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ABSTRACT: Metallic sodium (Na) has been regarded as one of the most attractive anodes
for Na-based rechargeable batteries due to its high specific capacity, low working potential,
and high natural abundance. However, several important issues hinder the practical
application of the metallic Na anode, including its high reactivity with electrolytes,
uncontrolled dendrite growth, and poor processability. Metal nitrates are common
electrolyte additives used to stabilize the solid electrolyte interphase (SEI) on Na anodes, <
though they typically suffer from poor solubility in electrolyte solvents. To address these NaNOy r' - m\ﬂ allic Na
issues, a Na/NaNOj; composite foil electrode was fabricated through a mechanical kneading NaN,O, and Na jﬁ

approach, which featured uniform embedment of NaNOj; in a metallic Na matrix. During

the battery cycling, NaNO; was reduced by metallic Na sustainably, which addressed the issue of low solubility of an SEI stabilizer.
Due to the supplemental effect of NaNO;, a stable SEI with NaN,O, and Na;N species was produced, which allowed fast ion
transport. As a result, stable electrochemical performance for 600 h was achieved for Na/NaNO;lINa/NaNO; symmetric cells at a
current density of 0.5 mA cm™? and an areal capacity of 0.5 mAh cm™ A Na/NaNOj;|INa;V,(PO,),0,F cell with active metallic Na
of ~5 mAh cm™? at the anode showed stable cycling for 180 cycles. In contrast, a NallNa;V,(PO,),0,F cell only displayed less than
80 cycles under the same conditions. Moreover, the processability of the Na/NaNO; composite foil was also significantly improved
due to the introduction of NaNOj, in contrast to the soft and sticky pure metallic Na. Mechanical kneading of soft alkali metals and
their corresponding nitrates provides a new strategy for the utilization of anode stabilizers (besides direct addition into electrolytes)
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to improve their electrochemical performance.
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1. INTRODUCTION

Sodium metal batteries (SMBs) with Na metal as anode
materials have been considered as promising rechargeable
batteries for grid energy storage and electric vehicles due to
abundant Na resources, potentially low cost, reasonable
working potential (—2.71 V vs standard hydrogen electrode),
and high theoretical specific capacity (1166 mAh g~') of the
Na metal anode.'” A metallic Na electrode is an essential
component of SMBs but it encounters several serious issues
that hinder the practical feasibility of SMBs. Due to the high
reactivity of metallic Na, undesirable side reactions between
metallic Na and the organic electrolyte take place continuously.
Meanwhile, the solid electrolyte interphase (SEI) on the
electrode surface breaks and repairs during the stripping/
plating cycles of metallic Na, leading to the continuous
consumption of the electrolyte and active metallic Na, as well
as accumulation of thick SEL*™® The above processes
eventually cause large polarization, low Coulombic efficiency
(CE), and fast failure of batteries.”” Besides, due to the
uncontrollable stripping/plating behavior of metallic Na, Na
metal dendrites tend to grow, which may cause safety concerns
of batteries.”” Another big issue of metallic Na is its poor
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processability due to its soft and sticky nature, making it more
challenging for practical applications.

Until now, several important publlcatlons have taken the
directions of electrode surface coatmg, L12 construction of an
artificial SEI film,"*'* a Na metal composue,h 1 solid
electrolyte,'”'® and optimization of electrolyte composi-
tion'”?* to improve the electrochemical performance of Na
metal electrodes. Significantly, through formation of a robust
and stable SEI structure, electrolytes with nitrate and fluoride-
based SEI stabilizers have imparted effective protection and
good stability to Na metal electrodes.'”*"** With these SEI
stabilizers dissolved in electrolytes, robust SEI forms through
their reductive reaction with metallic Na, which helps to
alleviate the side reactions between metallic Na and the
organic electrolyte, homogenize Na* diffusion through the SEI
and suppress dendrite growth.”””* Among these SEI stabilizers,
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Figure 1. Schematic diagram of the Na stripping/plating behavior of the Na/NaNO; composite and pure metallic Na electrodes. With uniform
NaNO;j and its reductive species (NaNxOy and Na;N) implanted in the bulk of metallic Na, (a) stable SEI with fast Na* diffusion capability can be
generated and uniform Na stripping and plating behavior can be realized, while (b) uneven SEI would form on the pure Na metal electrode, causing
uneven Na stripping/plating behavior and even the growth of Na metal dendrites.

