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ARTICLE INFO ABSTRACT

Keywords: Lithium (Li) metal battery is strongly considered as one of the potential candidates for next-generation energy
Lithium-sulfur batteries storage devices due to its ultrahigh energy density. However, gas evolution induced by spontaneous
Electrolyte decomposition of organic electrolytes during cell cycling leads to the capacity decay and safety issues of Li
Lithium metal metal batteries (LMBs). Herein, the gas evolution behavior in a working Li-sulfur (Li-S) battery based on the
gzﬂzﬁnceu most widely used 1,3-dioxolane (DOL)/1,2-dimethoxyethane (DME) electrolyte was probed through gas phase

chromatography, mass spectrum of as-produced gas in pouch cells, as well as the first-principles calculations
and ab initio molecular dynamics. An adsorption-to-reaction mechanism that DOL/DME firstly adsorbed
lithium and then decomposed was proposed and verified. DOL with a small decomposition barrier was found to
be easily decomposed into ethylene. When the DME:DOL ratio in the organic of Li-S cell was increased, a high
and long discharge plateau as well as a large discharge capacity were observed. We also protected Li metal anode
to avoid the direct contact between electrolyte and fresh Li metal through the polysulfide additives. The as-
obtained cell afforded few gas evolution and consequently a long cycling life. This understanding sheds fresh
light of ultra-long cycling life of Li-S pouch cell from the viewpoint of stable electrolyte based on theoretical
predictions and experimental verifications, which can be extended to other LMBs based on multi-electron redox
reactions.

1. Introduction

Owing to the increasing population and rapid development of
modern society, global energy consumption will double from 2010 to
2050 [1]. Consequently, a ravenous demand for high energy storage
systems is urgently raised. Among various available anode materials for
battery energy storage systems, lithium (Li) metal has the lowest
electrode potential (-3.04 V vs. standard hydrogen electrode) and an
ultrahigh theoretical capacity (3860 mAhg™) [2,3]. Therefore, Li
metal anode have been strongly considered by scientific and engineer-
ing community for high-energy-density batteries. When Li metal anode
matches sulfur (S) cathode to form a Li-S cell, it can deliver a high
theoretical energy capacity of 2600 Wh kg™, which is 5 times relative to
that of conventional Li ion battery (500 Wh kg™). Li-S battery with
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sulfur cathode and lithium anode is highly attractive as the next-
generation secondary battery system [4-9].

With the rapid development of material chemistry and energy
science, significant progress has been achieved to overcome the
intrinsic dilemma of Li-S batteries (e.g. poor electrical conductivity of
sulfur and its reduced products (Li»S and Li,S,), the dissolution of Li
polysulfide intermediates, the instability of electrolytes, and the growth
of lithium dendrites). A family of conductive scaffolds, such as porous
carbon, carbon nanotubes, graphene, conductive polymer, and various
types of hybrids have been employed as 3D interlinked electron
pathways of cathode materials [10-13]. To tackle the notorious
problem of polysulfide dissolution, the use of heteroatom doping (like
B, O, N, P, S, F) [14] and additives (like TiS», ZrS», VS,, CoS,, TizO-,
TiO,, ZrO,, MXene, TiC, VN, NiFe LDH) [15—17] have been proposed

Received 25 October 2016; Received in revised form 28 December 2016; Accepted 4 January 2017

Available online 13 January 2017
2405-8297/ © 2017 Elsevier B.V. All rights reserved.


http://www.sciencedirect.com/science/journal/24058297
http://www.elsevier.com/locate/ensm
http://dx.doi.org/10.1016/j.ensm.2017.01.003
http://dx.doi.org/10.1016/j.ensm.2017.01.003
http://dx.doi.org/10.1016/j.ensm.2017.01.003
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ensm.2017.01.003&domain=pdf

X. Chen et al.

to anchor polysulfide intermediates and promote their redox reactions
in a working cell. The introduction of multifunctional electrolyte to
regulate polysulfide diffusion and deposition is another effective
strategy to retard the polysulfide shuttle for high stable Li-S cells
[18-20] However, when a full Li-S cell is built, the spontaneous
reactions between the organic electrolyte and Li metal induce the
notorious combustible gas from the decomposition of electrolytes and
unstable solid electrolyte interfaces (SEI) on the Li anode [21], which
becomes a dominate reason for very short cycling life of Li-S pouch cell
with large capacity.

