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Unstable SEI

ABSTRACT: Metallic Na anode is considered as a promising alternative candidate for Na -
ion batteries (NIBs) and Na metal batteries (NMBs) due to its high specific capacity, and
low potential. However, the unstable solid electrolyte interphase layer caused by serious
corrosion and reaction in electrolyte will lead to big challenges, including dendrite growth,
low Coulombic efficiency and even safety issues. In this paper, we first demonstrate the
inorganic—organic coating via advanced molecular layer deposition (alucone) as a
protective layer for metallic Na anode. By protecting Na anode with controllable alucone
layer, the dendrites and mossy Na formation have been effectively suppressed and the
lifetime has been significantly improved. Moreover, the molecular layer deposition alucone
coating shows better performances than the atomic layer deposition Al,O; coating. The  i:
novel design of molecular layer deposition protected Na metal anode may bring in new
opportunities to the realization of the next-generation high energy-density NIBs and
NMBs.
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NNa—O2 batteries are highly attractive alternative
candidates for future large-scale energy storage and conversion
applications comparing with lithium ion batteries (LIBs) due to
the wide availability and low cost of metallic sodium.'™® In
particular, both room-temperature Na—S$ batteries and Na—0O,
batteries have very attractive theoretical specific energy density
of 1274 and 1605 Wh kg™, respectively.”~” Similar to Li metal
anode in LIBs, the reaction between metallic Na and commonly
employed liquid electrolytes leads to the formation of a solid
electrolyte interphase (SEI) on the surface of Na. However, the
SEI layer formed in Na carbonate electrolytes is relatively
unstable, which leads to nonuniform ionic flux during repetitive
Na stripping/plating process as well as low columbic efficiency
(CE) and may result in the growth of mossy or dendritic Na
causing significant safety issues (Figure 1). As indicated in the
previous references,'”"" a number of challenges are still needed
to be addressed for the use of metallic Na as an anode in
sodium based batteries. Cui’s group reported the obvious
dendrite growth, short lifetime, and low CEs of NaPF4 in
carbonate-based electrolyte (EC/DEC, EC/DMC), which is in
contrast to the significantly improved CEs and dendrite free Na
growth in NaPF4-glyme-based electrolyte that can be attributed
to the formation of a compact SEI comprised of Na,0 and NaF
in the ether-based electrolyte.'”

The use of different coatings to suppress the side reactions
and dendrite growth can be another very effective approach for
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Li and Na anodes. Atomic layer deposition (ALD) possesses
the unique advantages of providing an excellent coverage,
conformal depositions, and highly controllable thicknesses.'"*
ALD has been widely studied as a novel coating technique for
cathode/anode electrodes in LIBs to prevent the side reactions
because of the direct contact of the electrode with the
electrolyte and contribute to form a stable SEI layer, which is
important to achieve improved electrochemical perform-
ances.”””'® Recent research has revealed that ALD Al,O,-
coated Li metal can successfully prevent electrolyte corrosion of
the anode as well as minimize Li dendritic growth, thereby
enhancing electrochemical performance.'”*® As for Na anode,
our group and Hu’s group have successfully demonstrated that
the use of ALD Al,O; coating can also improve the stability of
Na anode during stripping/plating, prolong its cycling lifetime,
and suppress dendrite growth in ether and carbonate solvent
electrolyte systems, respectively.”**

In comparison to inorganic coatings, organic coatings or
inorganic—organic hybrid coatings may be expected to enable
further improved performance of the electrode with huge
volume change. Molecular layer deposition (MLD), as an
analogue of ALD, can be employed to produce inorganic—
organic hybrid or pure polymer thin films with many
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Figure 1. (a) Schematic diagrams of Na stripping/plating on bare Na foil and Na foil with MLD alucone coating; (b) 3D and top views of adsorption
of a single alcuone molecule on the Na(100) surface. The calculated Bader charges for labeled atoms are listed in Table SI.

advantages such as tunable thermal stability and improved
mechanical properties.B’24 In a typical MLD process, the
oxidizing precursor in ALD (like H,0, O,, and so forth) can be
replaced with organic linkers or added to a molecular fragment
into the film. For instance, Ban et al. employed the use of an
MLD alucone layer (a hybrid film produced through a reaction
between trimethylaluminum and glycerol (Al-GL)) as a surface
modifier for conventional nano-Si composites, providing
significant improvement to cycling stability, rate, and CE,
which can be attributed to the increased toughness and
flexibility as a result of C—C and C—O bonds within the
alucone film, thereby providing ample room for the huge
volume expansion observed for Si anodes.” >’ Our group has
also demonstrated the use of MLD alucone as a coating
material to improve the electrochemical performance of
carbon/sulfur cathode electrode in Li—S batteries.”®*° There-
fore, the merits of MLD thin film coating can be also expected
to relieve the volume expansion and suppress the dendrite
growth for Na anode.