metal nitrates (e.g., LINO;, NaNO;, and KNO;) show their
unique advantage in the interphase structure with enhanced
ionic conductivity by formation of N,O,” and N*" species-rich
SEL>*~*" However, the practical application of these nitrate-
based SEI stabilizers as electrolyte additives is limited by their
solubility in the electrolyte solvents. Typically, they have very
low solubility in carbonate-based solvents that are the most
successful solvents for commercial electrolytes due to their
high voltage window and good safety.”*” Therefore, it is
highly desirable to explore a general approach to break the
limit of low solubility of SEI stabilizers and realize their facile
applications in batteries with various electrolytes, which is
beneficial for realizing high-performance rechargeable alkali
metal batteries and promote their practical applications.

Herein, using NaNOj; for sodium metal batteries as an
example, we directly introduced a SEI stabilizer (NaNO;, 15
wt % based on the mass of the entire electrode) into the bulk
of a soft alkali metal (metallic Na) uniformly through a
mechanical kneading approach and fabricated a composite Na/
NaNO,; foil electrode. In this electrode, the NaNO; was in situ
reduced and was involved in the formation of a robust NaN,O,
and Na;N species-rich SEI, which can homogenize Na" flow
and accelerate their diffusion through the SEI due to enhanced
ionic conductivity, and decrease the side reactions between the
active metallic Na and electrolyte. Moreover, due to the
uniform distribution of NaNO; and its reductive products
within the bulk metallic Na, the processability of the as-
fabricated Na/NaNO; composite foil was significantly
improved. As expected, stable cycling of 600 h with low
voltage polarization was achieved for the Na/NaNOj electrode
in a symmetric cell configuration at 0.5 mA cm ™2 and 0.5 mAh
cm™ in a carbonate-based electrolyte. Furthermore, a Na/
NaNO;lINa,V,(PO,),0,F (NVPOF) cell with a Na anode
areal capacity loading of ~5 mAh cm™ sustained stable cycling
for over 180 cycles, while the NalINVPOF cell with the bare
Na anode displayed fast capacity fade after 70 cycles.

2. EXPERIMENTAL SECTION

2.1. Fabrication of the Na/NaNO; Composite Foil. The Na/
NaNO; composite foil was prepared through a simple mechanical
kneading approach at room temperature in an Ar-filled glovebox
(Mikrouna). NaNOj; powder was first placed on the surface of a Na
metal foil. The Na foil with NaNO; was repeatedly folded and
calendered using a rolling machine until NaNO; was uniformly
implanted within the metallic Na bulk. The mass contents of the
NaNO; salts in the composite electrodes were fixed at 15 wt % based
on the entire composite foil.

2.2. Preparation of Na;V,(PO,),0,F (NVPOF) Electrodes.
NVPOF Eowder was prepared according to the previously reported
method.*>*" The slurry for NVPOF electrode fabrication contained a
70 wt % active material, 20 wt % conductive additive (carbon black),
and 10 wt % binder (carboxymethylcellulose, CMC). After coating
the slurry on the aluminum foil and drying in a vacuum oven at 60 °C,
the NVPOF electrodes were fabricated. The average mass loading of
the NVPOF electrodes was ~2.4 mg cm™2.

2.3. Preparation of Sulfurized Pyrolyzed Poly(acrylonitrile)
(SPAN) Electrodes. To fabricate SPAN, sulfur (S) and poly-
(acrylonitrile) (PAN) were mixed with a mass ratio of 1.75:1, sealed
in a steel hydrothermal reactor (HTF-25-SS1, Anhui Kemi Machinery
Technology Co., Ltd.) in an Ar atmosphere and treated at 350 °C for
10 h. A slurry approach was adopted to fabricate the SPAN electrode.
The SPAN electrode contained an 80 wt % active material, a 10 wt %
carbon black, and 10 wt % polyacrylic acid (PAA) binder. The average
mass loading of SPAN electrodes was ~4.5 mg cm™.

2.4. Materials Characterization. X-ray diffraction (XRD,
PANalytical B.V.) was performed to identify the phase information
of the Na/NaNO; composite foil. The surface states and
compositions of the Na/NaNO; composite foil were characterized
by X-ray photoelectron spectroscopy (XPS, AXIS-ULTRA DLD-
600W). The morphology and structure of the electrodes were
observed under a field emission scanning electron microscope
(FESEM, Gemini SEM 300) equipped with an energy dispersive X-
ray spectrum (EDX) analyzer.