In most cases, the electrolyte should meet some basic criteria
(stability, conductivity, solubility of polysulfides, etc.) to serve as
interconnected ion channels between cathode and anode in a work-
ing cell [22,23]. Carbonate solvents [24—26], ether solvents [27—
33], sulfone homologs [34,35], aprotic ionic liquids [36], solvate
ionic liquids [37, 38], aqueous electrolytes [39, 40], and polymer
electrolytes [41] have been explored as electrolytes in Li-S batteries.
Among them, 1.0 M lithium bis(trifluoromethanesulfonyl)imide
(LiTFSI) in 1,3-dioxlane (DOL)/1,2-dimethoxytheane (DME) (1:1
in volume) solution is the most widely used electrolyte in Li-S system
for its low viscosity, high polysulfide solubility, good rate capacity,
high donor number, and large ionic conductivity [42,43]. Even
though DOL and DME molecules have a relative low reduction
potential than most carbonate and ether solvents [44], the gas
evolution is still observed in the DOL/DME electrolytes based Li-S
batteries, leading to the significant degradation of cell performance.
Recently, Hu and co-workers [45] proposed the 'Solvent-in-Salt'
electrolyte with high salt concentration and large Li* transference
number for Li-S cells. The obtained Li-S cells render a coulombic
efficiency around 100% and a high cycling stability. Zhang and co-
workers [46] adopted another kind of highly concentrated electro-
lytes (4.0 M lithium bis(fluorosulfonyl)imide (LiTFSI) salt in DME)
to achieve more than 6000 cycles at 10 mA cm™ in a lithium metal
symmetric cell. Though some progress has been achieved, the
mechanism for gas revolution of a Li-S battery is still elusive.
There is abundant space to be explored in electrolyte systems to full
meet the safe use of Li and S active materials in LMBs.

To avoid the costly trial-and-error test of novel electrolyte, theore-
tical predictions have been carried out to guide the rational design of
organic electrolyte for Li-S batteries. For instance, Park et al. [44]
adopted reduction potential as the descriptor to screen organic solvent
for lithium metal anode, finding that most ether solvents were
relatively stable with a reduction potential lower than -1.40 eV;
Balbuena and co-workers [47-50] pioneered the exploration on the
decomposition mechanism of ethylene carbonate [51] at lithium and
related surfaces, indicating that the degree of lithiation and nature of
exposed surface played a critical role on promoting the decomposition
reactions. However, the reason why gas evolution reactions occur in the
most used and relatively stable DOL/DME solvents and the corre-
sponding reaction mechanisms are still unclear. This strongly impedes
the rational design of effective and safe electrolytes system for high-
performance LMBs.

In this contribution, we firstly analyzed the decomposition of
organic electrolyte in a pouch cell and determined the composition of
exhaust gas in a pouch cell by gas phase chromatography and mass
spectrum characterizations. Then, multi-scale calculations, including
first-principles calculations and ab initio molecular dynamics (AIMD),
were performed to focus on gas evolution in DOL/DME solvent based
Li-S batteries. An adsorption-to-reaction mechanism was proposed and
the reaction process was visually presented. Based on these rigorous
theoretical analysis, a feasible battery design strategy was proposed to
build stable solid electrolyte interface between lithium anode and
electrolytes in a Li-S cell, which promotes discharge capacity from
765 to 840 mAh g and coulombic efficiency from 80 to 94% at 100th
cycle.
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Fig. 1. A long-term cycling test of Li-S pouch cell. The inset figure exhibits the initial,
20th and 40th discharge capacity of the pouch cell. The image is collected from an in-situ
characterization of the gassing progress in a working Li-cell under optical microscopy.

