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Abstract: Lithium and sodium metal batteries are considered
as promising next-generation energy storage devices due to
their ultrahigh energy densities. The high reactivity of alkali
metal toward organic solvents and salts results in side reactions,
which further lead to undesirable electrolyte depletion, cell
failure, and evolution of flammable gas. Herein, first-principles
calculations and in situ optical microscopy are used to study
the mechanism of organic electrolyte decomposition and gas
evolution on a sodium metal anode. Once complexed with
sodium ions, solvent molecules show a reduced LUMO, which
facilitates the electrolyte decomposition and gas evolution.
Such a general mechanism is also applicable to lithium and
other metal anodes. We uncover the critical role of ion—-solvent
complexation for the stability of alkali metal anodes, reveal the
mechanism of electrolyte gassing, and provide a mechanistic
guidance to electrolyte and lithium/sodium anode design for
safe rechargeable batteries.

Batteries, one of the major power sources in daily society
life, have nowadays become an indispensable technology.!
Particularly, alkali metal batteries are considered as one of
the most promising next-generation energy storage devices
owing to their high energy densities.’”) For instance, Li metal
batteries (LMBs), employing a Li metal anode and a high-
capacity cathode such as oxygen and sulfur, consequently
deliver a high specific energy (non-aqueous Li-oxygen
battery: 3505 Whkg!; Li-sulfur battery: 2600 Whkg ).
Sodium, having a theoretical specific capacity of
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1160 mAhg™!, is expected to be a more abundant, cost-
effective and sustainable alternative to Li as anode material
for high-energy-density batteries adopting an oxygen or sulfur
cathode.**l Therefore, Na metal batteries (SMBs) are
expected to achieve great success in the field of large-scale
and low-cost energy storage.”

However, the practicality of Na metal anodes for
rechargeable SMBs is facing tremendous challenges. The Na
metal anode is much more reactive than a routine carbona-
ceous anode based on ion intercalation chemistry. The high
reactivity is the origin of uncontrollable side reactions and
electrolyte depletion.! The continuous consumption of both
Na and electrolyte leads to a low Coulombic efficiency and
short life cycle. More importantly, most organic electrolytes
are easily reduced on Na, generating flammable gases. The
exothermic nature of the above reduction reactions, com-
bined with flammable gas evolution, induces severe safety
hazards.”

The imperative for a practical and safe SMB is to
understand the chemistry of the Nal/electrolyte interplay
and the mechanism of gas evolution. Currently, most efforts
mainly focus on materials and structure design for stable Na
anodes. Luo and co-workers employed porous aluminum as
a Na host, achieving a dendrite-free Na anode with a high
average Coulombic efficiency above 99.9% during 1000
cycles. Pint and colleagues described an insitu plated Na
anode through the use of a nanocarbon nucleation layer on
aluminum current collectors, which enabled dendrite-free and
highly reversible deposition.! Despite the success of the
above-menioned nanostructured hosts in regulating the
stripping/plating of Na metal,®! it is challenging to realize
a safe SMB due to the lack of both strategies for interface
stabilization and the understanding of electrolyte gassing in
the presence of Na.1%

Herein, gas evolution from organic electrolytes on a Na
metal anode is understood through first-principles calcula-
tions and in situ optical microscopic observations. Propylene
carbonate (PC), one of the common solvents, is selected as the
major research target. According to insitu optical micro-
scopic observations, a PC solution containing 1.0M sodium
perchlorate (NaClO,) salt (referred to Na™~PC solution) was
first probed to decompose more violently than pure PC
solvent. To unveil such a unique phenomenon, first-principles
calculations suggest that it is the ion-solvent complex
([NaPC]"), which possesses a lower level of LUMO (the
lowest unoccupied molecular orbital) than that of pure PC
solvent, to be more easily reduced on Na, triggering gas
evolution. The ab initio molecular dynamics (AIMD) simu-
lations revealed the kinetic behavior of electrolyte gassing on
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Na. The observations and understanding were shown in other
electrolyte systems with solvents ranging from carbonates to
ethers (see Figure S1 in the Supporting Information), as well
as in studies of Li/electrolyte interplay, exhibiting general and
mechanistic insights.

In situ optical microscopy is a useful tool to visualize
macroscopic phenomena like gas bubbling and dendrite
growth. Figure 1, as well as movies S1 and S2, depicts

Figure 1. In situ optical microscopic images of gas evolution on Na:
a) pure PC solvent. b) Na*~PC solution. The images are captured from
movies S1 and S2.

distinguished gassing behavior of pure PC solvent and Na*—
PC solution in contact with Na. Both PC solvent and Na“-PC
solution suffer from spontaneous side reactions once being in
contact with Na, which indicates the unstable Na/electrolyte
interface. However, the gassing rate of Na"—PC solution is
almost ten times higher than that of PC solvent. Such
a difference in gassing rate can only be ascribed to the
presence of ions. Thus, it is hypothesized that the ion—solvent
complex [NaPC]", of which the role in reactions on Na and
other alkali metals has rarely been disclosed, is responsible
for the enhanced gas evolution.

