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ABSTRACT: Li and Na metals with high energy density are promising in
application in rechargeable batteries but suffer from degradation in the ambient
atmosphere. The phenomenon that in terms of kinetics, Li is stable but Na is
unstable in dry air has not been fully understood. Here, we use in situ
environmental transmission electron microscopy combined with theoretical
simulations and reveal that the different stabilities in dry air for Li and Na are

Na,0/Na,0, , H

reflected by the formation of compact Li,O layers on Li metal, while porous and ~ 100nm

rough Na,O/Na,0, layers on Na metal are a consequence of the different

thermodynamic and kinetics in O,. It is shown that a preformed carbonate layer
can change the kinetics of Na toward an anticorrosive behavior. Our study provides a deeper understanding of the often-overlooked
chemical reactions with environmental gases and enhances the electrochemical performance of Li and Na by controlling interfacial

stability.

Bl INTRODUCTION

The invention of Li-ion batteries promises a greener future
with more electrification and less carbon emission.' Consid-
ering the need for future powerful devices, classic electrodes
such as graphite may not satisfy the stringent requirements in
terms of the energy density of batteries.” The use of Li metal is
considered a solution to achieve high energy density on the
anode side in Figure 1a, which is particularly important for Li—
air, Li—sulfur, and solid-state Li batteries.” Li metal is highly
unstable in humid air, while its relatively high air stability in a
dry room enables the possibility of mass manufacturing of Li-
metal batteries.*”® However, the application of Na metal as a
promising anode for cost-effective and sustainable Na-based
batteries for grid storage is hindered by its high air sensitivity
even in a dry room.” Both alkali metals naturally have a high
tendency to form oxides,” with Na possessing the lower
ionization energy owing to the larger size, but, in turn, the
smaller size of Li results in higher lattice energy of Li,O (when
compared to Na,O), rendering Li-oxidation thermodynami-
cally more favorable.” As current research mainly focuses on
the electrochemical reactions in metal—air batteries, and the
complex interactions of the bare metal in even dry air are not
appropriately considered, the kinetic differences in the
behavior of the two alkaline metals are far from being
understood (cf. Figure 1b). It has to be noticed that the
contact between Li or Na and the environmental gases during
production and transportation processes constitutes the initial
formation of solid electrolyte interphase (SEI) formation, thus
setting the initial conditions for the subsequent electro-
chemical and chemical corrosion reactions in battery
systems.'” Thus, there is an urgent need to elucidate the
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interfacial passivation chemistry of alkali metals in dry air from
the viewpoint of the safety and stability of alkali metal anode-
based batteries, which is the focus of this work.

B RESULTS AND DISCUSSION

Micron-Scale Characterizations of the Li/Na-Dry Air
Reactions. Figure 1c shows the macroscopic changes of fresh
Li and Na placed in an actual dry room (~0% RH) for battery
manufacture. After dry air exposure for 20 min, it can be seen
that there is almost no color change for Li, but the surface of
Na loses its shine (the products are denoted as A-Li and A-Na,
respectively). The ex situ observation by the metallurgical
microscope indicates that the metallic stripes of A-Li still exist
(Figure 1d,e), whilst there is a dark coverage on A-Na in dry
air (Figure 1f,g). Scanning electron microscopy (SEM) images
show that the surface of A-Li is smooth with several tiny
corrosion spots in Figure 1h—j. This is in contrast to A-Na,
where a manifold of randomly distributed cracks with widths of
1-2 um (Figures 1k—m and S1) are observed. Evidently, air
can continuously penetrate into the cracks and react with the
inner fresh Na. Atomic force microscopy (AFM) detects that
the surface of A-Na has a larger roughness than that of A-Li in
Figures 1m,0 and S2. Microscopically, the passivation layer of
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Figure 1. Micron-scale investigation of the surface layer of Li and Na in dry air. (a) Theoretical capacity of metallic Li and Na. (b) Schematic of air
composition. (c) Digital images of Li, A-Li, Na, and A-Na (A-Li/Na is the product of Li/Na after dry air exposure for 20 min). (d—g) Ex situ
optical microscopy images of Li, A-Li, Na, and A-Na. (h—m) Ex situ scanning electron microscopy (SEM) images of Li, A-Li, Na, and A-Na. Note
that the ex situ observations of optical microscopy and SEM are quasi in situ ones achieving observation for the same position after air contact. (n,
0) Atomic force microscopy (AFM) images of A-Li and A-Na. The values of R, represent the roughness of A-Li and A-Na.

