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A Series of Hybrid Multifunctional Interfaces as Artificial SEI
Layer for Realizing Dendrite Free, and Long-Life Sodium

Metal Anodes
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Do-Hoon Kim, Seungbum Hong, Sangho Park, Kisuk Kang, Ranjith Thangavel,*

and Yun-Sung Lee*

Sodium metal (Na) anodes are considered the most promising anode for
high-energy-density sodium batteries because of their high capacity and low
electrochemical potential. However, Na metal anode undergoes uncontrolled
Na dendrite growth, and unstable solid electrolyte interphase layer (SEIl)
formation during cycling, leading to poor coulombic efficiency, and shorter
lifespan. Herein, a series of Na-ion conductive alloy-type protective interface
(Na-In, Na-Bi, Na-Zn, Na-Sn) is studied as an artificial SEI layer to address the
issues. The hybrid Na-ion conducting SEI components over the Na-alloy can
facilitate uniform Na deposition by regulating Na-ion flux with low
overpotential. Furthermore, density functional study reveals that the lower
surface energy of protective alloys relative to bare Na is the key factor for
facilitating facile ion diffusion across the interface. Na metal with interface
layer facilitates a highly reversible Na plating/stripping for ~790 h, higher
than pristine Na metal (100 h). The hybrid self-regulating protective layers
exhibit a high mechanical flexibility to promote dendrite free Na plating even
at high current density (5 mA cm~2), high capacity (10 mAh cm—2), and good
performance with Na,V, (PO,); cathode. The current study opens a new
insight for designing dendrite Na metal anode for next generation energy
storage devices.

1. Introduction

Recently, the worldwide demand for high
energy density storage devices has in-
creased massively owing to the develop-
ment of automated systems in electrical
and electronic fields such as microelectron-
ics, electric vehicles (EVs), artificial intelli-
gence, and grid storage energy storage sys-
tems (ESS)."**JAmong the commercially
available energy storage devices, batteries
are considered the major storage medium
for all portable devices, such as electric ve-
hicles, mobile phones, laptops and medi-
cal electronic devices, which are ubiquitous
in the modern digital era. Thus far, the
lithium-ion battery (LIB) has been the pri-
mary energy-storage medium in such de-
vices because of its superior performance
compared to other types of batteries.[*’]
Most importantly, LIBs offers high energy,
no memory effect, and have extremely low
discharge rates, making them the opti-
mum choice for large scale energy storage
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applications such as EVs and ESS.I*/However, the extensive mar-
ket demand of LIBs has increased the concerns due to global
lithium resources shortage, leading to the high cost of Li re-
sources, affecting the energy cost (USD/kWh) of LIBs. In this
regard, extensive research is on progress to replace the LIBs
with cheaper alternate with performance metrics equivalent to
LIBs. Owing to the abundance (1200 times higher than Li re-
sources), and similar working chemistry, sodium-ion batteries
(SIBs) are the most appealing candidate for next generation
applications.[”®]As a result of intense research on SIBs, a vari-
ety of high voltage, and high capacity cathode materials based
on layered oxides, and phosphates have been identified.l’) How-
ever, a developing an anode material with high capacity remains
challenging because of graphite, the most successful anode in
LIBs, do not support intercalation with Na* ions. Although, sev-
eral high capacity metals, metal oxides, and metal sulfides were
studied as the anode for SIBs, the working potential of the anode
materials are not sufficient to a high energy density SIBs equiva-
lent to LIBs.!!")

Na metal is regarded as the promising anode for high en-
ergy density sodium battery owing to its high theoretical capac-
ity (1166 mAh g-!) and extremely low electrochemical potential
(—2.714 versus SHE). Therefore, SIBs employing Na metal an-
ode can achieve high energy density equivalent to the commer-
cial LIBs, and low energy cost.'!] Nonetheless, prior to the use
of sodium batteries in practical applications, several limitations
of sodium metal anodes such as stability, reversibility, and safety
must be addressed. The Na metal is highly reactive with atmo-
sphere, and it can react parasitically with organic electrolytes to
naturally create a thick solid electrolyte interphase (SEI) layer
over the surface of Na metal."?'The naturally formed SEI layer
is highly loose, unstable and does not remain homogenous dur-
ing cycling, inducing uneven Na-ion diffusion and poor columbic
efficiency. The natural SEI is highly uneven and fragile, result-
ing in uneven Na dendrite deposition, causing the natural SEI to
crack and grow dendrites. In addition, Na deposition at high ca-
pacity and high current in 2D host-less Na anode can induce huge
volume expansion, provoking internal stress over the SEI layer,
leading to breaking/cracking of the SEI during the cycling pro-
cess. The continuous depletion of SEI layer and formation of new
SEI layer can consume a large amount of electrolyte, leading to
electrolyte depletion and increase in internal cell resistance.!!314]
Moreover, the chain of unwanted reactions can lead to the severe
dendrites formation, and dead Na formations which can reach
the cathode through separator and cause short-circuit issues in
the battery.'*ITherefore, formation of stable SEI over Na metal is
crucial to extend the cycle life, and safety of metal anode. An ideal
SEI over Na surface should have chemical and electrochemical
stability along with high Na- ion conductivity. The components
of the SEI layer should renders a constant Na-ion flux and even
electric field distribution, and it holds the high flexibility, and ro-
bustness to direct smooth Na deposition/stripping.!1®!