Herein, we demonstrate for the first time the application of
MLD alucone as a protecting layer for Na metal anode cycled
in carbonate-based electrolyte (NaPF, in EC/PC). Compared
to bare Na and ALD Al,O;-coated Na, MLD-coated Na shows
significantly enhanced electrochemical stripping/plating per-
formances under various current densities, results in the
formation of a smooth Na surface following plating and
stripping, and can effectively reduce the formation of Na
dendrites. Also, we should mention that we carried out
mechanistic study by X-ray photoemission (XPS) and
Rutherford Backscattering Spectroscopies (RBS).

The MLD alucone thin film was deposited on fresh Na metal
using sequential exposures of trimethylaluminum (TMA) and
ethylene glycol (EG) at 85 °C in a glovebox-integrated ALD
tool. A typical MLD process of alucone deposition has been
verified recording the mass gain per MLD cycle via in situ
quartz crystal microbalance (QCM) sensor measurements at 85
°C (shown in Figure S1). The mass gain maintains a constant
value (A ~ 60 ng cm™?) from cycle to cycle for both TMA and
EG at 85 °C, which is similar to the reported value in the
literature (Figure S1b). To confirm the uniform and conformal
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nature of the alucone MLD process, 100cy of deposition was
conducted on nitrogen-doped carbon nanotubes, as shown in
Figure S2. To investigate the influence of alucone film’s
thickness on the electrochemical plating and stripping of Na
anode, 10, 25, and 40 MLD cycle coatings were conducted and
named as Na@l0Alucone, Na@25Alucone, Na@40Alucone,
respectively. X-ray photoelectron spectroscopy (XPS) was used
to detect the surface composition of MLD coated Na (Figure
S3a), confirming the presence of Al, C, and O. The C 1s XPS
spectra of Na@25Alucone is shown in Figure S3c, in which the
peak at 285 eV is attributed to adventitious C—H species and
peak at 286.5 eV is attributed to C—O species, respectively.
Meanwhile, the O 1s spectra and Al 2p spectra are shown in
Figure S3b,d, which are very similar to the peaks in Al,O; films.
It can be concluded that the MLD alucone coating containing
Al and EG has been successfully deposited on Na foil. For
comparison, Na coated with ALD AL,O; has been also
fabricated.

To confirm the strong interaction between the protecting
alucone layer with the surface of Na, we have studied structure,
energetics, and Bader charges for adsorption of an alucone
molecule on Na(100) using density functional theory (DFT)
and ab initio molecular dynamics (AIMD) calculations. We
chose the Na(100) surface because an ab initio thermody-
namics study on Li shows that (100) has the highest
contribution among the low-index facets to the particle of
Li.*° To determine the most favorable structure, we have first
performed DFT calculations for adsorption of alucone from its
O, side (see Figure 1b) to four possible different binding sites
(top, short-bridge, long-bridge, and 4-fold hollow) on the
surface. Afterward, we have performed AIMD-NVT simulations
for 11 ps at 600 K for the DFT-determined minimum energy
structure (4-fold hollow site). Finally, we have carried out a
DFT calculation for the final structure of the AIMD simulation.
The structure that was determined in this way (see Figure 1b)
is 0.73 eV more favorable than that was obtained in the DFT
calculation before the AIMD simulation. As can be seen in
Figure 1b, the molecule adsorbs parallel to the surface so that
Al and O atoms can interact with Na surface atoms. Hence, the
calculated adsorption energy of 5.50 eV for alucone/Na(100) is
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Figure 2. (a) Comparison of the cycling stability of the Na@25alucone and the bare Na foil at a current density of 1 mA cm™2; potential profiles of
Na@2S5alucone and bare Na foil at the three different stages. (b) Comparison of the cycling stability of the Na@25alucone and the bare Na foil at a
current density of 3 mA cm™%; potential profiles of Na@2Salucone and bare Na foil at three different stages. The amount of Na cycled was 1 mAh

cm™2

very strong. Afterward, we analyzed the Bader charges (see
Table S1). A total electron transfer of 2.87 lel from the surface
to the molecule is found, confirming the strong adsorption
energy. Table S1 indicates that the main electron transfer from
the surface is toward Al and O2. There are also small electron
transfers from Na(100) to other O atoms (0.14 lel — 0.24 lel).
Therefore, the strong interaction between alucone and Na is
due to the O—Na and Al—Na bonds.