A-Na with a relatively large surface area can capture more air
than that of A-Li. Further X-ray photoelectron spectroscopy
(XPS) and time-of-flight secondary-ion mass spectrometry
(ToF-SIMS) analyses in Figures S3—S5 show that an inorganic
bilayer with an outer carbonate layer and an inner oxide layer is
formed on both A-Li and A-Na, but the spatial distribution of
these two layers is much more distinct, e.g., the carbonate layer
is suggested to be thicker on A-Na than that on A-Li.

In situ environmental transmission electron microscopy
(ETEM) observations are carried out to obtain detailed
microscopic information. Li or Na metal particles (Figures 2a,f
and S6), which are in situ generated in specially built solid-state
batteries under high vacuum, can be considered as proper
model materials to investigate."' As 1 mbar dry air flows into
the ETEM chamber, the morphology of Li is almost
unchanged but a void emerges in the interior of Na after
about 3 h. The rapid loss of inner Na can be attributed to the
Kirkendall effect arising from the huge difference between
inward and outward mass diffusion’” due to the faster
migration of Na* than that of O*". This is the first observation
of such an effect in the Na system. Dry air noticeably thickens
the passivation layer of Na, which exhibits a rough and loose
morphology in Figure 2gh. However, the thickness of the
passivation layer of Li only slightly increases, keeping a thin
and flat surface (Figure 2b). The electron diffraction pattern
(EDP) and electron energy-loss spectroscopy (EELS) results
show that for the Li system, its inner core is metallic Li, while
its shell consists of Li,CO;/Li,O with poor crystallinity and
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small grain sizes (Figure 2c—e). As for the Na system, the
Na,COj; shell with high crystallinity (many spots and rings
from EDP in Figure 2i—k) covers the core of Na. The absence
of a Na,O signal suggests a thick Na,CO; layer.
Furthermore, different gases including O,, N,, and CO, are
separately injected into the chamber. First, under an O,
environment, ETEM captures a rapid formation of a
homogeneous and thin passivation layer on Li (Figure 2l—
n), whose thickness varies from 4 to 10 nm within 996 s and
then increases to 12 nm at 2129 s. EDP and EELS results show
that the Li crystal is covered by poorly crystallized Li,O
(Figure 20—q). In contrast, there are many uneven bumps
(island-like particles) with thicknesses varying from 12 to 70
nm on the surface of Na (Figure 2r—t). The formed small
islands are gradually aggregated into large ones under O,
exposure, according to Ostwald ripening'” (the smaller the
size, the greater the chemical potential, which is consistent
with the Gibbs—Duhem relation'*™'®) with the first observa-
tion. A Kirkendall effect is also observed. In addition to Na,O,
Na, 0, (peroxide) with good crystallinity is found in the O-rich
passivation layer detected by EDP and EELS (Figure 2u—w).
In the case of N, exposure, there is no N-containing
component but Li,O or Na,O is found (Figures S7 and S8).
It should be noted that the oxygen species come from the tiny
amount of oxygen present in the ETEM even at a very high
vacuum (Figures S9 and S10). In a CO, atmosphere, the
surfaces of Li and Na are uniformly covered by carbonates
(Figures S11 and S12). Na,COjy rapidly reaches a maximum
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Figure 2. Nano-scale in situ ETEM investigation of the surface layer formation processes of Li and Na in dry air or O,. (a, b) Time-lapse TEM
images of Li in dry air. (c—e) Related EDP and EELS results taken from (b). (f—h) Time-lapse TEM images of Na in dry air. (i—k) Related EDP
and EELS results taken from (h). (1-n) Time-lapse TEM images of Li in O,. (0—q) Related EDP and EELS results taken from (n). (r—t) Time-
lapse TEM images of Na in O,. (u—w) Related EDP and EELS results taken from (t). The captured points of EELS are marked in TEM images.
The arrows and numbers in TEM-EDP/EELS data indicate the identification of specific species (Supporting Information).

thickness, but the thickness of Li,COj; increases. Thus, O, is
the key factor to induce the surface differences of Li and Na.

