap between the two Li “plates”.
These fibers of ca. 50—100 nm, identical in size to the discrete
deposits on Ni recorded in Figures la and 3a—c, are densely
packed into bundles, which suggests that the deposition of Li
below the SEI occurs under this form prior to cracking.
Additionally, the upper plate deforms into an arched shape,
indicating a preferential deposition caused by local changes in Li*
concentration. The formation of “scars” on the arched surface is
an indication of the significant stress exerted onto the SEI surface
under localized Li deposition and the self-repair mechanism that
is triggered once fresh Li is exposed to the electrolyte. Zooming
into the fracture gives more insight into what happens on this
freshly created surface. In Figure 9d, it is possible to see a series of
50 nm-wide nucleation sites along the fiber bundles. These
globular features only grow up to a few nanometers before
reaching a halt, probably because of a rapid SEI formation;
another site on the same crack (Figure 9¢) shows the presence of
lozenge-shaped terraces that give rise to “steps” with different
heights. This confirms the intensive stress the SEI is subjected
to and the crystalline nature of the products of which it is com-
posed. Finally, it is noteworthy to make a comparison between
our findings and what was recently observed by Cui et al.**
(Figure 9f), who deposited Li underneath a nanostructured
carbon shell; in their study, they also grow Li in a fibrous fashion
with micrometer-sized bundles that closely resemble those
observed in the SEI cracks (Figure 9c—e).

A close look at the protuberances in Figure 10a, which are
most likely a further evolution of the cracks, shows that new
Li surface is created during extrusion, pushing the old surface
aside together with the previously deposited Li. Figure 10b,c
summarizes the growth mechanism we propose for the formation
of such protuberances. According to our interpretation, the
deposition of Li takes place uniformly, below the SEI, under the
form of densely packed nanofibers as long as the supply of Li"
ions is homogeneous over the whole electrode. Once the Li
at the counter electrode and in solution is close to depletion,
local inhomogeneities arise as a result of the small Li reservoirs
(Li islands) remaining on the stripped electrode, favoring
deposition at specific sites and exerting strain on the SEL
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Nucleation
sites

Li nanofibers

Cross-section

Figure 9. (a) Overview of a fully plated Li electrode; (b) area affected by inhomogeneous plating; (c) rupture in the SEI resulting from inhomogeneous
plating; (d) magnification of the fiber-like features observed in the crack; (e) SEI terraces; (f) fibrous Li deposits as shown by Cui et al.”* Reproduced

with permission of the Nature Publishing Group, 2014.
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Separator

Li island

)_+ 9

Li* Li

Figure 10. (a) Li nanofibers bundles extruded from the native SEI; (b and c) SEI rupture mechanism resulting from the local variations of Li*

concentration outside of a steady-state regime.

The resulting forces lead to the unzipping of the surface, first
exposing the Li fibers and the subsequent extrusion of fresh Li
in what resembles a ridge, as seen in Figure 10a, and then
creating new Li surface, which pushes both the native SEI
and the previously deposited fibrous lithium out of the plane.
The freshly exposed surface does not lead to dendrite growth
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(nor favored Li deposition, as suggested by the concave shape
inside the ridge), which could be due to the rapid formation of a
favorable SEI or, on the contrary, an SEI that does not allow
nucleation. This extrusion mechanism differs from Yamaki et
al’s description,” as the SEI is deformed and no dendrite
whiskers form.
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4. CONCLUSIONS

In summary, we have confirmed that the FSI™ anion in ionic
liquid-based electrolytes has a beneficial influence over the SEI
on lithium metal, especially compared to TFSI”, thanks to its
slightly inferior electrochemical cathodic stability. The presence
of the more stable TFSI™ anion hinders traditional Li/Ni plating/
stripping tests, most likely because no nucleation-favorable film
forms on nickel. The result is a nonuniform Li deposition, which
might be improved with the addition of the FSI™ anion. An
alternative route to Li/Ni efliciency determination tests has been
therefore devised, which not only allows these tests to be
performed, but also shows that Pyr;,TFSI-based electrolytes
enable a uniform Li deposition/dissolution and high cycling
efficiencies, with no signs of dendrite formation. Our
observations show that Pyr;,TFSI-based electrolytes, under the
right conditions, allow a homogeneous Li" deposition, as shown
through scanning electron microscopy. Finally, we observed
interesting surface features while operating the cell under a Li*
depletion regime. Large micrometer-sized plateaus appear
because of local variations in Li* concentration, with fibrous Li
bundles extruding out of ruptures in the SEI texture. The
formation of whisker-like dendrites on these freshly exposed
surfaces is inhibited by the rapid evolution of a solid-electrolyte
interphase in what can be seen as an efficient self-repair
mechanism. The lack of dendrites and whiskers in our system
indicates that ionic liquid electrolytes are apt for safe use in
lithium metal batteries in relation to conventional electrolytes.
Finally, the reduced Li loss is a promising finding that will
ultimately help building batteries with a reduced excess Li on the
anode, thus attaining higher practical gravimetric and volumetric
energy densities.
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