Several strategies have been adapted over Na metal anode to
achieve a smooth and dendrite free Na deposition/stripping : i)
Engineering the electrolytes with new formulations and addition
of additives to reduces the reactivity of Na metal with electrolyte,
and to improve the SEI layer stability ii) nanostructured current
collectors and 3D host materials to minimize the local current
density, and homogenize the Na-ion flux to achieve reduced vol-
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ume expansion and dendrite free deposition during cycling; iii)
constructing a interface layer or a Na-ion conductive “artificial”
SEI layer with good mechanical strength to regulate the facile
Na-ion transport to promote the uniform Na deposition.['718] In
general, constructing a interface layer over Na metal surface is
an efficient strategy to overcome the issues in Na metal anode as
the interface layer could act as artificial barriers to lower electro-
chemical reactivity of Na metal, thus effectively suppressing the
occurrence of side reactions. The SEI layer is still formed over the
artificial SEI layer during initial cycling, but the SEI formation is
much less reactive due to the presence of artificial layer over the
metal anodes. The Na anodes with favorable interface layers show
better tolerate against the volume changes during Na plating and
stripping process.[1%2]

Several strategies such as depositing metal oxides (AL O;,
ZnO, Mxenes, etc.,), carbon skeletons (graphene, carbon fibers,
doped carbon), alloy type interfaces (NaBr, Na,sSn, Sn, Hg,,),
organic polymers (PVDF, PMMA, etc.,) have been utilized as in-
terface/artificial SEI layer.2!l Unlike natural SEI layer, artificial
SEI layer will be highly smooth and mechanically strong, result-
ing in smooth Na deposition without the crack and dendrites.
Artificial SEI layers can allow facile Na-ion diffusion through
SEI layer and enable Na metal deposit uniformly without den-
drite formation. The naturally formed SEI layer over Na metal is
highly heterogeneous due to contains a mixture of insoluble or-
ganic/inorganic products and possesses highly mosaic structure
on the surface. The uneven thickness of the natural SEI layer and
heterogeneous nature of naturally formed SEI will induce uneven
Na-ion diffusion, poor columbic efficiency, dendrite formation,
and SEI layer breakage. Moreover, the complex mosaic and het-
erogeneous nature of naturally formed SEI layer has poor ionic
conductivity due to presence of composite phases and several in-
terfacial defects. The inhomogeneity in natural SEI layer will ac-
celerate the strong electric field across the Na anode with dendrite
formation, reducing the ionic conductivity of SEI layer.l') In con-
trast, artificial SEI layers are highly homogenous with high me-
chanical strength, good flexibility, and high Na- ion conductivity
that can efficiently suppress the Na dendrite growth. However,
by engineering the artificial SEI layer with favorable SEI compo-
nents can promote homogenous Na ion flux, and improved Na-
ion conductivity along with reduced nucleation over potential.l??]
The formation of interface is very crucial as the thinner inter-
face could catalyze unstable SEI growth while thicker interface
provokes unacceptable Na-ion diffusion resistance. The interface
layer should maintain mechanical integrity and should have flex-
ibility to achieve a high capacity and high-rate sodium deposi-
tion. Moreover, the components of the SEI layer are very crucial
to achieve a long-life Na anode with high capacity, high rate, and
safety. The inorganic components of the artificial SEI layer could
rupture during a huge volume change of Na metal under high
current density, while the organic components of artificial SEI
layer will impede the high-capacity storage of Na metal due to
poor Na-ion diffusion pathways.??] A Hybrid multifunctional ar-
tificial SEI layer is very crucial to realize dendrite free Na metal
anodes at high current and high-capacity condition.[?*]

Herein, we address the issues in Na metal anodes by develop-
ing a series of Na-ion conductive alloy-type (Na-In, Na-Bi, Na-Zn,
Na-Sn) hybrid artificial SEI layer through a facile in situ solvent-
based strategy. The controlled self-alloying reaction between the
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Na-metal and alloy components, a sodium metal alloy interphase
(Na-M) is generated close to the sodium metal anode, which can
reduce the resistance between Na metal and the electrolyte. The
Na metal anode with alloy layer and hybrid Na-ion conducting
organic-inorganic SEI components can facilitate uniform Na de-
position in metal anodes by regulating the Na-ion flux with a low
overpotential. It also revealed that the lower surface energy of the
Na-alloys relative to pristine Na metal was the key factor for facil-
itating facile Na-ion diffusion across the interface. Moreover, the
sodium deposition in alloy layers with hybrid SEI components
is inclined toward the particular planes of alloy surface. Na metal
anodes with protective interface can be cycled over 790 hin a sym-
metrical cell with low overpotential (11 mV), higher than pris-
tine Na metal (73 mV after 100 h). Furthermore, the mechanical
strength of the alloy interface also influences the cycle life of the
Na metal anode and the stability of the Na metal increases in the
following order (Na<NaBi<NaZn<NaSn<Naln).The high me-
chanical flexibility from hybrid self-regulating alloy — inorganic
NaCl SEI-organic SEI protective layers promoted dendrite free
behavior, even at high current density (5 mA cm™2), and high ca-
pacity (5 mAh cm~2). The feasibility of the protected metal anode
was tested in full-cell conditions by coupling with Na,V,(PO,),
cathode, and the protected anode performs remarkably well with
low polarization, high coulombic efficiency, and long cycle life
than pristine Na anode, indicating the potential of commercial
feasibility. These findings are expected to advance the develop-
ment of dendrite free Na metal anode by highlighting that a mul-
tifunctional approach to designing the hybrid artificial SEI com-
ponents of the Na anode plays a key role in achieving the long life
and safer of sodium metal batteries.

2. Experimental Section

2.1. Chemicals and Materials

Following materials were used in the experimental process:
Sodium metal cubes (99.9%, Sigma Aldrich), Indium chloride
(InCl,, Sigma Aldrich, 98%), Bismuth chloride (BiCl;, Alfa Ae-
sar, 99.9%),Tin chloride (SnCl,, Alfa Aesar, 99%), Zinc chloride
(ZnCl,, Duksan, 98.9%), Tetrahydrofuran solvent (THF Junsei
Chemical).