Thermodynamic and Kinetic Calculations of the Li/
Na-Dry Air Reactions. The preferential O,-reactions are also
supported by the calculations of Gibbs free energy (Tables S1
and S2), where the formation of Na,O, from Na,O is
thermodynamically more favorable than that of Li,O, from
Li,O. To interpret the whole phenomenon, the initial O,
adsorption mechanism on M (Li or Na) and M,0 is
investigated by density functional theory (DFT) calculations
(Table S3). The most stable configurations with the lowest
energy are shown in Figure 3a—d (others are in Figures S13—
S17). The accompanying O—O bond cleavage of O, on Li
suggests, as expected, much more negative adsorption energy
(=10.4 eV) than that of O, on Li,O (—=5.5 eV). Calculations
point toward a quick adsorption on Na,O and a comparatively
sluggish adsorption on Na. Obviously, the very favorable full
electron transfer from Na to oxygen is kinetically not trivial.
According to the calculations, O, adsorption on the Na(100)
surface suffers a nondissociative process, indicating slightly
higher adsorption energy (—3.7 eV) than that on the
Na,0(100) surface (—3.8 eV). Thus, Li is the preferential
adsorption matrix in the Li/Li,O interface when O, attacks,
but according to the calculations, such a preference is less clear
in the Na system (O, on Na,O may be even kinetically
favored).

In addition, kinetics calculations are carried out to further
understand the processes. The bond valence (BV) theory
suggests that in the oxides, the activation barrier of M"

migration is lower than that of o~ indicating that the growth
of the oxide layer is enabled by M" migration accompanied by
electron-conducting phases rather than O~ migration (Figures
S18 and S19). This is in line with our previous study'” (the Li*
transport in Li,O has been thoroughly investigated for bulk
Li,O). At room temperature, a vacancy diffusion coefficient on
the order of 107"* cm?/s with an activation energy of 0.7 eV is
derived corresponding to a Li* diffusion coefficient of 1072
cm?/s in Li,O with an activation energy of 1.6 eV (Supporting
Information).'” For Na,O, no quantitative experimental results
are available. Ab initio molecular dynamics (AIMD) simulation
(Figures 3e,g, S20, and S21) gives a Li* diffusion coefficient of
about 7 X 107'% cm?/s at 300 K. For Na,O at the same
temperature, a value of about 1 X 107'° cm?®/s is found by
modeling. It can be concluded that the Na® conductivity in
Na,O is higher, which needs to be further corroborated by
experiments. In both bulk phases of Li,O and Na,O, the
electronic conductivity is significantly lower and of p-type
under air. Directly at the contact with the alkaline metal, the p-
type conductivity is much less but the electronic conductivity
might change to n-type. Even if the electronic conductivity
already at the contact might be indeed higher than the ionic
one, overall in the oxide, the ion conductivity will prevail and
the chemical diffusion coefficient that determines oxide growth
will be determined by the electronic conductivity (Supporting
Information and Figure $22). It is worth noting that modeling
and cryo-TEM results show that electron leakage could occur
via defects, surfaces, and grain boundaries in the initial oxide
products (Figure $23), indicating rather high electronic
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Figure 3. Thermodynamics and kinetics calculations of Li and Na in O,. (a) O, adsorption on Li(100). (b) O, adsorption on Li,O(100) covered
on Li(100). (c) O, adsorption on Na(100). (d) O, adsorption on Na,O(100) covered on Na(100). Note that the shown models are the ones with
the lowest energy after structural relaxation. The related bonding lengths are also marked. (e, g) Mean square displacement (MSD) of ab initio
molecular dynamics (AIMD) simulations for Li,O and Na,O at different temperatures, respectively. (f, h) Plots of the thickness increment of the
passivation layer about Li and Na in O, versus the square root of time and time, respectively. (i, j) Schematic of passivation processes of Li and Na
in O,.

conduction for these oxides in the initial stages where they are the ion conductivity, which is higher in Na,O, will determine
very thin (the size of the grains usually has an influence on the the grain growth under those conditions. At any rate, the L o
conductivity'®). Also, tunneling will then be significant, and t'/2 relationship that is found for Li,O indicates chemical
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Figure 4. Carbonate prepassivation. (a—c) Time-lapse TEM images of Na in CO,. (d) Related EDP result taken from (c). (e—g) Time-lapse TEM

images of Na in dry air after CO, exposure. (h—j) Related EDP and EELS results taken from (g). (k) The ionic migration channels of Na,CO; via

the BV method. (I, m) The trajectories of Na* and Li* (the fastest ions) in Na,COj; and Li,CO; via the AIMD method within the time interval of