Galvanostatic cycling of MLD alucone-coated Na and bare
Na foil was studied using a symmetrical cell configuration
(MLD coated) Na/carbonate electrolyte plus separator/(MLD
coated) Na, using the electrolyte of 1 M NaPF; dissolved in 1:1
(v/v) EC/PC. Figure 2a presents a comparison of the cycling
stability of Na@25alucone and bare Na foil at a current density
of 1 mA cm™ with a capacity limitation of 1 mAh cm™. For
bare Na foil, an initial stripping/plating overpotential of about
200 mV (versus Na'/Na) is observed. The subsequent
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overpotentials gradually increase to over 4000 mV (versus
Na*/Na) after about 160 h. Furthermore, rapid uncontrolled
fluctuations of the plating/stripping curves can be observed
with soft short circuiting of the cell occurring after 160 h.
Interestingly, Na@2S5alucone demonstrates a similar initial
overpotential of about 200 mV (versus Na*/Na) but
demonstrates negligible change in the overpotential over the
following 270 h (300 mV versus Na*/Na). Detailed potential
profiles of Na@25alucone and bare Na foil at a current density
of 1 mA cm™? at three different stages are shown in Figure 2a.
For Na@25alucone, a virtually flat voltage plateau is observed
during both charging and discharging states and is retained
throughout the cycle life with negligible increase in hysteresis.
However, the bare Na displays a significant increase as well as
unstable overcharging potential after 160 and 270 h. When
increasing the current density up to 3 mA cm™?, the bare Na
foil shows a larger overpotential than Na@2Salucone during
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Figure 3. Top-view and cross section view SEM images of bare Na (a—f) and Na@2S5Alucone (g—1) after 10 cycles of stripping/plating at a current
density of 1 mA cm™ with the capacity of 1 mAh cm™
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Figure 4. XPS F 1s, O 1s, and Na 1s spectrum of bare Na and Na@25alucone after 10 cycles of plating/stripping at the current density of 1 mA
2
cm

gradually increase in the cells made with bare Na metal and
ultimately fails after 80 h.

To find the optimized MLD alucone thickness, various cycle
numbers of alucone MLD (10 and 40 cycles) were performed
on Na. Figure S4 and Figure SS display the electrochemical

initial cycle and starts to increase after 80 h (Figure 2b).
Meanwhile, the overpotential of bare Na foil rises up to over
1500 mV after 100 h. However, Na@25alucone demonstrates
reduced lower initial overpotential (200 mV versus Na*/Na),

which is extremely stable after 100 h with the overpotential of
400 mV (versus Na*/Na). A similar phenomenon can be
observed from the voltage plateau in the three different stages
at the current density of 3 mA cm™>. The voltage hysteresis
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plating/stripping performances and potential profiles of Na@
10alucone at a current density of 1 and 3 mA cm™2 The results
indicate that a thinner MLD coating of 10 alucone cycles can
also prevent an increase in overpotential with prolonged cycling
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Figure 5. RBS spectra and calculated depth profiles for bare Na (ab) and Na@2Salucone (c,d) after 10 cycles plating/stripping.

and contributes toward preventing mossy and dendritic growth
but cannot retain as good prolonged performances as Na@
2Salucone. Similarly, results can be obtained with a thicker
coating of 40 cycles of MLD alucone. Although enhanced
stability can be achieved, the modified Na foil with 40 cycles of
alucone coating consistently demonstrates elevated over-
potential and increasing hysteresis compared with 25 cycles
MLD alucone coating (Figure S6).

In order to understand the improved performance of MLD
alucone-coated Na electrode compared to bare Na, the
morphologies of bare Na and Na@25alucone before and after
cycling were analyzed by SEM. Figure 3 compares the SEM
images of bare Na and Na@2S5alucone after 10 cycles of
electrochemical plating/stripping at a current density of 1 mA
cm ™2 with the capacity limit of 1 mAh cm™. From top view
SEM images (Figure 3a—c), moss-like and 3D sphere-like
structures of Na dendrites of the thickness of approximately 10
pum can be clearly observed for bare Na. Furthermore, following
electrochemical cycling, the surface of Na metal appears to have
increased surface roughness as well as high surface area
comprising of porous SEI material (Figure S7). Cross-sectional
SEM images of cycled bare Na have also been investigated and
are displayed in Figure 3d—f. From Figure 3d, a clear
distinction between Na dendrite growth and subsurface bulk
Na can be seen in which the Na dendrite layer is approximately
150 um. The high surface area Na dendrite can also be
observed in Figure 3ef. These types of moss/dendritic Na will
further lead to the formation of dead sodium during the
plating/stripping process, which will consume effective Na and
decrease CE. Interestingly, through the use of an alucone
coating, the surface morphology of electrochemically cycled Na
is relativity smoothed and does not have any high surface area
moss/dendritic Na, as shown in Figure 3g—i and Figure S7.
Meanwhile, the cross-section view of Na@2Salucone (Figure
3i—1) displays a negligible gap between plated Na and bulk Na,

indicating uniform electrochemical deposition of Na. It can be
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certified that with an alucone layer, the Na dendrite can be
effectively reduced to form a smooth surface on Na metal,
which can play an important role in the improved electro-
chemical performance.