2.2. Fabrication of Protective Coating Alloy Layer

The solution for forming the alloy layer over Na anode was pre-
pared by dissolving 0.15 M anhydrous metal chloride (InCl, or
other required metal chloride) salt in tetrahydrofuran solvent.
THF was the most widely used universal organic solvent for fab-
ricating protective coating alloy layers on sodium metal surfaces,
because it has a low boiling point of 66 °C.**I The dried sodium
metal cubes were cut into the circular disk of 12 mm diameter,
polished well, and the metal chloride solution was drop casted
on the surface of the sodium metal. The metal chloride solu-
tion reacts with sodium metal to form the corresponding Na—
metal alloy layer. The protective alloy layer over Na metal was
formed through the self-alloying reaction between sodium metal
and metal chloride solution. Then, the Na metal was dried inside
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the glovebox to evaporate any residual solvent and the alloy coated
Na metal anode was directly used for physical and electrochem-
ical characterization. The abovementioned process was executed
in a glove box filled with Ar gas.

2.3. Material Characterization

Physical characterization, chemical characterization, and mor-
phological studies of all Na metal and Na anodes with protec-
tive layers were studied with extreme precautions to avoid expo-
sure of sodium metal to air and moisture. A high-resolution X-ray
diffractometer (Pan Analytical) equipped with a Cu-Ka radiation
source was used to analyze the crystal phase. A Kapton Tape was
used to cover the Na-M alloy to avoid exposure of sodium metal to
air and moisture. The morphologies of the alloy layer and sodium
dendrites on the surface were analyzed using a FE-SEM (S4700,
Hitachi, Japan) equipped with an energy-dispersive spectrometer
(EDX). The samples processed and stored in a closed container
inside glovebox and immediately transferred to SEM chamber
during analysis. The chemical composition and oxidation states
of various metals in this study, Thermo VG Scientific X-ray pho-
toelectron spectroscopy (XPS) was used. Nanoindentation stud-
ies were carried out using a commercial atomic force micro-
scope (MFP-3D Origin AFM with Standard holder and an electri-
cal closed cell, Oxford Instruments Asylum Research Inc., USA)
in Argon gas (99.999%) environment. A nonconductive type of
diamond-coated tip (DT-NCHR, resonance frequency 400 kHz
by Nanoworld) with a high spring constant (80 N m~!) was used
for the topography imaging as well as nanoindentation measure-
ments. With a loading force of 3 pN, over 10 um by 10 pm surface
area, the average Young’s modulus of the electrode samples was
calculated based on the Hertzian model of nanoindentation.

2.4. Electrochemical Characterization

The pristine Na metal anode (12 mm diameter) and alloy coated
Nametal anode (12 mm diameter) after fabrication process, it was
directly tested in a symmetric cell configuration using a CR2032
coin-cell. The coin-cells were assembled inside a glove box with
sodium hexafluorophosphate (NaPF) in DIGLYME as electrolyte
and Polypropylene (Celgard) membrane was used as the sepa-
rator. The symmetrical cell performance was investigated in a
galvanostatic mode at various current densities, and various dis-
charge capacity using a WBS3000 Wonatech battery cycler. A full
cell was constructed using pristine Na anode or Na metal anode
with alloy interface and Na,V,(PO,); cathode. The full-cell was
assembled in a CR2032 coin-cell with 1 M NaPF, in DIGLYME
as the electrolyte, and polypropylene separator. The mass load-
ing of Na,V, (PO,), cathode was ~10 mg cm™2. The galvanostatic
performance of the cell was analyzed using a WBS3000 Wonat-
ech battery cycler in the voltage range of 1-3.8 V.

2.5. DFT Calculation

All the first-principles calculations were performed based on the
density functional theory (DFT), and they were implemented
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using the Vienna ab initio Simulation Package (VASP).?’!
The projector-augmented wave (PAW) pseudopotentials were
used.!?] An energy cutoff of 500 eV and 2 X 2 x 1 k-point grid
was used for all the calculations based on the Monkhorst-Pack
scheme .[”/IThe surfaces were created with at least six layers of
metal alloy, along with a vacuum layer of 12 A. A residual force
of 0.02 eV A~! was used as the criterion for structural relaxation.
To evaluate the activation barrier of Na-ion diffusion, the climb-
ing image nudged elastic band (CI-NEB) method was applied to
five images along the diffusion pathway.[?®]

3. Results and discussion

The alloy type protective interface layer was constructed on a Na
metal surface by a facile self-alloying reaction between Na metal
and metal chloride solution. The alloy interface layers are thin
and chemically bond to the Na metal surface during the in situ
chemical reduction of metal chlorides by Na metal.l>*} The for-
mation of the alloy type protective layer over Na metal surface
proceeds through the following reactions to form a thermody-
namically favorable phase: i) xNa + MCl, - M + xNaCl (M = In,
Bi, Sn, Zn), ii) yNa + zM — Na, M,. The reaction continues

www.afm-journal.de

until a single-phase alloy layer is formed over the Na metal an-
ode. The reaction of alloy layer formation is fast, and the surface
color of Na metal turns to black color, as depicted in the photo-
graphic images (Figure Sla—e, Supporting Information) immedi-
ately on drop casting of the solution. The high-resolution XRD in
(Figure 1a), indicates the formation of the following Na-metal al-
loy phases over the Na metal surface: Na,In; Na,Bi;, Na,Zn,3,
and Na,Sn, when treated with the corresponding metal chlo-
ride solution. The sharp peaks indicate the crystalline nature of
the alloy layer over Na metal, and no other impurity phases are
noted.[?IThe chemical composition of the freshly prepared Na
metal anode with the protective alloy layer was analyzed using
XPS. The Na anode with Na,In, protective alloy exhibits char-
acteristic In 3d spectrum which can be deconvoluted into two
peaks at 446.27 eV (In 3ds,) and 453.36 eV (In 3d; ,) (Figure 1b).
Some components of metal (In°) and metal oxides (In,0;) were
also observed and could be formed during the sample handling
process.[?] Moreover, the presence of Na-rich SEI layer compo-
nent (NaCl) over Na,In, alloy is evidenced by signals from the
Cl 2p characteristic spectrum (Figure 1c) and the two peaks at
198.2 eV and 200.3 eV in the Cl 2p spectrum were assigned to
Cl 2p;), and Cl 2p,,, respectively. SEM images of Na, Na,In;