6—20 ps at T = 1200 K. (n, o) Electrochemical impedance spectroscopy (EIS) analysis of the symmetric cells based on pristine Na, dry air-treated

Na, CO,-treated Na, and CO,- and further dry air-treated Na before cycling. (p) The cycling stability tests of the above symmetric cells at 1 mAh/
2

cm”.

diftusion. The growth relation is however rather a linear one in
the Na,O case and seems to reflect the sluggish interfacial
processes in the Na case again.'” In addition, the activation
energies (Figures S24 and S25 and Table S4) and vacancy
formation energies (Figure S26) of peroxides and oxides are
also calculated via the nudged elastic band (NEB) method. It
can be seen that oxygen migration is relatively easy in Na,O,,
indicating that oxygen can pass through Na,O, and further
react with the inner Na,O. Furthermore, Na migration in
Na,O, is more difficult than that in Na,0O (Table SS),
indicating that the Na diffusion is more difficult at Na,O/
Na,O, interface. Thus, there is short-range diffusion at
interfaces of Na,O and Na,O, on Na with different
crystallographic orientations, leading to a highly anisotropic
growth of Na,0/Na,0,, but amorphicity of Li,O facilitates an
isotropic Li" diffusion, leading to a homogeneous growth of

Li,O. Moreover, the reaction of CO, with Na,O/Na,0,
follows an interface-controlled reaction (L « t) in Figure
S27 and the reaction of CO, with Li,O follows a diffusion-
controlled reaction (L o /?) in Figure S28.

After excluding mechanical factors such as the lattice
mismatch between various components (Tables S6—S8), a
specific reaction mechanism of Li and Na with oxygen can be
proposed in Figure 3ij. In the Li—O, system, after the initial
O, adsorption on active sites such as defects, Li,O is formed
immediately. Subsequent O, adsorption still preferentially
occurs at the fresh Li sites rather than on Li,O, leading to the
complete and compact coverage of Li,O until no more fresh Li
is present, which can also explain that N, does not participate
in the initial reaction. Particularly, the low diffusion rate
prevents the formation of thick Li,O via mass transfer and the
single product (Li,O) also induces a uniform flux of Li
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diffusion. In the case of the Na—O, system, the O, adsorption
on Na and Na,O has a similar probability, causing a relatively
huge initial size distribution among different Na,O islands.
Small Na,O islands are inclined to diffuse and merge into big
islands (Ostwald Ripening) to reduce surface energy. Mean-
while, the formation of Na,O, based on Na,O can further
thicken the passivation layer, and there is unfavorable
interfacial diffusion through Na,O0/Na,0,, leading to an
uneven Na,O/Na,O, growth (insufficient Na ions preferen-
tially tend to gather on the tip, which is similar to the dendrite
growth mechanism of metal’”). Once Na,0, is contacted with
Na, new Na,O will be produced (Table S2). On further
exposure to CO,, the Li system produces a uniform Li,CO,
based on the previous homogeneous and thin Li,O, which
makes the bulk Li stable and shiny in dry air. In contrast, the
passivation layer on Na is rough and porous because the
Na,0/Na,0, layer is first formed, followed by the formation of
Na,CO;, where the newly generated O, from the reaction of
Na, 0, and CO, may escape, leading to many voids and holes
that are likely to crack owing to the Kirkendall effect. Thus, a
porous passivation layer with many cracks leads to fast Na
failure in dry air. Although Li" also moves faster than O*7,
there is no Kirkendall diffusion in the Li system because the
thin and compact coverage of Li,O can protect the Li metal
from reacting too much with oxygen. However, there are rough
and porous Na,O/Na,O, layers on the Na surface, which
involves the ongoing reaction of sodium with oxygen.