2. Results and discussion
2.1. Gas evolution in a Li-S pouch cell

Recently, gas evolution was widely observed in Li-S cells during
long-term tests [52, 53]. In our test of 40 charge and discharge cycles,
the pouch cell was expanded and filled with around 5.1 mL gas (Fig.
S1). A gas generation rate is estimated to be 2.09x10® mol m?s™ at
300 K (See more details in Supporting text for estimation of gas
evolution rate in Supporting Information). The battery capacity
decayed from 1308 to 273 mAh g™, which is faster than a coin cell.
Compared to coin cells, the very high areal sulfur loading in pouch cells
not only leads to severe shuttle of lithium polysulfides, but also large
areal current and high Li plating/stripping of Li anode in a working cell
[21, 54]. The reactive solid electrolyte interfaces on Li metal anodes is
not very stable and fresh Li metal is easily exposed. The unstable Li
metal surface induces the rapid decay of organic electrolyte as well as
the formation of Li dendrites under harsh condition. Consequently, the
capacity decay of a pouch cell is very rapid. Besides, the gas evolution
progress was revealed by in-situ characterization under microscopy (in
set figure in Fig. 1). Both gas phase chromatography and mass
spectrum characterizations were applied to confirm the electrolyte
decomposition gas components, showing that ethylene, methane, and
ethane were the major gas components. Comparatively, ethylene was
confirmed as the main gas product of ethylene carbonate (EC), vinylene
carbonate (VC), and tetra(ethylene glycol) dimethyl ether (TEGDME)
electrolytes [55—-57]. The generated gases are mainly combustible and
may cause serious hazards. Therefore, we meet the following questions:
1. How is the intrinsic stability of current DOL/DME electrolyte and
what is the key component that promoting their decomposition in a
cell? 2. What is the reaction pathway of gas evolution in a working cell?
3. How to minimize the formation of gas formation in an actual cell?

2.2. The intrinsic stability of organic solvent on fresh Li metal

To probe the operation window of different solvents, we firstly
check the molecular orbital of DOL, DME (Fig. 2a and b), and EC,
which have been widely applied in lithium ion batteries (LIBs).
According to the frontier molecular orbital theory, a molecule with a
lower lowest unoccupied molecular orbital (LUMO) that is easier to be
occupied by electron according to the principle of minimum energy, is
very easy to be reduced. In this view, EC molecule, one of the most used
solvent in LIBs, has stronger reactivity with lithium metal than DOL/
DME (Fig. 3a). Therefore, EC based electrolyte is not suitable for the
LMB without Li metal protection strategy. Meanwhile, DOL and DME
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Fig. 2. Atomic number labeling of (a) DME and (b) DOL molecule. The hydrogen, carbon and oxygen atom were marked with white, gray, and red, respectively. (For interpretation of
the references to color in this figure legend, the reader is referred to the web version of this article.)

molecules exhibit improved stability with lithium, because the LUMO
energy of DOL and DME is a bit higher than the energy level
corresponding to Li*/Li electrode potential (-3.04 V relative to stan-
dard hydrogen electrode potential and 1.40V [58, 59] relative to
vacuum in DFT calculation), in accordance with the fact that the
DOL/DME based electrolytes are the most widely-used electrolyte in
Li-S battery. Nevertheless, DOL/DME electrolyte still decomposes
during long-term electrochemical test and gas products are achieved
spontaneously (Fig. S1). The decomposition of DOL/DME electrolyte is
induced by polarization of electrode, radicals like S3~ in electrolyte,
ions in electrolyte (like Li*), trace water, electric field, and so on
[52, 60-65].

In order to understand the key component inducing the decom-
position of DOL and DME molecules, the LUMO levels of DOL/DME
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+X cluster (X=lithium metal, lithium ion, S;™ radical, and water) were
investigated (Fig. 4 and Table 1). The lithium metal, lithium ions, and
S5 radicals significantly reduce the LUMO level of DOL/DME+X
cluster (around 2.0 eV, compared with that of DOL/DME). It should be
noted that the LUMO of DOL/DME+S3~ cluster is only contributed by
S atom, indicating that it is S atom that is firstly reduced rather than
DOL or DME molecule. Hence, Li ion is considered as the key
component causing the decomposition of DOL and DME molecules,
which is consistent with the cognition at experimental level.