2.5. Electrochemical Measurements. 2032 type coin cells were
assembled for electrochemical measurements. Glass fiber (Whatman
GF/D) was used as the separator and 1 M NaClO, in 1:1 ethylene
carbonate (EC)/diethyl carbonate (DEC) with a Swt% fluoroethylene
carbonate (FEC) additive was used as the electrolyte. Electrochemical
impedance spectrum (EIS), cyclic voltammetry (CV), and linear
sweep voltammetry (LSV) measurements were conducted on a
Biologic VMP3 electrochemical workstation. EIS was measured at the
frequency range from 100 mHz to 100 kHz. CV was conducted at a
voltage range from —0.2 to 0.2 V with a sweep rate of 1 mV s7!. Na/
NaNO;lINa/NaNOj; and NallNa symmetric cells were assembled and
tested by LSV, and the voltage range was from —0.13 to 0.13 V with
the sweep rate of 1 mV s™'. Tafel curves and the exchange current
density were plotted based on the LSV results. Galvanostatic cycling
measurements were carried out on a Neware battery tester with a
fixed current density and capacity for symmetric cells. The Na/
NaNOj;/INVPOF and Nal[NVPOF cells were first cycled at 0.5C (1C
=130 mA g') for the initial 3 cycles and then at SC at a voltage
range from 2.0 to 4.3 V. Cells paired with the SPAN cathodes were
activated at 20 mA g~ for the initial 5 cycles and then cycled at 200
mA g™' in the voltage range between 1.0 and 3.0 V.

3. RESULTS AND DISCUSSION

We highlight the importance of fast ionic transfer capability
through SEI for Na metal electrodes, which could homogenize
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Figure 2. (a) Schematic diagram of the fabrication of the Na/NaNO; composite foil using a mechanical kneading approach. Repeated folding and
calendering operations are adopted to fabricate the Na/NaNOj composite foil. (b) Digital photos of the Na/NaNO; composite foil and the pure
metallic Na foil with the same thickness of 400 um and (c) after the release from an external mechanical pressure of 10 MPa in a coin cell. (d) XRD
results of the Na/NaNO; composite foil, corresponding to NaNO; (JCPDS #36-1474) and pure metallic Na (JCPDS #22-0948). High-resolution
XPS spectra of (e) N 1s, (f) O 1s, and (g) Na 1s for the Na/NaNO; composite foil.

the ion diffusion and improve the cycling stability. As
illustrated in Figure la, with NaNO; as the SEI stabilizer,
ionically conductive NaN,O, and Na;N species are produced
through the reduction reaction by metallic Na and uniformly
distributed over the entire electrode, enabling uniform Na*
flow on the electrode surface and stable SEI, and eventually a
prolonged cycle life of SMBs. In contrast, the inhomogeneous
Na" flow through SEI would lead to an uncontrollable Na
stripping and plating behavior, and Na dendrites with a high
accessible area to the electrolyte would form. As a result, a
thick SEI would accumulate quickly due to the severe side
reactions between metallic Na and the electrolyte, leading to
fast decay in battery performance and even safety concerns of
SMBs.*”

We fabricated a Na/NaNO; composite foil by a mechanical
kneading approach. Utilizing the sticky property of metallic
Na, NaNOj can be easily embedded into the bulk of metallic
Na uniformly by repeated folding and calendering cycles, as
shown in Figure 2a. Note that during the mechanical kneading,
large NaNOj particles break into small ones, which helps to
realize the uniform distribution of NaNO;. Also, the
mechanical kneading process enables a close contact between
NaNO; and metallic Na, and the reduction reaction takes place
spontaneously on their interphase, producing ionically
conductive NaN,O, and Na;N species. Figure 2b shows a
digital photo of the as-prepared Na/NaNOj (15 wt % NaNO;)
composite foil with a thickness of 400 ym and size of 5.0 cm X
2.5 cm, which reveals a flat and smooth surface. In contrast, a
rough surface is observed for the bare metallic Na with the
same thickness due to the sticky property of metallic Na.
Moreover, the composite shows much improved mechanical
properties than the pure metallic Na, which is easy to be cut