XPS testing was employed to determine the surface chemical
nature of bare Na and Na@25alucone electrodes after 10 cycles
of electrochemical plating and stripping. The F 1s, O 1s, and
Na 1s XPS spectra of each sample are shown in Figure 4. In the
F 1s spectrum, the peak at 686 eV occurs in both samples,
which is due to residual Na,PF, and Na,PO,F, on the surface.
However, an extra F peak of 683 eV can be observed from Na@
25alucone after cycling, which can be assigned as the Na—F
(NaF) peak. For the O 1s spectra, there are no obvious O peaks
in the bare Na after cycling, however, the O 1s peak of 530.9 eV
in Na@25alucone after cycling is the formation of Na,O-like
phase in the SEI layers. Meanwhile, the content of F, O and Na
in bare Na sample is much less than that in the Na@25alucone
indicating unstable SEI formation on bare Na. This causes
additional Na to be exposed to electrolyte, resulting in
undesirable side reactions, consuming both active Na and
electrolyte thus, and lowering the columbic efficiency of the
cell. Furthermore, the nonuniformity of the SEI results in
nonuniform Na" flux and dendritic growth of Na metal, causing
constant breaking and reforming of the SEL'* However, the
SEI in Na@25alucone mainly consist Na—O (530.9 eV) and
Na—F (683.9 eV), which is considered as stable SEI
components and highly impermeable to the electrolyte solvent,
resulting in uniform Na* flux and reduced dendrite growth of
Na metal."”

Rutherford backscattering spectrometry (RBS) measure-
ments were performed on bare Na and Na@2Salucone
electrodes before and after 10 plating/stripping cycles to
confirm film thicknesses and deduce elemental depth profiles.
Figure S10 show RBS spectrum for alucone-coated Na foil
before electrochemical plating/stripping and calculated depth
profiles. As evident from sharp Al, C, and O surface peaks,
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alucone layer ~60 nm thick was developed on the Na surface
after 25 MLD alucone cycles. Several samples with 25, 50, and
75 MLD deposition cycles were analyzed by RBS to determine
alucone growth rate. Assuming a change in composition due to
Na diffusion into alucone layer after deposition, the MLD
growth rates of 0.62—1.0 nm/cycle were calculated, which are a
factor of ~20% higher compared to Li and a factor of ~20%
higher compared to the rate observed by SEM on nitrogen-
doped carbon nanotubes and presented in Figure S2. It is
considered that the higher growth rate of alucone on Na can be
attributed to the reactions of Na and EG in the initial cycles
leading to a thicker layer, which has also been observed and
determined by Elam’s group for ALD Al,O; coating on Li.”' Na
profile goes all the way to the surface. In addition Al profile
goes deeper (200—300 nm) into Na foil, consistent with
morphological features observed in SEM and Al(CxOy)/Na
interdiffusion. Remarkably Al peaks and associated depth
profiles do not change dramatically after 10 cycles of
stripping/plating (Figure 5). P and F contents are higher in
SEI layer for alucone covered Na compared to a bare Na
sample, after electrochemical cycling, which is also consistent
with XPS results presented above. P and F from NaPF,
penetrate well into Al(C,0,) layer and are likely to contribute
to the overall stability of SEI. Notably, Na concentrations on
the surface do not change significantly after electrochemical
cycling, another argument toward enhanced stability of SEI in
Na@alucone samples.

For comparison, 30 cycles of ALD Al,O; was also been
deposited on the surface of metallic Na, using TMA and water
as precursors at 85 °C.>" Figure S8 shows the electrochemical
plating/stripping cycling performance of Na@30AL,O; under a
current density of 1 and 3 mA cm™ It can be found that the
lifetime of Na@30Al, 05 can be partially enhanced compared to
bare Na. However, the alucone-coated samples still outper-
forms ALD Al O;. It is believed that the alucone coating is
highly stable against liquid electrolyte and acts as a passivating
agent to assist Na metal anode to form a stable SEI layer.
Furthermore, an alucone coating is mechanically flexible™ and
allows for repeated Na plating/stripping on the surface of Na
foil with significant roughness.

In conclusion, we demonstrate the first use of an inorganic—
organic MLD-alucone protecting layer on metallic Na anode for
long life Na metal batteries. By protecting Na foil with an
ultrathin alucone layer, the formation of mossy and dendrite-
like Na is effectively suppressed and lifetime significantly
improved. Furthermore, a comparison between ALD Al,O; and
MLD alucone has also been investigated, demonstrating that
the alucone-coated Na outperforms ALD Al,O; by displaying
prolonged lifetime and stable polarization curves. It is believed
that our design of alucone-coated metal Na anode opens up
new opportunities to the realization of next-generation high
energy density Na metal batteries.
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