2.3. Reaction pathway of electrolyte decomposition

From the analysis of frontier molecular orbital, Li ion was
confirmed as key component causing the decomposition of DOL and
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Fig. 3. (a) HOMO and LUMO energy comparison of EC, DOL, and DME molecules. Mulliken charge is also presented near atoms. (b) Reaction net of DOL decomposition mechanism.
(¢) Decomposition reaction pathway of DOL molecule. The hydrogen, lithium, carbon, and oxygen atom were marked with white, purple, gray, and red, respectively. (For interpretation
of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 4. Visual LUMO and corresponding geometry structure of (a) DOL+Li; (b) DOL+Li*; (¢) DOL+S37; (d) DOL+H,0; (e) DME+Li; (f) DME+Li*; (g) DME+S3; (h) DME+H,0. The
hydrogen, lithium, carbon, oxygen, and sulfur atom were marked with white, purple, gray, red, and green, respectively. The blue and yellow region represent the positive and negative
parts of the LUMO wave function, respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Table 1
Reduced Energy of LUMO of DME and DOL molecule interacting with lithium atom,
lithium ion, S3~ radical and water molecule, considering solvation.

Reduced Energy of LUMO DOL (eV) DME (eV)
Li atom -1.98 -2.21
Li* ion -2.24 -2.26
S3” -1.64 -1.75
H,0 -0.41 -0.28

DME. The adsorbed lithium preferred to bind with oxygen atom in
DOL and DME molecules, indicating a possible reactive site. In order to
identify possible reaction routes between lithium and DOL/DME
solvent, overlap population analysis (a bond with little overlap
population is easy to be broken) [66, 67] was applied to determine
the weakest bond in DOL and DME molecules. As shown in Table S1,
C1-05 and C1-05/C13-012 are the weakest bond in DOL and DME,
respectively. Moreover, C6-05/C9-012 bond in DME was easier to be
broken than C1-05/C13-012, showing differences with overlap popu-
lation analysis. A comprehensive reaction net, including 22 reactions
between lithium and DOL/DME molecule, was then proposed in
Fig. 3b and S2.

According to the priority of adsorption and reaction, the reaction
pathways are classified as adsorption-to-reaction and reaction-to-
adsorption route. For instance, in the adsorption-to-reaction route
(Reaction 1—Reaction 3), lithium was adsorbed on oxygen atom in
DOL firstly and then DOL opened the ring; in the reaction-to-
adsorption route (Reaction 2—Reaction 4), DOL opened the ring firstly
and then lithium was adsorbed on the oxygen atom in intermediate
compound. Notably, methane, ethane, and ethylene are the final gas
products in Reaction 6, 7, 13, 15, 21, and 22. In addition, most of 22
reactions are exothermic except Reaction 2, 6, 10, 11, 13, and 18,
indicating the feasibility from the viewpoint of thermodynamics (Table
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S2). Considering the ring opening reaction of DOL, the reaction energy
change is exothermic by -0.27 eV and endothermic by 3.13 eV in
Reaction 3 and 2, respectively. The only difference between Reaction 2
and 3 was whether lithium takes part in the ring opening process or
not. The result manifests the important role of lithium in promoting
the decomposition of DOL molecule. Similar regularity can be con-
cluded from comparing Reaction 10 and 11, Reaction 13 and 15,
Reaction 18 and 19. This was in consistence with the decomposition of
EC that ring-open reaction of lithium-ion-coordinated molecules were
exothermic and isolated solvent molecules were endothermic [61, 68].

To probe the kinetic of DOL/DME decomposition based on above
proposed reaction pathway, transition state search was performed
(Fig. 3c and S3). The most favorable reaction path of DOL decomposi-
tion (Fig. 3b) was Reaction 1—Reaction 3—Reaction 5—Reaction 7,
exhibiting an adsorption-to-reaction mechanism. The rate determining
step was Reaction 3 (ring opening reaction) with a maximum energy
barrier of 0.56 eV. Comparatively, Bedrov [69] predicted the ring-
opening reaction of EC with a barrier of 0.48—0.52 eV under ReaxFF
simulations. The whole process of decomposition is divided into two
stage according to the number of lithium participating in the reaction
like the two-electron reduction processes of EC [70]: stage 1 (Reaction
1 and Reaction 3) and stage 2 (Reaction 5 and Reaction 7). The second
stage reaction has a very small reaction barrier of 0.34 €V. Once the
DOL ring was open under the interaction of first lithium, the
subsequent reactions proceed rapidly. When comparing the two
different mechanisms of ring opening reactions, adsorption-to-reaction
mechanism with a barrier of 0.56 eV was much more favorable than
reaction-to-adsorption mechanism with a barrier of 3.00 eV, which
highlighted the critical role of lithium in promoting the decomposition
of DOL molecule. The decomposition of DOL molecule by interacting
with lithium, was similar to a Sy2 reaction. The oxygen atom (i.e. 03)
was firstly bound with a lithium ion, and became positively charged. As
C2 atom was also positively charged, the C2-0O3 bond length increased
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from 0.14 to 0.15nm and became weaken, easier to be broken.
Therefore, lithium promoted the broken of carbon-oxygen bond.
Similarly, Endo et al. [61, 68] reported that the initial decomposition
reaction of EC solvent in LIBs was an electron transfer from the anode
to the lithium-ion coordinated solvents, favoring our conclusions.

