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ABSTRACT

Lithium metal anode suffers a short cycle life, and the parasitic reactions of lithium with
the electrolytes are widely observed. The common sense is to avoid such reactions. Herein, we
head to the opposite direction by using an oxidizing co-solvent of ethyl methyl sulfone in the
electrolyte, which addresses the ‘dendrite’ issue entirely, resulting in dense and macroscopically
smooth surface morphology of the plated lithium. However, the dendrite-free lithium metal anode

does not necessarily exhibit a high Coulombic efficiency.



Lithium metal anode (LMA) is supposed to be the ultimate solution to facilitate the long-driving
range of electric vehicles (EV). The challenges of LMA are twofold: (1) lithium morphological
instabilities (LMI) during plating/stripping that may cause shorting and thermal runaway and (2)
the low Coulombic efficiency (CE). LMI can be categorized into ‘dendrite or tip grown’ (mode
III), stress-derived ‘whisker or root grown’ (mode II), and the combination of the two (mode I).!
To prevent LMI, various strategies have been developed such as 3D electrode architectures,?™

® and new SEI design.” Recently, high concentrations of

electrolyte additives, e.g., Cs salts,
electrolyte salts, particularly with the fluorinated ones, have been demonstrated capable of
improving both (1) and (2) on LMA.*° To avoid LMI, a common-sense route might be to mitigate
the parasitic reactions between the electrolytes and LMA. This favours the usage of cathodically

more stable electrolytes, such as ionic liquids.'*!3

Herein, we report that ethyl methyl sulfone (EMS) as a co-solvent to the ether-based electrolyte
eliminates macroscopically observable LMI. Sulfone-containing electrolytes, including EMS, are
known for their remarkable anodic stability but high cathodic reactivity.!*!” Recently, high
concentrations of salts with sulfolane (TMS) have been studied on LMA as promising
electrolytes.'®!” In this work, we reveal that LMA exhibits dendrite-free plating/stripping
behaviour in an electrolyte of 1 M bis(trifluoromethanesulfonyl)imide (LiTFSI) solvated in 50 v%
of EMS, 25 v% 1,3-dioxolane (DOL), and 25 v% 1,2-dimethoxyethane (DME) (referred to as
EMS/DOL/DME). However, in the Li Il Cu asymmetric cells, LMA demonstrates a CE of only
30% in the above electrolyte. Surprisingly, the cure of macroscopic LMI does not necessarily lead

to high CE.

We first employed Li Il Li symmetric coin cells to reveal the impacts of adding EMS as a co-

solvent in the electrolyte. Scanning electron microscopy (SEM) imaging shows the surface



morphology of LMA after 100 galvanostatic plating/stripping cycles at 1.0 mA cm? with a
capacity of 1.0 mAh cm™ in two electrolytes of 1 M LiTFSI in DOL/DME (50 v% / 50 v%)
(referred to as DOL/DME) and EMS/DOL/DME. In DOL/DME, LMA exhibits completely
pulverized surface covered by lithium particles (Fig. 1a). In contrast, the EMS/DOL/DME
electrolyte leads to exceptionally flat and smooth surface entirely free of any LMI from face (Fig.
1b). It exhibits clear surface morphology in the enlarged image, without any needle-like or mossy-
like LMI formations. This smooth configuration is not localized but can be observed throughout
the entire lithium metal surface as shown in various scale ranges (Fig. S1, ESI{) Similarly, the side
view of LMA reveals the formation of the mode-III LMI (Fig. 1d) in DOL/DME compared to no
LMI formation in EMS/DOL/DME (Fig. 1e) with optical observations. The corresponding energy
dispersive X-ray spectroscopy (EDX) elemental mappings reveal that the LMA’s surface in the
EMS/DOL/DME electrolyte is uniformly covered by sulfur- and fluorine-containing species,

which constitute the SEI (Fig. S2, ESIY).
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Figure 1. Morphology studies of the cycled lithium surface. (a-e¢) SEM images of LMA
examined after 100 cycles at 1.0 mA cm™ with a capacity of 1.0 mAh cm™. Surface in (a)
DOL/DME, (b) EMS/DOL/DME, (c) enlarged image of (b). Cross section in (d) DOL/DME, (e)
EMS/DOL/DME. (f) In situ optical images of LMA in DOL/DME (top) and EMS/DOL/DME
(bottom) electrolytes. Current density is 0.3 mA cm™ with a capacity of 1.2 mAh cm™. Arrows
and circles in DOL/DME indicate LMI on LMA. Circles in the second image (bright blue) for

EMS/DOL/DME denotes the gas bubbles. The scale bar for all images is 300 um.