into regular pieces (Figure S1). This improved processability
was further verified by the press and release experiment
(Figure 2c). After the release from an external mechanical
pressure of 10 MPa in a coin cell, the Na/NaNO; electrode
well maintained its integrality and was easy to be separated
from the stainless-steel clamps. On the contrary, the pure
metallic Na was severely damaged and stuck on the stainless-
steel clamps. Also, a thin and intact Na/NaNO; composite foil
(~80 um) was realized after calendering operations (Figure
S2a,b), while the bare metallic Na could not sustain the foil
shape with a much larger thickness (~240 ym) due to its sticky
nature (Figure S2c,d). The superior mechanical properties of
the Na/NaNO; composite make it facile for future application
in the electrode preparation and cell assembly processes.

The phase information of the Na/NaNO; composite foil
was investigated by X-ray diffraction (XRD). As shown in
Figure 2d, diffraction peaks at 26 positions of 42.08, 52.18, and
69.18° were ascribed to metallic Na (JCPDS #22-0948), and
peaks at 29.38, 31.86, and 35.36° arose from NaNO, (JCPDS
#36-1474), indicating the coexistence of metallic Na and
NaNQ;. There was no observable phase information for
NaN,O, and Na;N species according to the XRD results,
probably due to their small size, amorphous structure, or/and
small amount. The morphology characterization of the Na/
NaNO; composite was carried out using a scanning electron
microscope (SEM). As shown in Figure S3a, a flat and smooth
surface was observed in the top-view SEM image of the Na/
NaNO; composite foil in contrast to the rough and
nonuniform surface of the pure metallic Na foil due to the
soft and sticky properties (Figure S3b). The results of
elemental mapping further verified the uniform composite of
Na and NaNO; in the Na/NaNOj; composite foil (Figure S4),
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Figure 3. (a) Linearly fitted graph of the relationship between In(Rgz; ") and T, (b) Tafel curves and the calculated exchange current density of
the Na/NaNOj and pure Na electrode from the linear sweep voltammetry tests and (c) comparison of fitted Rgp; values after different resting times
for the Na/NaNO; and bare Na electrodes. Top-view SEM images of (d) Na/NaNOj; composite and (e) pure metallic Na electrodes after stripping
and (f, g) after plating at 1 mA cm™> and 3 mAh cm™ Ry is the interface impedance between the electrode and electrolyte and E, is the Na*
diffusion energy barrier through the SEI. A smooth surface was observed for the Na/NaNO; electrode in contrast to the existence of large pits for

the bare Na electrode after stripping.

which is beneficial for the formation of homogeneous SEL To
evaluate the specific capacity of metallic Na in the Na/NaNO,
composite foil, Na ions were electrochemically extracted by
galvanostatic charging of a Na/NaNOj;lINa half cell to 1 V at
0.2 mA cm™* (Figure S5). The Na/NaNO; composite foil
showed a high specific capacity of ~884.7 mAh g™' at the end
of the metallic Na stripping process, maintaining the advantage
of the high specific capacity of metallic Na.

X-ray photoelectron spectroscopy (XPS) was conducted to
identify the surface composition of the Na/NaNOj; composite
foil. The high-resolution N 1s XPS spectrum shows the signal
for NO;7, indicating the existence of NaNOj in the Na/
NaNOj; composite (Figures 2e and S6a).”* Besides, signals for
NO,7, N,O,7, and N3~ were also observed, corresponding to
the reduction species of NaNO; by metallic Na.**** The
existence of N—O bonds and Na,O was verified in the Na/
NaNO; composite foil according to the results of high-
resolution O 1s spectra of the Na/NaNO; composite foil and
NaNOQ;, further suggesting the coexistence of NaNO; and its
reductive species (Figures 2f and $6b).***” Compared with the
results in high-resolution Na 1s of NaNO; powder (Figure
S6¢), the high-resolution Na 1s spectrum of the Na/NaNO,
composite foil showed a larger binding energy than that of the
pure metallic Na (Figure 2g). According to the results of the
high-resolution spectra of N 1s and O 1s of the Na/NaNO;
composite foil and Na 1s of the NaNO; powder, we could infer
that the peaks in the high-resolution Na 1s spectrum of the
Na/NaNO; composite foil correspond to the overlaps of
metallic Na, NaNO;, and its reductive species. The
composition of SEI is primarily dominated by the electrode
and electrolyte components, which could regulate the
deposition behavior of alkali metals.”® The existence of
NaN,O, and Na;N species with good Na* conduction ability
on the surface of the Na/NaNO; composite electrode could
homogenize the Na* flow and accelerate their transfer through
SEI. NaNO; in the Na/NaNO; composite foil would
participate in the formation/repair of SEI during cycling and

help to construct a stable SEI that suppresses the side reactions
between metallic Na and electrolyte.