To unveil the distinguished chemistry of [NaPC]" from
PC, frontier molecular orbital analysis was conducted by first-
principles calculations. Herein, the LUMO level of PC is
—0.60 eV (Figure 2a). Considering the solvent effects through
an integral equation formalism variant of the polarizable
continuum (IEFPCM) model,"Y the LUMO level of PC was
calculated to be —0.17 eV. This shows the benefits of solvent
effects in enhancing the chemical stability of solvents toward
Na. Once a PC molecule is complexed with a Na* ion, the
LUMO level of the corresponding [NaPC]" complex sharply
decreases to —5.28 eV, indicating that the [NaPC]* complex is
much easier to be reduced. The huge difference in energetics
between PC and [NaPC]*, as large as 5.11 eV, explains the
above hypothesis raised during in situ observations that ion
complexation weakens the stability of solvent molecule and
thus promotes the gassing reactions.

Further orbital analysis of [NaPC]" and another neutral
complex of a PC molecule with a Na atom (referred to
[NaPC]) was performed to explain the lowering mechanism of
LUMO levels of [NaPC]" and [NaPC]. When a PC molecule
interacts with a Na* ion, the HOMO of PC and the LUMO of
the Na' ion are hybridized and they rearrange into two new
hybrid orbitals (Figure 2b). Similarly, the HOMO of PC and
SOMO (singly occupied molecular orbital) of the Na atom
can be hybridized (Figure 2¢). The lowered LUMO levels of
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Figure 2. Frontier molecular orbital theory analysis. a) Frontier molec-
ular orbital levels of PC (single PC molecule), PC+ Sol (PC molecule
with solvent effects considered), [NaPC] (Na-atom—PC complex) and
[NaPC]* (Na*-ion—-PC complex). The red and green regions represent
the positive and negative parts of the LUMO and HOMO wave
functions, respectively (isovalue: 0.02). The hydrogen, lithium, carbon,
and oxygen atoms are marked with white, purple, gray, and red,
respectively. Schematics for the orbital hybridization between PC and
b) Na* ion and c) Na atom.

the [NaPC]* and [NaPC] complexes are thereby ascribed to
the orbital hybridization.

Aside from thermodynamic energetics, the kinetics of
electrolyte gassing on Na is also important. AIMD simula-
tions were thereafter conducted. Two reaction mechanisms of
electrolyte decomposition were proposed (Figure 3 and Fig-
ure S2, movie S3). In the first mechanism, a PC molecule is
reduced to form a carbon monoxide and an organic Na salt
(Figure 3a—c and Figure S2a). According to the bond length
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Figure 3. AIMD simulations of the decomposition of PC on Na (110)
surface. First decomposition mechanism: a) the initial state of the PC
molecule; b) the decomposed PC at 1200 fs; c) time evolution of the
whole decomposition process. Second decomposition mechanism:
d) the initial state of the PC molecule; e) the decomposed PC at

150 fs; f) time evolution of the whole decomposition process;

g) atomic number of PC used in (c) and (f). The hydrogen, lithium,
carbon, and oxygen atoms are marked with white, purple, gray, and
red, respectively. Only the reacted PC and Na are present with ball-
and-stick model. The other atoms are present with lines.
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analysis, the O3 atom of PC is first bonded to the Na* ion
(Na3), accompanied by an electron transferring from the C1
to O3 atom of PC. As a result, the C1-O3 bond breaks at
around 570 fs during the AIMD simulation. Afterward, the
02 atom donates an electron to the C1 atom due to a strong
electron-withdrawing effect of the carbenium ion, rendering
the C1-O2 bond to break and release a carbon monoxide
molecule after around 187 fs. Finally, the as-obtained inter-
mediate is bonded to another Na' ion (Na2) and accepts two
electrons from Na metal, giving an organic Na salt as the final
product.

In the second mechanism, propene and sodium carbonate
are the products of the reaction (Figure 3 d—f and Figure S2b).
Unlike the first mechanism, the O1 atom is the first oxygen
atom that coordinates with the Na* ion. Similarly, this step is
also accompanied by an electron transfer from C1 to Ol.
Driven by a strong electron-withdrawing effect, the electron
transfers sequentially from C3 to O3, and to Cl1, resulting in
C3-0O3 bond breaking at around 70 fs during the AIMD
simulation. After 39 fs, another electron is donated from O2
to C2, and to C3 as compensation. The C2-O2 bond
consequently breaks and the O2 accepts a Na* ion and two
electrons, finally resulting in a propene and a sodium
carbonate. Besides, the bond length of C2-C3 is reduced
from 1.52 to 1.35 A, suggesting the transition from a C—C
bond in PC to a C=C bond in propene.