Design Anticorrosive Na via Carbonate Prepassiva-
tion. In order to render Na stable in dry air, in situ surface
treatment to introduce a protection layer before the oxidation
process is a feasible strategy. For this purpose, CO, treatment
is employed in order to produce a homogeneous Na,CO; layer
as seen in Figure S12 (Table S9 lists favorable kinetic
parameters of CO, gas). In situ ETEM tests are designed to
confirm the compactness of Na,CO;. When CO, is brought
into contact with the fresh Na, a uniform and thin passivation
layer (3 nm) with poor crystallinity is formed after 266 s and
the film thickness only increases to 6 nm until 1696 s, as shown
in Figure 4a—d. Then, the gas environment is switched from
CO, to dry air. It is found that dry air cannot destroy the Na
particle covered by Na,CO; and the film thickness grows
slowly and steadily to 10 nm after 6812 s without other
components (Figure 4e—h,j). Moreover, the compact Na,CO,
can even protect Na from O, attack when replacing dry air
with O, in the second step (Figure S29). To interpret this
phenomenon, the BV method was conducted to confirm the
higher migration barrier of Na* than that of O*~ in Na,CO;
(Figure 4k), which results in slow diffusion dynamics of Na*
(electron diffusion is ignored due to the favorable conduction
of concomitant carbon) and limits the further growth of
Na,CO;. Meanwhile, the AIMD method demonstrates that
Na* only thermally vibrates around initial locations even at
1200 K (Figure 41), while Li hops among lattice sites (Figures
4m and S30), verifying that Na* migration in Na,CO; follows a
diffusion-controlled reaction (L o t'/?) (Figure S31), while Li*
migration in Li,COj; follows an interface-controlled reaction (L
o« t) (Figure S32), which is completely opposite to their
migration in corresponding oxides shown in Figure 3e—h.
Thus, the Li—CO, reaction is difficult to achieve a stable state
opposite to the Na—CO, reaction.

In order to examine the effectiveness of the above strategy,
symmetric NallNa batteries with Na treated under different
conditions are assembled to analyze the electrochemical

impedance at the open circuit, and the corresponding
interfacial resistances (Rgg;) are shown in Figures 4n,0 and
S33. A low Rg; of ~0.5 Q is shown for batteries with pristine
Na, which drastically increases to ~35 Q after dry air exposure
owing to the low ionic conductivity of a thick and porous
passivation layer. In contrast, a much lower Rgg; of ~4 Q is
observed after CO, passivation, which slightly increases to ~7
Q after further dry air attack because the Na,COj; artificial SEI
may be more compact than the SEI formed on bare Na. The
cycling stability of these cells is compared in Figure 4p, which
demonstrates clearly that the voltage polarization of cells with
pristine Na is similar to that of cells with CO,-treated Na. Cell
with Na after dry air contact suffers from an unstable plating/
stripping (irregular curve) process with a short circuit after
only 160 h, suggesting that the rough SEI on dry air-treated Na
easily induces Na dendrites (Figure S34). Instead, the other
cells can achieve stable cycling with low voltage polarization
and a long lifespan of over 2000 h, indicating that favorable
electron/ion transport pathways in the inner layer of SEI
consist of Na,CO; and concomitant carbon. Differently, CO,
seems to have a limited protection function in a Li-based
system (Figures S35 and $36).

Furthermore, the K passivation behavior in O, is also
investigated via ETEM in Figure S37, which may be induced
by the formation of superoxide (KO,). Not only the
electroactive alkali metals but also Al and Cu, acting as current
collector materials in rechargeable batteries, also show different
behaviors in terms of air stability. Compact and even self-
healing AL, O can effectively protect Al from corrosion,”" while
Cu,0 and CuO inhomogeneously spread over the surface.”
Thus, the air stability of metals can be investigated from the
aspect of the oxidation process analogous to Li and Na.

B CONCLUSIONS

Overall, a rather comprehensive understanding of the detailed
physicochemical processes of the corrosion reactions between
Li/Na and dry air has been proposed on the basis of
experimental characterization and theoretical simulation.
Thermodynamic and kinetic differences between Li- and Na-
based reactions lead to microscopic and macroscopic
morphology variations, seriously affecting air stability. In this
respect, this work provides a microscopic picture that is quite
different from the usual explanations of the different chemical
activity between Li and Na with respect to oxygen. We also
suggest a strategy for improving Na surface stability: forming
an appropriate artificial SEI (e.g., Na,CO; formed by exposure
to CO,), which seems to solve the problem of spontaneous
formation of a poor-quality oxide-based passivation layer. The
growth of amorphous artificial SEI films possibly enables a
denser SEI This approach can also be extended to other kinds
of energy storage, which suffer from analogous corrosion
effects. The detailed analyses (crystallinities, morphology
features, diffusion properties, etc.) of M,0, M,0,, and
M,CO; also help in understanding the porosity and growth
of SEI in an actual battery system toward the controllable
interfacial chemistry of Li and Na.
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