= Pristine Na

(a) ———NaZn,, (b) In3d (c) Cl2p
] ¢
L ° l ? In 3d5/2 ?
— Nalsn2 i i
* H g
= . H ———— Na Bi
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Figure 1. a) XRD diffraction patterns of sodium metal and alloy protected Na anodes, De-convoluted XPS spectrum from Na;In; anode b) In 3d, and
¢) Cl 2p, Surface SEM images of d) Pristine Na, and Na protected with ) Na;In;, f) Na;Bi; , g) Na;Sn,, and h) Na;Zny;
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Na, Bi;, Na,;Zn,;, and Na, Sn, alloy surface in (Figure 1d-h) show
the formation of the new alloy layer over the Na metal after
facile chemical solvent modification approach. The morphology
of the alloy layer formed over the Na metal surface is different for
each alloy. This is mainly attributed due to defects during room-
temperature growth of the alloys during the chemical reduction
of Na metal.?% The cross section SEM images (Figure S2a,b, Sup-
porting Information) of the Na, In, alloy layer show the presence
of the composite alloy layer of ~10-13 pm thickness. The Energy
dispersive spectroscopy (EDAX) mapping before cycling of the
Na, In, film shows a uniform distribution of In and Cl over the
Na layer (Figure S2c—f, Supporting Information) and the Cl is at-
tributed due to the formation of sodium rich NaCl phase over Na
metal during the alloy formation.

3.1. Understanding the Na deposition in Na metal anode with
Alloy Interface Layer

A constant amount of Na was galvanostatically deposited
(2 mAh cm™? at 2 mA cm™2) onto the pristine Na anode and
Na anode with alloy interface to probe the sodium deposition
and dendrite formation process. The SEM images (Figure S3,
Supporting Information) shows that Na plating is highly inho-
mogeneous with agglomerated and rough deposits over pris-
tine Na metal. Such rough Na deposits over pristine Na metal
is occurred due to inhomogeneous local current distribution
that provoke non-uniform Na* ion flux.?!l The Na* ion seed-
ing process in pristine Na metal has to overcome higher nu-
cleation energy barrier, provoking the dendrite deposition in
host-less Na metal. Such uneven Na deposition will induce se-
vere side reactions between Na metal and the electrolyte, de-
creasing the coulombic efficiency of the cell.®’] However, the
Na deposition over Na metal with Na,In,; alloy shows the uni-
form, and smoother deposition without formation of dendrites
on the surface (Figure 2a). The smoother Na deposition without
dendrites will reduce the unwanted electrolyte reaction with Na
metal, leading to increased cycle life of the alloy protected metal
anodes.**IThe cross-sectional SEM images of Na anode with
Na, In, layer indicates the Na deposition (bright layer) is beneath
the Na, In, alloy layer, and the thickness of the deposited Na metal
is ~10 um (Figure 2b,c). The top Na,In, alloy layer is generally
comprised of several Na-rich organic and inorganic SEI compo-
nents with higher electron densities than Na metal, the top dark
layer in the cross-sectional SEM corresponds to the Na,;In; al-
loy layer, whereas the bottom bright layer represents the Na de-
posits. The Na deposition below the Na,In, alloy layer is mainly
attributed to difference in the sodio-philicity and insulative prop-
erties of the hybrid alloy layer, and the SEI components over the
metal anode. The Na-M alloy phases are likely to be electronic
conductors or semiconductors but the NaCl formed as byprod-
uct over Na-M alloy phase is highly insulating, making the hy-
brid artificial SEI layer highly resistive.l*! Such highly resistance
layer were previously studied in several protective layers and were
even explored in some amorphous carbons and graphene based
protective layers. The protective alloy layer possesses the low-
est activation barrier and can facilitate a high potential gradient
and rapid diffusion of sodium ions across the interphases. This
unique feature of the hybrid SEI layer is sufficient enough to de-
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velop an electric field across the protective film, providing a driv-
ing force for Na-ion diffuse through the artificial SEI layer, and in-
duces Na plating underneath the Na-M alloy interface layer.34*

The Na anode with Na,In, alloy layer maintained a smoother
Na deposition without dendrites even at high Na deposition ca-
pacity (5 mAh cm~2). SEM images in (Figure 2d-f) shows that
the Na metal with Na,In, alloy layer efficiently handled the Na
deposition without any deleterious volume changes due to less
reactivity of the Na,In, layer with electrolyte due to their lower
chemical potential.**] The high mechanical strength of the alloy
layer with hybrid SEI components can efficiently withstand vol-
ume expansion during high Na deposition process.’’]At higher
Na deposition capacity (10 mAh cm™2), a slight breakage of the
Na, In, protective alloy layer is noted and Na deposition takes over
the alloy layer (Figure 2g—i). This is attributed to the inability of
the thin alloy layer to infiltrate and holds more Na deposition at
high capacity. However, no mossy and inhomogeneous dendrite
deposits are noted over Na anode protected with Na, In, alloy even
under such high capacity deposition.[*®] Even at high current den-
sity (5 mA cm~?) Na anode protected with Na,In, alloy showed
smooth Na plating and stripping due reduction in effective cur-
rent density, suppressing the dendritic growth (Figure 2j-1). In
contrast, pristine Na metal showed significant damages, the size
of the dendrites and surface roughness of deposited Na metal in-
creased over pristine Na anode at high current and high capacity
(Figure S3, Supporting Information). The dendrites grow verti-
cally over pristine Na anode due to irregular amorphous grains
that maximize the local current density. Such large Na dendrites
formation over Na metal is highly dangerous, as it could punc-
ture the separator, provoking the internal short circuit.?*4% The
SEM images (Figure S4, Supporting Information) of Na anode
with other alloy layers (Na;Bi;, Na,;Zn,;, and Na,Sn,) showed
a smoother Na deposition without dendrites at low deposition
capacity and current density (2 mA cm~2, 2 mAh cm™?), which
clearly explains that the combination of multi-interface layer ben-
efits to the fast sodium diffusion and smoother deposition.