The two proposed mechanisms share the following
common characters: 1) a solvated Na* ion is necessary to
break the C—O bond, highlighting the role of the [NaPC]*
complex; 2) the C—O bonds (C1-O3 and C3-O3) near the
methyl are the first breaking bonds since the electron-
donating methyl group enriches the electron density of the
oxygen atom to attract the Na* ion more easily than other
oxygen atoms; 3) it is relatively easy to break the second C—O
bond compared to the first one, which has also been reported
for 1,2-dimethoxyethane (DME) and 1,3-dioxolane (DOL)
solvent in the presence of Li;['”! 4) flammable gases, that is,
carbon monoxide and propene, are the final products,
increasing the safety hazards.

The generality of the above-demonstrated mechanism for
promoted gas evolution on Na by ion-solvent complexes was
further validated on other solvent systems, such as DME and
tetracthylene glycol dimethyl ether (TEGDME). DME and
TEGDME are two typical ether solvents that are frequently
used in SMBs because of their better stability relative to that
of carbonates. Similar to the case of PC, Na"™-DME and
TEMDME solutions suffer from an enhanced gas evolution
on Na relative to pure DME and TEGDME solvents as
observed by in situ optical microscopy (Figure S3 and mov-
ies S4-S7). Further quantum chemical calculations validate
that the LUMO levels of both [NaDME]® and
[NaTEGDME]" complexes are much lower than that of
pure DME and TEGDME solvents, respectively (Figures S4
and S5, Table S1). All above-mentioned results resemble the
same scheme of an ion-solvent complex that possesses poorer
thermodynamic stability than its non-ion-coordinated coun-
terpart and therefore, the ion-containing electrolyte exhibits
a higher gas-evolving rate than the pure solvent when being in
contact with Na.
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Figure 4. Comparisons among the LUMO levels of pure solvents and
ion—solvent complexes in Na and Li metal anode systems.

Replacing the Na by Li does not change the general
mechanism. Two typical solvents used in LMBs, DOL and
DME, are considered herein. According to first-principles
calculations, the LUMO levels of [LiDOL]" and [LiDME]"
complexes are decreased by 5.34 and 4.52 eV compared to
that of pure DOL and DME solvents, respectively, implying
the Li*—solvent complexes are more reactive toward Li than
the pure solvents (Figure 4).1%! In situ optical microscopy was
also used to visualize the theoretical prediction. Gas evolu-
tion from Li*~DOL and DME solutions was more vigorous
on Li than in pure solvents (movies S8-S11). The Li salt
herein has a anion, bi(trifluoromethanesulfonyl)imidate
(TFSI"), different from that of the Na salt, that is, ClO, .
The similar phenomena observed on Na and Li suggest that
the cation coordination, instead of anion, plays a dominant
role in the electrolyte decomposition and gas evolution. Such
a general mechanism is believed to be applicable to other
metal anodes especially alkali and alkaline earth metals
(potassium, cesium, magnesium, calcium, etc.).”

The new insight into ion-solvent complexes is of both
fundamental significance to the understanding of the electro-
lyte gassing mechanism and practical guidance to electrolyte
screening and metal anode design. First, the redox potentials
of organic solvent are usually employed as descriptors of
electrolyte stability. This study indicates that the redox
potentials of the ion-solvent complexes exhibit higher
values as parameters for electrolyte screening. Besides, the
scaling relationship between pure solvents and corresponding
ion-solvent complexes is worth investigations. Second, this
understanding inspires us to propose a possible strategy to
stabilize ion (e.g., A*")-solvent complexes by introducing
a different cation (e.g., B'") that is more easily coordinated by
the solvent but chemically more inert than A**. Besides,
recent advances in high-salt-concentration electrolytes show
the great potential of conducting deep theoretical studies on
more complicated ion—solvent structures such as dimers and
clusters, which are always found at high salt concentration.'*!
The difference in local ion-solvent structures is believed to
give new insights. These future insights are expected to
revolutionize current electrolyte recipes."”” Third, since most
of the organic solvents are intrinsically reducible by Li and Na
while ion-solvent complexes ubiquitously exist in any known
electrolyte system, designing an artificial or in situ protective
layer on the alkali metal anode to prevent its direct contact to
unstable ion—solvent complexes emerges as a more promising

Angew. Chem. Int. Ed. 2018, 57, 734-737


http://www.angewandte.org

GDCh
~~

and feasible approach to suppress undesirable gas evolution
than searching for a “stable” solvent.!°!

In conclusion, the concept of ion-solvent complexes
promoting gas evolution from electrolytes on alkali metal
anodes is theoretically and experimentally verified. Ion-
containing solutions suffer from much more violent gas
evolution on Na than in pure solvents, which is attributed to
the lower LUMO level of the ion—solvent complex than that
of the corresponding solvent. The gassing reaction mechanism
was further illustrated through AIMD simulations. The
general principle is applicable to various electrolyte (e.g.,
PC, DME, TEGDME, and DOL)-metal (e.g., Na and Li)
systems. This work uncovers the important role of ion—solvent
complexes and reveals the nature of electrolyte gassing,
rendering mechanistic insights to advanced electrolyte
screening and rational design of Li/Na metal anodes for safe
rechargeable batteries.
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