The decomposition of DME molecule was much more complex as
two kinds of carbon-oxygen bonds were broken when interacting with
lithium. The reaction path of bond breaking patterns are illustrated in
Fig. S2. Similarly, the decomposition of DME preferred an adsorption-
to-reaction mechanism. On one hand, the first bond breaking of
carbon-oxygen when reacting with lithium (Reaction 11 and 19) was
rate determining step of whole decomposition reactions. This under-
lined the critical role of lithium in promoting the decomposition of
DME molecule. On the other hand, the adsorption-to-reaction and
reaction-to-adsorption bond breaking patterns rendered approximate
reaction barriers of 0.86 and 0.79 eV, respectively (Fig. S3a and S3b).
This indicates that DME molecule decomposed in two kinds of
mechanisms, differing from DOL molecule. Remarkably, the reaction
barrier of DME was larger than that of DOL (0.56 e€V) no matter which
mechanism prevailed, rendering an improved stability of DME mole-
cule when interacting with lithium anode.

2.4. Gas evolution predicted by the ab initio molecular dynamics

To probe the scenario of electrolyte decomposition, an ab initio
molecular dynamics calculation was carried out based on six slab or
cluster models. As summarized in Fig. 5 and Table 2, the lithium atoms
that adequately exposed to solvent molecule in a cluster model were
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Table 2
Summary of AIMD.

Model DME DOL DME-D DOL-D
Li (110)+6DME 6 0 0 0
Li-35+14DME 14 0 6 0
Li (110)+9DOL 0 9 0 2
Li-35+20DOL 0 20 0 6
Li (110)+3DME+5DOL 3 5 0 2
Li-35+7DME+10DOL 7 10 2 5

Note: DME-D and DOL-D means the number of decomposed DME/DOL molecule
during the 5 ps AIMD.

more active than that in slab models; DME was of better stability than
DOL. Specifically, there was no reaction observed between lithium slab
and DME molecule during the 5 ps ab initio molecular dynamics, while
2 out of 9 DOL molecules decomposed, indicating better stability of
DME molecules. Meanwhile, 6 out of 14 DME molecules decomposed
when interacting with Li cluster during the 5 ps simulation, demon-
strating better reactivity of lithium cluster. This was well consistent
with the results in transition state search and favored the proposed
adsorption-to-reaction mechanism. In addition, the spontaneous reac-
tions between mixture solvent and lithium are more complex.

The Li (110)+9DOL model was hereby discussed as a typical
example. At 1866 fs, a carbon-oxygen bond of a DOL molecule was
broken with the interaction of a lithium atom. The distance between
the interacting oxygen and lithium atom was 0.19 nm, which was
similar to the O-Li distance of 0.20 nm in lithium oxide crystal. A
second carbon-oxygen bond in that molecule was broken only 73 fs
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Fig. 5. (a-d) Complete sequence of DOL molecule decomposition obtained from AIMD simulation for Li (110)+9DOL model. (e) Time evolution of another DOL molecule
decomposition in the Li (110)+9DOL model. The hydrogen, lithium, carbon, and oxygen atom were marked with white, purple, gray, and red, respectively. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)
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later since the second-stage reaction was much faster than the first-
stage reaction, explained in the section of transition state search. It
should be articulated that the second carbon-oxygen bond broke when
interacting with another lithium atom, which was not shown in this
simulation box. The final products, which included an ethylene
molecule specifically, formed at 2037 fs and then the ethylene molecule
diffused to the liquid phase. Additionally, the time evolution of another
decomposed DOL molecule in the Li (110)+9 DOL model is illustrated
in Fig. 5e, presenting the atom-atom distance change process during
the whole simulation process. At around 1900 fs, two carbon-oxygen
bonds were broken one after another, with just a small time gap,
indicating that the first-stage reaction is the rate determining step.
What should be clarified is that the interacting lithium atom that led to
the breaking of carbon-oxygen bond was different from the final
adsorptive lithium atom in final products since CH,(Li)» can dissociate
and re-adsorb. A more distinct dissociation-to-adsorption process was
the distance change of O5-Lil (dissociated around 3600 fs and re-
adsorbed around 4900 fs) as time shown in Fig. S4. More details of
AIMD results of other models can be found in Fig. S4-9.