To investigate the effect of NaNOj; and its reduction species
on the interface property of the composite Na/NaNO,
electrode, the Na" diffusion energy barrier E, through the
SEI was calculated according to the electrochemical impedance
spectrum (EIS) results. EIS of the Na/NaNO;l[Na/NaNO,
and NallNa symmetric cells was performed at different
temperatures (from 283 to 333 K) and the Nyquist points
were fitted according to the equivalent circuit model in Figure
S7 (Nyquist points after fitting are shown in Figure S8a,b). R
corresponded to the interface impedance between the
electrode and electrolyte (the values are shown in Table S1
and Figure S8c), whose relationships with E, were described in
the Arrhenius formula: Rg; ™' = A exp(—E,/RT).” According
to the linear fitting results between In(Rgg ") and E, shown in
Figure 3a, the calculated value of E, for the Na/NaNO,
electrode was much smaller than that of the pure metallic
Na (68.63 for the Na/NaNOj electrode vs 73.03 kJ mol™" for
the pure metallic Na electrode), indicating the enhanced Na*
diffusion through the SEI on the Na/NaNOj electrode. Tafel
curves were further plotted according to the results of linear
sweep voltammetry (LSV) measurements (Figure 3b).*>*!
The Na/NaNO; electrode exhibited a significantly increased
exchange current density of 0.041 mA cm™ in comparison to
0.019 mA cm™ for the bare metallic Na, indicating faster ionic
transfer kinetics for the SEI on the Na/NaNOj electrode.*”**
Cyclic voltammetry (CV) measurement was further conducted
to investigate the ion transfer kinetics of the Na/NaNOj;
electrode (Figure S9). The larger peak area and higher
deposition current density of the Na/NaNOj electrode (1.5
mA cm™* compared with bare Na electrode of 1.0 mA cm™?)
revealed the favorable SEI properties for Na deposition.””*’

The stability of the interface between the electrode and
electrolyte was studied according to the EIS results of the Na/
NaNQ;lINa/NaNOj; and NallNa symmetric cells after different
resting times. The Nyquist plots (Figure S10) were fitted
according to the equivalent circuit model (Figure S7) and the

https://dx.doi.org/10.1021/acsami.1c01571
ACS Appl. Mater. Interfaces XXXX, XXX, XXX—XXX


http://pubs.acs.org/doi/suppl/10.1021/acsami.1c01571/suppl_file/am1c01571_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.1c01571/suppl_file/am1c01571_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.1c01571/suppl_file/am1c01571_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.1c01571/suppl_file/am1c01571_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.1c01571/suppl_file/am1c01571_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.1c01571/suppl_file/am1c01571_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.1c01571/suppl_file/am1c01571_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.1c01571/suppl_file/am1c01571_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.1c01571/suppl_file/am1c01571_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.1c01571/suppl_file/am1c01571_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.1c01571/suppl_file/am1c01571_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.1c01571/suppl_file/am1c01571_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.1c01571/suppl_file/am1c01571_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsami.1c01571?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c01571?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c01571?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c01571?fig=fig3&ref=pdf
www.acsami.org?ref=pdf
https://dx.doi.org/10.1021/acsami.1c01571?ref=pdf