3.2. Electrochemical Study of Na Metal Anodes

To verify the effectiveness of the protective alloy layer on Na
metal, the pristine Na metal, and alloy protective Na metal were
cycled in the symmetrical cell configuration at an aerial capacity
of 2 mAh cm™ and a current density of 2 mA cm~2 (Figure 3a).
The voltage profile of pristine Na anode shows high overpoten-
tial (63 mV) than Na anode with protective alloy, and the over-
potential gradually increases upon cycling (74 mV after 120 h),
followed by rigorous voltage fluctuations and the cell failure. The
continuous increase in polarization of pristine Na anode with cy-
cling is mainly attributed to unstable interface and parasitic reac-
tions between Na metal and the electrolyte, leading to continuous
breakage/formation of the SEI layer. The voltage fluctuations are
associated with sudden cell failure, originating from Na dendrite
penetration and short-circuiting.[''! In contrast, Na metal anode
with alloy protective layer shows a very stable voltage profile with-
out any fluctuations. Na anode with Na,In, alloy layer showed
the lowest overpotential of 11 mV and could cycle for more than
790 h without short-circuit. These electrochemical tests indicate
that the protective alloy interface over Na anode increased the
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Figure 2. a—c) Cross-sectional SEM images of Na;In; deposited with 2 mAh cm™2 at 2 mA cm™2 of Na, and SEM images of Na,In; with different Na
deposition conditions d—f): 5 mAh cm=2 at 2 mA cm~2, g-i) 10 mAh cm~2 at 2 mA cm™2 and j-I) 2 mAh cm~2 at 5 mA cm~2.

stability of the SEI layer during the repeated Na plating/stripping
process.[?*l Meanwhile, Na,Sn,, Na,Zn,;, Na,Bi; protected Na
anode can also be cycled efficiently with low overpotential, and
polarization. The surface energy and diffusion barrier required
for the Na* ion to diffusion reduces greatly, after the introduc-
tion of alloy layer, increasing the efficiency of Na anode.[*!]
However, the cycling efficiency and overpotential of the dif-
ferent alloys varies significantly after 300 h. The cycle life of al-
loy protected Na anode increases in the following order (Na-Bi<
Na-Zn<Na-Sn<Na-In) and can be efficiently cycled over 365 h,
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446 h, 618 h, and 790 h respectively. Moreover, voltage profiles
are zoomed-in and presented in (Figure 3b—e), and it is clearly
evident from the voltage profiles, no fluctuation in voltage was ob-
served for alloy protected Na anode even after prolonged cycling.
This is mainly attributed to differentness in mechanical proper-
ties Na* ion diffusion co-efficient exhibited by the alloy layer.2!
The hybrid multifunctional interfaces are mechanically strong,
due to the contribution from organic/inorganic layers with high
young’s modulus, thereby reducing the dendrite formation.[*?!
The overpotential of Na anode with Na-In, Na-Sn, Na-Zn, and
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Figure 3. Electrochemical performance of symmetric cells with Na anode and alloy protected Na anode at 2 mA cm~2
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and capacity of 2 mAh cm~2

a) Voltage vs. time profile comparison, and b—e) Voltage vs. time profiles comparison at difference time range.

Na-Bi is 14 mV, 21 mV, 24 mV, and 27 mV respectively after
300 cycles. Moreover, the surface energy and diffusion barrier re-
quired for the Na* ion to diffuse across the surface of interlayer
also influence the dendrite formation (discussed later in DFT).
The Na,In, alloy has the lowest surface energy than Na, Bi,, re-
sulting in higher efficiency than other counterparts.3*3] The
thickness of the protective alloy layer on Na metal also influences
the electrochemical performance of the metal anode. Therefore,
the dependence of the long-term cyclability on the thickness of
the Na-In layer is also studied. The thickness of the alloy layer
over Na metal can be controlled by treating the Na metal an-
ode with different concentration of the metal chloride solution.
Subsequently, the effect of Na-In alloy thickness were studied by
treating Na metal anode with low (0.1 M) concentration and high
concentration (0.25 M) of indium chloride solution in tetrahy-
drofuran solvent. The concentration of metal chloride solution
greatly influences the thickness and surface flatness of Na-In al-
loy layer. Na-In metal anode prepared with low and high con-
centrations (0.1 M and 0.25 M) exhibits high overpotential, un-
even plating/stripping, poor cycle life, and instability than Na-
In metal anode prepared with 0.15 M indium chloride solution
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2300135 (7 of 14)