The AIMD results not only presented the main decomposition
reactions between DOL/DME solvent and lithium anode, but also
explained the formation mechanism of methane and ethane in a real
operating condition. The formation of methyl radical was observed
during the simulation in Li-35+7DME+10DOL model (Fig. S5) and the
formation mechanism was the second decomposition mechanism of
DME with a reaction barrier of 0.79 eV (Fig. S3b). Surprisingly, the
methyl radicals were relatively stable in this system and kept to the end
of simulation. The methyl radicals were more produced in a working
cell and their relative stability afforded the possibility of collisions
between two methyl radicals, leading to the formation of ethane. What
is more, hydrogen was also observed during the simulation in Li-
35+14DME model and preferred to bond with lithium. The formation
of methyl and hydrogen radicals made it possible to form of methane.
Consequently, the AIMD results also provided a deep understanding of
gas evolution in Li-S battery.

Besides, a theoretical gas generation rate estimation was performed
based on Li (110)+3DME+5DOL model, which was the closest to the
actual battery system. There was one ethylene generated during the
5 ps simulation and the theoretical gas generation rate was estimated
to be 3.75x10™ mol m™ s at 300 K, which was 1796 times larger than
the experimental rates (See more details in Supporting Text for
estimation of gas evolution rate in Supporting Information). Such
difference is attributed from the fact that the actual gas evolution was
only clearly observed at the initial period of cycling as decomposed
organic or inorganic products piled up on lithium surface and impeded
further reactions. Therefore, the overall reaction rate was much lower
than the initial gas generation rate (theoretically estimated rate).

2.5. The gas evolution in Li-S cell with different DOL/DME ratio

From the above discussions, DOL is easier to decompose than DME.
To reveal the general rule of gas evolution in a Li-S cell with DOL and
DME electrolyte, the composition of gas produced in electrolytes with
different DOL/DME ratios were probed and listed in Table 3. The
proportion of methane in gas increased with the proportion of DME in
electrolyte, which agreed well with the above conclusion that methane was

Table 3
Component analysis of the gas produced in Li-S cell.

Components DOL:DME=1:2 DOL:DME=2:1

CH4
CoHy
C,H,
Cs,

15%
81%
3%
1%

8%
85%
4%
3%
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only produced by DME. Furthermore, as indicated by above theoretical
predictions from transition state search and AIMD, DME was more stable
than DOL. As a result, electrolyte with higher proportion of DME is more
stable. The suppressed gas revolution during the charge and discharge
process can be anticipated. Based on the above mentioned analysis, Li-S
batteries with organic electrolytes with higher DME ratio are expected to
render excellent stability. Such simple but efficient concept was verified by
experimental tests (Fig. 6a and b). Pouch cell, whose electrolyte consisted
with a higher ratio of DME (DOL:DME=1:5), exhibited a higher and
longer discharge plateau. This resulted in a much higher discharge
capacity (947 mAh g1) at 27th cycle than that of lower ratio of DME
(DOL:DME=2:1, 733 mAh g}).

2.6. Rational design of stable interface to retard gas evolution

If a very stable interface can be built between electrolyte and
reactive lithium metal surface, the as-obtained Li metal cell is without
direct contact between electrolyte and the reactive lithium metal [15].
Electroplating a protective SEI film in a polysulfide based electrolyte on
the surface of lithium anode [71-73] is expected to separate the
electrolyte from active fresh lithium and achieve great long-term
performance. To demonstrate this proof of the concept, we proposed
a Li-S battery with polysulfides as additive in the organic electrolyte to
build stable SEI on Li metal anode (Fig. 7).