ACS Applied Materials & Interfaces

www.acsami.org

Research Article

a 0.50
Na/NaNO,
. 0.251 Bare Na
2
£ 0.00
S
S 02s
- 0.5mA cm”, 0.5 mAh cm”
-0.50 T v T T T v T T T T T
) 50 100 150 200 250 300 350 400 450 500 550 600
Time (hours)
b- c
_'unlzsi :-I- Q 4.5
s — 100 €
" e 4.04
EN0s P 80 2 o
%’ 75{ Na|[NVPOF Na/NaNO |[NVPOF 160 <3S _
s + Charge capacity , * Charge capacity = %03_0 Na/NaNO |INVPOF
(3 50{ & Discharge capacity e * Discharge capacity 40 g. > — g™
o 25| » Coulombic efficiency ¢ = Coulombic efficiency 120 8 ” 25 Na|[NVPOF
_ka i _]‘|_4m
2 0 ' > y ) < L
& 30 60 90 120 150 s 0 20 40 60 80 100 1120
Cycle number (n) Specific Capacity (mAh g")
d 600 € 1400 f
500-Na/NaN0’° B“efore c‘{clmg 1200_Bare Na o B:l.-fore cg:clm -
- a1 o 10 ~10001 o1 o 10 =
E 4004 th E th <
S s 30 = 800 s 30 ‘g
?,300- .. S 600l Z
N 2007 afell e, £, 400] g
100 %, % 2001 Razr00000 0 =
o] f’ %m) s N k 23999 ot
0 200 400 600 800 1000 0 500 1000 1500 2000 2500 406 404 402 400 398 396 394
Z' (Ohm) Ohm) Binding energy (eV)

Figure 4. Electrochemical performance of the Na/NaNOj; and metallic Na electrodes. (a) Voltage profiles of the Na/NaNO;lINa/NaNOj; and Nall

Na symmetric cells cycled at 0.5 mA cm™

and 0.5 mAh cm™2 (b) Cycling performance of Na/NaNO,/INVPOF and Nal[NVPOF cells and (c) the

corresponding charge/discharge profiles after the Ist and 4th cycles. The cells were cycled at 0.5C (1C = 130 mA g™') for the initial 3 cycles
followed by cycling at 2C at a voltage range from 2.0 to 4.3 V. (d, e) Nyquist plots of the Na/NaNO,|INa/NaNO, and NallNa symmetric cells after
different cycles and (f) high-resolution N 1s spectrum of the Na/NaNO, electrode after 50 cycles at 1 mA cm™ and 1 mAh cm™

values of Rgg; are shown in Table S2. Rgg; values after different
resting times were compared for different electrodes (Figure
3c). The Na/NaNO; electrode showed a low interface
impedance with a slight increase at the initial 24 h and
stabilized after 36 h of resting (~1081 Q after 36 h and 1096 Q
after 48 h of resting), while the pure metallic Na electrode
exhibited continuously increased values of impedance during
resting (~1225 Q after 36 h and 1322 Q after 48 h). This
result suggests the stable interphase structure of the Na/
NaNOj electrode and the suppressed side reactions between
the electrode and electrolyte due to the existence and uniform
distribution of NaNO;, NaN,O,, and Na;N species on the
surface of the Na/NaNOj electrode.

The electrochemical Na stripping/plating behavior of the
Na/NaNOj; composite and pure metallic Na electrodes has
been investigated. The SEM measurement was carried out for
electrodes after a half stripping/plating cycle at 1 mA cm™> and
3 mAh cm™ in a symmetric cell configuration. The Na/
NaNO; composite electrode displayed a uniform and flat
surface under the top-view SEM image (Figure 3d), indicating
a uniform electrochemical stripping behavior due to the
existence of the NaN, O, and Na;N species-rich SEI structure.
In contrast, irregular pits with sizes ranging from ~50 to 200

um were observed for the pure metallic Na electrode after Na
stripping under SEM, indicating an inhomogeneous stripping
behavior (Figure 3e). The deposits on the Na/NaNO,
composite electrode after plating are densely packed, without
the dendritic morphology (Figure 3f). The uniform stripping
and dense plating behaviors of metallic Na could significantly
prolong the lifespan of the Na metal anode.*”* As a
comparison, mossy-like Na deposits or even Na dendrites
were observed for the pure Na electrode after Na plating
(Figure 3g). Such an inhomogeneous stripping/plating
behavior for pure metallic Na would lead to the fast
degradation of electrochemical performance during cy-
cling.***” The structures of the Na/NaNO; and pure Na
electrodes after 10 cycles at 1 mA cm ™ and 1 mAh cm™2, were
also investigated (Figure S1lab). Similar to the initial Na
stripping/plating process, a flat and uniform surface morphol-
ogy was also observed for the cycled Na/NaNOj electrode,
further confirming the uniform Na stripping/plating behavior
of the Na/NaNOj electrode, which will be beneficial for
improving its cycling stability. The existence of the NaN,O,
and Na;N species-rich SEI structure for the Na/NaNO,
composite electrode imparted fast ionic transfer kinetics
(Figures 3a,b and S9), enabling rapid and homogeneous Na*
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flow through SEI. Thus, the uniform Na stripping/plating
behavior and suppression of Na dendrites were achieved,
which was essential for a long cycle life.