(Figure S5, Supporting Information) The optimized concentra-
tion of 0.15 M metal chloride-based electrode demonstrates ex-
cellent cyclability, lower overpotential, and dendrite free Na de-
position than other concentrations. The low concentration metal
chloride solution would result in the formation of unstable and
very thin Na-M artificial SEI layer, while high concentration of
metal chloride would result in thick Na-M artificial SEI layer over
the Na metal, influencing the interphase resistance of metal an-
ode. The Nyquist plots (Figure S6, Supporting Information) of
Na-In anode prepared with 0.15 M concentration exhibited lower
charge transfer resistance and better interphase properties than
Na-In metal anode prepared with other concentrations (0.1 M and
0.25 M). When the Na metal is treated with low concentration of
metal chloride solution, the formation of Na-M alloy layer and
NaCl layer would be incomplete, leading to unfavorable interface
while at high concentration of metal chloride solution, excess of
metal chloride salts and NaCl could increase the interface resis-
tance. Also, Table S1 (Supporting Information) compares the per-
formance of the several protective layer over previously studied al-
loy layer, and observed that the current protective alloy layers are
showing the high performance than other protective techniques.
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Figure 4. SEI layer formation over Na anode protected with Na;In; alloy after 5th cycle, a) high resolution In3d spectrum b) high resolution Nals

spectrum, and c) high resolution Cl2p spectrum

3.3. SEI Layer Formation

The components of SEI layer, and the change in components of
the SEI layer was studied by XPS, to analyze the stability of the
Na anode protected with Na-In alloy after cycling (Figure 4). We
focused on the In3d, Nals, Cl2p, O1s, and C1s XPS profiles, be-
cause Na-In, NaCl and other organic components are one of the
key components of the SEI layer. After 5th cycle, the deconvoluted
In 3d spectrum at 446.27 eV (In 3d; ;) and 453.36 eV (In 3d;,)
in (Figure 4a) shows the predominant contribution from Na, In,
alloy layer with a minor contribution from In metal and In,0O,
before cycling, indicates the presence of mechanical stable alloy
type artificial interface layer over Na anode.[*‘l The Nals spec-
trum in (Figure 4b) shows a broad curve at #1072 eV due to con-
tributions from NaCl and Na, In; phases. The two peaks at 198.2
and 200.3 eV in the CI2p spectrum (Figure 4c) were designated to
Cl2p,, and Cl2p, ,, respectively, indicating the presence of Na-
rich NaCllayer over the Na anode protected with Na-In alloy, help-
ing the facile Na deposition and stripping process.[2*4¢] The C1s
and O1s spectrum of Na anode protected Na, In, alloy (Figure S7,
Supporting Information) shows the emergence of new organic
SEI components for sodium alkoxides after cycling process. The
deconvoluted Cls spectra and O1s spectrum after cycling shows
the emergence of new functionalities (C-H, C-O, Na—O) over
Na anode protected with Na-In alloy. This is mainly attributed to
slight reduction of liquid electrolyte over Na-In alloy during ini-
tial cycling, helping to form components of natural SEI layer.'!]
The origin of the organic components plays a very crucial to pro-
vide flexibility to the multifunctional SEI layer at high current
and high-capacity conditions. However, the signals of NaCl layer
from Cl2p and Nals spectrum decreased with etching, and com-
pletely disappeared after etching process, indicating that the top
layer of alloy anode is covered by Na-rich NaCl phase.[*’] The Na-
ion gets diffused through this Na-rich NaCl and get deposited be-
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neath the alloy layer. The Na-rich NaCl component establishes the
necessary potential gradient to drive Na* ion diffusion through
the alloy layer. Benefiting from the thinner NaCl layer with high
elastic modulus, and high electronic resistivity, the hybrid inter-
face can withstand long repeated plating and stripping process.
The deconvoluted In3d, Nals, C12p XPS spectrum of Na,In, al-
loy protected anode after 25th cycle (Figure 5) shows the similar
pattern as 5th cycle, indicating the presence of robust and sta-
ble artificial SEI layer over Na anode that regulates the Na depo-
sition/stripping through facile Na* ion diffusion flux.[**#91 The
electronically resistive NaCl layer over metal anodes are highly
insoluble in organic electrolytes and will hamper electrolyte de-
composition on continuous cycling. The formation of ultrathin
Na-rich NaCl layer over Na metal anodes plays a dominant role in
stabilizing the metal anode. Similar SEI formation trend is noted
for other alloy protected anodes as shown in (Figure S8-S10, Sup-
porting Information) and the difference being the type of metal
alloy layer over the Na anode.

To understand the origin of the superior performance of Na an-
ode with alloy interface, ex-situ SEM analysis were performed on
Pristine Na metal and Na metal with Na,In; Na,Sn,, Na,Zn,;
Na, Bi; interface after cycling (100 cycles). The SEM images of
the pristine Na anode (Figure S11a,b, Supporting Information)
revealed a rough surface along with uneven Na deposition, in-
dicating a severe dendrite formation. Such a rough and uneven
surface mainly originated from the repeated inhomogeneous Na
deposition in host less Na anode with unstable SEI layer. In con-
trast, the SEM images of Na anode with Na,In, Na,;Sn,, Na,Zn,3;,
Na, Bi; interface exhibited a smooth surface without any signs of
sodium dendrites as shown in (Figure S11c—f, Supporting Infor-
mation). The SEM elemental mapping analysis (Figure S12, Sup-
porting Information) of Na-In shows, even after cycling (100 cy-
cles), SEI components (Na, In, Cl) over the Na-In protective layer
still remains intact, confirming the mechanical integrity of the
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Figure 5. SEI layer formation over Na anode protected with Na,In; alloy after 5th and 25th cycle, a) high resolution In3d spectrum b) high resolution

Nals spectrum, and c) high resolution Cl2p spectrum

alloy anode. This indicates the effective protective of Na anode
with hybrid SEI layer comprising Na-rich components and alloy
type interface layer.5%!