The coulombic efficiency of the battery whose anode was electro-
plated with a mixture of Li,S5 and LiNO; solution was above 94% in
the first 100 cycles, indicating the formation of stable protecting layer
on Li metal anode and the reduced reactivity between lithium anode
and electrolyte (Fig. 6¢). In contrast, the coulombic efficiency of the Li-
S battery without anode protection doped to 80% in the 100th-cycle
mainly due to the unstable interface between Li anode and electrolytes.
Apart from that, the Li-S cell with anode protection can maintain
98.5% of the initial discharge capacity (852 mAh g™) after 100 cycles;
the Li-S battery without anode protection rendered similar initial
discharge capacity, but a low capacity of 765 mAh g* at 100th cycle.
This confirmed the feasibility of our proposed strategy that separated
reactive lithium from electrolyte to achieve superb long-term perfor-
mance and verified that the origin of gas evolution in a Li-S battery is
the intrinsic reaction between active lithium anode and electrolyte
components, sufficiently confirming the calculation results.

2.7. Inspiration for rational design of lithium metal batteries

LMBs have been considered as the Holy Grail Dbatteries.
Unfortunately, the growth of lithium dendrites and strong reactivity
between lithium anode and electrolytes have impeded its practical
implications. The emerging concept to deposit Li onto nanostructured
anode were highly explored [74-76] The controllable regulation of
stable interfaces between lithium anode and electrolyte [77-80] is a
key issue to guarantee the high utilization of Li metal and afford
dendrite-free growth of Li metal. The complex reaction between
polysulfides and Li metal have a critical role on the formation of stable
solid electrolyte interphase [81, 82]. The intermediated buffer layer
(i.e. solid electrolyte) [83—87] not only needs to be strong enough to
resist the growth of lithium dendrites and protect electrolyte from
continuous decomposition, but also requires extraordinary lithium
ionic conductivity and electronic insulation. Furthermore, the buffer
layer is expected to be even part of the electrolyte, which is the ultimate
goal of battery development, even though the surface interactions
between lithium anode and solid electrolyte are still far from clear.

Theoretical simulations afford a deep understanding of interfacial
interactions among lithium anode, buffer layer, and electrolytes. The
results reported herein confirmed the highly reactive lithium as the key
component to promote the decomposition of solvents in Li-S cell and
deepen the understanding of the interaction between lithium anode
and electrolytes. Up to now, reduction potential, ionization potential,
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Fig. 6. (a) Long-term cycling test and (b) first-cycle charge and discharge curve of pouch cells with electrolytes of different DOL/DME mass ratio. (¢) Long-term cycling test of with and
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Fig. 7. Rational design of stable interface to regard gas evolution. The gases and the
decomposition mechanism of DOL are shown in the two dotted ellipse, respectively.

electron affinities, isothermal diffusion coefficients, and isothermal
ionic conductivities have been applied as descriptors to screen electro-
lytes at theoretical level [44, 88, 89]. Unfortunately, the connection
between the calculated descriptors and actual cell performances is still
far from clear, resisting a high throughput screening for advanced
electrolytes and building the electrolytes materials genome for LMBs. A
combined research, connecting the calculated descriptors and experi-
mental performances with chemical/physical/mathematical models, is
still requested to realize the screening in real instead of costly trial-and-
error tests in electrolyte design.
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3. Conclusions

The gas evolution mechanism in Li-S battery based on DOL/DME
electrolyte is probed through gas phase chromatography, mass spectrum
of as-produced gas in pouch cells, as well as the first-principles calcula-
tions and ab initio molecular dynamics. The DOL prefers to react with Li
metal, while a good stability of DME molecule was confirmed by both
theoretical predictions and experimental observations. An adsorption-to-
reaction mechanism was proposed based on the multi-scale calculations,
illustrating the decomposition mechanism of DOL/DME solvent in Li-S
system. Moreover, lithium was confirmed as the key component that leads
to gas evolution. Based on this idea, electroplating a protective film on the
reactive lithium anode was proposed to separate solvent molecule from
reactive Li surface and protect Li anode in a working cell. This work
provides a creative and vital understanding to gas evolution in a working
Li-S battery and a general principle to design new LMB systems and other
batteries with metal anodes.
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