In situ optical microscopy imaging was performed in vial cells to monitor the morphological
change during the plating process at a current density of 0.3 mA cm™ for 4 hours with a capacity
of 1.2 mAh cm in two different electrolytes (Fig. S3, ESIT). Fig. 1e shows that mossy-like LMI
are formed during plating in the DOL/DME electrolyte (red arrows), and these are not fully
removed in the following stripping process (red circles).?’ During the 2™ plating, LMI are formed
on the fresh lithium spots, where we expect that continuous ‘dead’ lithium formation will
eventually cover the lithium upon cycling, consequently leading to lower CE. On the other hand,
the EMS/DOL/DME electrolyte shows no obvious LMI formation and maintains the original
surface morphology of LMA. However, during the first plating, bubbles are formed, which was

not observed in DOL/DME. The bubble formation may release some of the carbon-containing



moieties of the EMS, thus leaving a SEI on the surface of LMA containing less organic but more

inorganic constituents.
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Figure 2. (a) Electrochemical studies in Li Il Li symmetric cells. Potential profiles of Li
symmetric cells with the DOL/DME electrolyte and the EMS/DOL/DME electrolyte at the
current density of 2.0 mA cm™ with a capacity of 3.0 mA h cm™. Insets represent the 48"
cycle (left) and the 90" cycle (right), respectively. CV profiles of the first three cycles in

(b) DOL/DME (c) EMS/DOL/DME.

The galvanostatic plating/stripping tests using Li Il Li symmetric cells at 2 mA cm™ with a
capacity of 3 mAh cm™ reveals the performance juxtaposition of the two electrolytes. The
DOL/DME electrolyte exhibits high overpotentials: from 50 to 110 cycles ranging from 150 to
400 mV and just below 100 mV afterwards (Fig. 2a and the inset), whereas the EMS/DOL/DME

electrolyte exhibits consistently low overpotential of 15 mV.



Cyclic voltammetry (CV) tests of Li [l Cu asymmetric cells where a Cu current collector
serves as the working electrode reveal the very different behaviours of LMA in electrolytes
with or without EMS. In DOL/DME, the cathodic current and anodic current progressively
increase during the initial three cycles (Fig. 3b), which indicates that LMA possesses a
surface area anew and larger after each cycle. However, in the EMS/DOL/DME electrolyte,
the redox current remains stable during cycling, suggestive the markedly more stable
surface of LMA, probably due to the favourable SEI formation (Fig. 3c). However, in the
galvanostatic plating/stripping tests, the LMA exhibits a surprisingly low first-cycle CE of
30% (Fig. S4 ESIT), which indicates that the overwhelming majority of the plated lithium
is consumed, i.e., for building the SEI layer, which stems from the fact that EMS’s
reactivity toward lithium is very high.

Recently, the SEI layers on LMA are described by a dual-layer model with an organic
layer on top of an inorganic layer. To understand the SEI structures of LMA in
EMS/DOL/DME, we collected ex situ XPS spectra on the LMA surface after 100
stripping/plating cycles with depth-profiling by Ar* sputtering. The entire sputtering
process lasts for four minutes, where one spectrum was collected after every minute of
sputtering. The results reveal that the LMA in EMS/DOL/DME comprises a thinner organic
layer than LMA does in DOL/DME. The characteristic species of the organic layer of SEI,
including Li>CO3, (CH3CH>OCH>O-),, (CH3CH20-R),, and C-C peaks all disappear after
two minutes of sputtering on LMA from EMS/DOL/DME, whereas all these peaks still
remain on the LMA from DOL/DME even after four minutes’ sputtering (Fig. 3a). A

meagre organic layer of SEI on LMA in EMS/DOL/DME suggests that an inorganic layer



of SEI formed with the assistance of EMS blocks the diffusion of DOL/DME solvent

molecules.

We further studied the composition of the inorganic layer of SEI by sulphur and oxygen
depth profiles (Fig. 3b and c). For both electrolytes, the —SO>/—SO3 peaks diminish along
the depth, and both Li>Sx (1<x<2) and Li>O peaks emerge and grow upon further sputtering.
Furthermore, the EMS/DOL/DME electrolyte shows a more rapid attenuation of the peaks
for —SO2/-SO3 when going deeper during profiling. Compared to DOL/DME,
EMS/DOL/DME exhibits weaker peak intensity of Li>S and a more prominent presence of
Li>O. In addition, it is evident that EMS is preferentially decomposed over LiTFSI due to
the fact that the fluorine signal only comes from TFSI" anion, and the LMA in
EMS/DOL/DME displays a weaker Fis peak throughout the depth of SEI than DOL/DME

(Fig. S5 ESI¥).
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Figure 3. The XPS profiles of the cycled LMA in DOL/DME electrolyte (top) and
EMS/DOL/DME electrolyte (bottom) for (a) Cis, (b) S2p and (¢) Ois. Sputtering was carried

out for 4 minutes with one scanning in every minute.

In summary, our results demonstrate that EMS completely suppresses macroscopic LMI

on LMA, and facilitates extremely smooth surface morphology of LMA. The profiling XPS results



reveal that EMS preferentially decomposes over DOL/DME and LiTFSI on the surface of LMA,
generating a thinner organic layer near the electrode. Although EMS/DOL/DME does not seem to
be practically apt as the electrolyte for LMA, its function to cause complete dendrite-free lithium
plating warrants future attention on EMS as an electrolyte additive. We tentatively posit that the
reaction between EMS and LMA may dramatically increase the total concentration of ions (ionic
strength) near LM A, which prevents the formation of a Sand’s extinction zone in the liquid where

the ionic strength approaches zero.!"*?
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