3.4. Kinetics of Na Metal Deposition/Stripping

To understand the kinetics of the Na deposition/stripping at
high current conditions, the stability of pristine Na anode and
Na-In protected Na anode were evaluated at current density of
5 mA cm~2. The charge discharge profile in (Figure 6a) shows
that pristine Na metal has a large overpotential due to resis-
tance in mass transfer at high current conditions, and the over-
potential increased with cycles.*! The bare Na metal anode ex-
hibits unstable behavior after 80 h, much lower than the per-
formance at low current rates. However, Na anode with Na,In,
interface exhibited a stable voltage profile with a very low over-
potential (19 mV), lower than pristine Na metal. Unlike pristine
Na anode, the overpotential of Na anode with Na,In; interface
remains same throughout the cycling, and can be cycled effi-
ciently over 266 h. The absence of a voltage drop and voltage
fluctuations indicated the presence of a stable interface for Na
deposition and low nucleation overpotential to achieve enhanced
kinetics.*!!

The cyclic stability of pristine Na anode and Na anode with
Na,In, anode is studied in high cell capacity of 5 mAh cm™
and current density of 2 mA cm~2, and the data is presented in
(Figure 6b). The pristine sodium anode exhibited uneven plating
and stripping after 90 h of cycling with a high overpotential of
~50 mV. At high capacity testing, sodium metal could settle at
a few local spots as dead Na during cycling, which created large
grooves and dendrite throughout the stripping process.[*?! The
Na anode with Na,In, layer performs efficient plating and strip-
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ping performances without dendrite formation for over 295 h
with low over potential. Since the Na deposition occurred beneath
the Na-rich SEI layer, the volume expansion associated with high-
capacity Na plating would exert high outward pressure on the SEI
layer than low capacity testing. Such stress will lead to breakage
of SEI layer at a threshold limit, and lead to fast electrolyte con-
sumption, dendrite formation and early cell failure.[*?)Such irreg-
ular Na plating/stripping in pristine Na anode generated pres-
sure on the SEI layer followed by the breakage of SEI layer. How-
ever, a strong tensile strength from Na,In; layer and flexibility
from Na-rich NaCl layer/organic SEI layer helped to withstand
the stress and volume expansion exerted during high capacity
storage.>3%*] Similarly, Na anode with Na, Sn, interface exhibited
even plating and stripping even after 290 h with low overpotential
of 21 mV, depicting the role of artificial interface layer for achiev-
ing high-capacity Na metal anodes (Figure S13 and S14, Sup-
porting Information). However, Na anode with Na,Zn,; Na,Bi,
alloy layers cannot be cycled efficiently over 100 h due to poor
mechanical strength of the alloy layers. Nanoindentation studies
were carried out using a commercial atomic force microscope
to determine the Young’s modulus of Na metal and Na-In al-
loy anode. The binary intermetallic compounds (Na-M) gener-
ally have higher mechanical stability than pristine Na metal. The
results in Figure S15 (Supporting Information) shows that the
Young’s modulus of Naln alloy is 8 Gpa, twice higher than pris-
tine Na metal (4 Gpa), which is consistent with the claims made
in the manuscript. The corresponding average Young’s modulus
value (32*32 matrix, Hertz model) of Na metal and Naln alloy is
~2.2 Gpa, and ~4.2 Gpa respectively.>* Therefore, we conclude
that the hybrid multifunctional SEI layer comprising mechani-
cally strong alloy component—Na rich NaCl component-organic
component improved the cell performance at high current rates
and high capacity storage.3>']
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Figure 6. Electrochemical performance of Na anode and Na,In; protected anode at different conditions a) 5 mA cm~2 and capacity of 2 mAh cm~2,
b) 2 mA cm~2 and capacity of 5 mAh cm™2, and Nyquist plots of different anodes c) before cycling, and d) after 75 cycles

To elucidate the effect of the alloy interface layer relative to pris-
tine sodium, we conducted EIS testing. The Nyquist plots of the
Na metal anode with interface layer and pristine Na are shown in
(Figure 6¢,d). The first semicircle in the high-frequency regions
of the plots of both pristine Na metal and Na metal alloy interface
layer electrodes show the resistance of the SEI layer. The second
semicircle in the low-frequency region indicates the charge trans-
fer resistance.l>* The charge transfer resistance of pristine Na an-
ode before cycling was low due to native formed SEI layer after
reaction of Na metal with electrolyte. However, after cycling (75
cycles), the interface resistance of pristine Na anode increased
significantly (R, = 17.4 Q) as Na metal undergoes continuous
unwanted side reactions with the electrolyte, resulting in the ac-
cumulation of thicker, and poor Na-ion conductive SEI layer. The
increasing charge transfer resistance in pristine Na metal anode
impedes the kinetics of the Na deposition/stripping process, lead-
ing to failure.l%

The Nyquist plots of Na anode with alloy protective alloy in-
terface shows a higher charge transfer resistance before cycling,
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due to higher electrical resistivity from originating from metal-
alloy interface than pristine Na metal. The interface resistance of
Na-M alloys before cycling increases in the following order (Na-
Zn< Na-Bi<Na-Sn<Na-In). However, after 75 cycles, the surface
of Na anode with protective alloy interface stabilized resulting in
reduction of interface resistance. The interface resistance of Na-
In, Na-Sn, Na-Zn, and Na-Bi alloys were 2.78 Q, 2.82 Q, 3.2 Q,
and 3.4 Q respectively. This is mainly attributed to stabilization
of artificial interface by formation new natural SEI layer after the
reaction between Na-M alloy and organic liquid electrolyte. The
formation of organic SEI layer components during the initial plat-
ing/stripping process increased the interface contact between Na
metal-alloy layer—artificial/natural SEI components, thereby re-
ducing any voids or defects in interface layer.**IThe origin of new
polar functional groups over the artificial SEI layer after initial cy-
cling can facilitate easy and rapid Na-ion transfer kinetics from
electrolyte ions and deposit them below the alloy interface. The
small interface resistance in alloy protected Na anode was mainly
attributable to the conformal organic and in organic SEI layer that
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could enhance the interfacial contact between components of the
anode.5733] Faster ionic conduction and transportation close to
the electrode surface is favorable for achieving low charge trans-
fer resistance, enabling the alloy protected metal anode perform
efficiently at high current and high capacity testing conditions.
The low and stable interface resistance in Na anode with Na, In,
and Na, Sn, enhanced the Na deposition/stripping kinetics and
interfacial stability than pristine Na metal and Na,Zn,,/Na,Bi,
protected Na metal.[*]

3.5. Density Functional Theory Calculations

We have performed density functional theory (DFT) calculations
to understand the origin of the excellent performance of Na an-
ode with alloy protective layer over pristine Na anode.[®/The sur-
face energy and diffusion barrier required for the Na adatom to
diffuse across the surface of interlayer were evaluated for Na an-
ode with Na,In;, and Na;Bi; NaSn, and NaZn,; alloy interface
layers. (Figure 7a) shows the evaluated adsorption energies of the
Na, NaIn, and NaBi, NaSn, and NaZn,; alloys on the correspond-
ing (100) and (111) planes. Among them, the Na adatoms yielded
higher surface energy (0.369 eV and 0.34) than other alloys. The
surface energy levels of the other four alloys, namely Naln (100
and 111), NaBi (100 and 111), NaSn, (100 and 111), NaZn,,;(100
and 111) were (0.021 eV and —0.16 eV), (—0.361 eV and —0.56 eV),
(0.082 & —0.133 and) and (—0.645 and —0.731) respectively, mak-
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ing them the favorable candidates with minimum surface energy
for Na adsorption. The lower surface energy of the alloys (Naln,
NaBi, NaSn,, and NaZn,,) relative to that of Na metal clearly in-
dicates that low surface energy is the key factor for facilitating
ion diffusion across the surface; and the sodium deposition is in-
clined toward the alloy surface. The diffusion barrier of Na metal
is 0.27 eV, which is excessive for inducing dendrite formation
on its surface. As depicted in (Figure 7b,c), the diffusion bar-
riers of Naln, NaBi, NaSn, and NaZn,; are 0.188 eV, 0.475 eV,
0.13 eV, and 0.335 eV on the (100) plane, and 0.278 eV, 0.368 eV,
0.451 eV, and 0.301 eV on the (111) plane, respectively. As shown
in (Figure 7d) atoms arrangement and diffusion pathway for each
alloy layers in corresponding planes of (100) & (111). respectively.
In which green colored arrows show the different pathways be-
tween different adsorption sites. Additionally, the activation en-
ergy barrier of pristine Na anode and alloy protected Na anode
in different planes (Table S2, Supporting Information) confirms
that diffusion kinetics are inclined toward the favorable planes of
the alloy, helping to achieve a rapid kinetics in Na anode protected
with Na,In, alloy.30:5:60]

3.6. Full Cell Characterization
Considering the potential practical applications of metal an-

odes, we assembled a full cell using Na anode with/without
Na, In, layer and coupled with Na,;V, (PO,); (NVP) cathode. The
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synthesis procedure and properties of NVP cathode used were
studied in our previous work.[®!] The cells are cycled in the large
voltage window (1.0-3.8 V versus Na/Na*) to extract more Na*
ions out of NVP cathode and insert more Nat ions into the
metal anode. The charge discharge profile of the full cell shows
two stable plateaus, corresponding to reversible reaction between
NaV,(PO,); and Na,V,(PO,); phases (Figure 8a). The discharge
capacity of full-cell at 0.1, 0.5, 1.0, and 2.0 C was 161, 157, 155,
151, and 150 mAh g~!(Figure 8b) respectively. The capacity ob-
tained with Na,In; anode is much higher than pristine Na at all
C rates, and also, they exhibited a low overpotential than pristine
Na metal anode. Moreover, the full-cell will Na, In, layer displayed
a stable charge-discharge behavior upon cycling. These results
further confirm that the hybrid multifunctional interfaces aided
the formation of a stable SEI layer over Na metal anode, thereby
inhibiting the unwanted consumption of the electrolyte. In con-
trast, the cell with pristine Na metal anode shows poor cyclic sta-
bility and highly fluctuating columbic efficiency due to unwanted
electrolyte reaction from highly reactive Na metal (Figure 8c).

4. Conclusion

In summary, we have demonstrated that a Series of hybrid mul-
tifunctional interfaces (Na,In;, Na,Sn,, and Na,Zn,; Na,Bi,)
made by a simple self-alloying reaction as artificial SEI layer for
providing stable interface in Na metal anode. The surface energy

Adv. Funct. Mater. 2023, 33, 2300135

2300135 (12 of 14)

of the protective alloys relative to bare Na metal is the key factor
for facilitating facile ion diffusion across the interface. The hy-
brid Na-ion conducting organic-inorganic SEI components can
facilitate uniform Na deposition by regulating the Na-ion flux
with a low overpotential than pristine Na metal. The mechani-
cally strong Na-In alloy with Na rich NaCl phase can efficiently
drive large deposition (10 mAh) of Na metal under the protective
alloys. Moreover, the hybrid SEI provides a highly flexible and
dense membrane to accommodates the volume changes, regulate
the Na* ion flux, and reduces the local current density to achieve
efficient Na deposition at high current (5 mA cm~2) and with-
stand repeated Na deposition and stripping process for ~800 h.
The lower surface energy of Na, In, alloys relative to that of Na
metal and Na, Bi, alloy facilitates facile ion diffusion across the
surface; and the deposition is inclined toward the alloy surface.
Our finding is significant that it provides facile surface stabiliza-
tion strategy for dendrite free Na metal anode, and opens up
a promising research direction for development of high energy
density sodium metal batteries.
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