The galvanostatic charge/discharge measurement was
carried out for the Na/NaNO; electrode. Significantly
improved electrochemical reversibility was achieved for the
Na/NaNO;j electrode. Figure 4a shows the voltage profiles of
the Na/NaNOj;lINa/NaNO; and NallNa symmetric cells
cycled at 0.5 and 0.5 mAh cm™ In comparison to the pure
metallic Na electrode, the Na/NaNO; electrode showed a
lower overpotential, more stable voltage curve, and signifi-
cantly extended cycle lifetime. The voltage profiles remained
stable for the Na/NaNO; electrode over 600 h, while the pure
metallic Na electrode was short-circuited after 90 h, indicating
improved cycling stability of the former. The voltage profiles of
the Na/NaNO; electrode remained stable and the over-
potential became smaller upon cycling, which may be ascribed
to the stabilization process of the electrode with the
introduction of NaNO;. When the current density and areal
capacity increased to 1 mA cm™ and 1 mAh cm™?
respectively, the Na/NaNOj electrode showed a low average
overpotential and greatly improved cycling stability over 500 h
(Figure S12). Stable cycling was also achieved for the Na/
NaNO; electrode at 1 mA cm ™ with a fixed areal capacity of 3
mAh cm™ (400 h in Figure S13), and 3 mA cm > with a fixed
areal capacity of 2 mAh cm™ (150 h in Figure S14).

The electrochemical performance of the Na/NaNO;
composite foil electrode was further investigated in cells with
the NVPOF cathode. The active materials’ loading was ~2.4
mg cm™? for the NVPOF cathode and the areal capacity
loading was ~5 mAh cm™? for the Na/NaNOj; anode. Figure
4b showed the capacity—cycle number plots of the Na/
NaNOj,/INVPOF and NalINVPOF cells (0.5C for the initial 3
cycles and 2C for the following cycles, 1C = 130 mA g™'). The
Na/NaNQ;lINVPOF cells sustained stable cycling for 180
cycles, while the NalINVPOF cells exhibited fast capacity
fading after 75 cycles, indicating the much improved
electrochemical reversibility of the Na/NaNOj electrode due
to the introduction of NaNOQ;. Charge/discharge curves
revealed the steady charge/discharge plateau and reduced
polarization for the Na/NaNOj;lINVPOF cell in comparison to
the NallNVPOF cell (Figures 4c and S15), further confirming
the improved electrochemical performance benefiting from the
NaN,O, and Na;N species-rich SEI with fast charge transfer
kinetics. To demonstrate the application of the Na/NaNOj;
electrode in cells with high-capacity battery cathodes such as
sulfur-based cathodes, Na/NaNO;|ISPAN cells were assembled
and measured (Figure S16). They displayed high reversible
capacities (~370 mAh g~ based on the mass of SPAN), good
capacity retention of 64% (cycling at 200 mA g~') for 100
cycles with reduced polarization (Figure S17), further revealing
the improved electrochemical performance, and potential
application of the Na/NaNOj; composite foil.

EIS measurement of the Na/NaNO;lINa/NaNO; cell after
different cycles (cycling at 1 mA cm™, 1 mAh cm™>) was
carried out to verify the interface stability of the Na/NaNO,
electrode (Figure 4d,e). The Na/NaNO; electrode showed a
much lower interface impedance (~620 Q) compared to the
bare Na electrode (~900 ) before cycling, suggesting
enhanced ionic conductivity due to the formation of the
NaN, O, and Na;N species-containing electrode and interphase
structure. The interface impedance of the Na/NaNO,
electrode was ~500 Q after the 1st cycle, which decreased

to ~370 Q after the 30th cycle, indicating the formation of a
stable SEI during the stripping/plating cycling of metallic Na.
The interface impedance of the bare metallic Na electrode was
~520 Q after the first cycle, which was slightly lower than that
before cycling due to the break of the native oxide layer and
the dendrite growth as observed in SEM (Figure 3g). Along
with the growth of mossy and dendrite-like metallic Na, the
interface impedance of the metallic Na electrode continued
decreasing on cycling and the value was reduced to ~300 Q
after 10 cycles. Continuous accumulation of SEI and the
consumption of the electrolyte during the repeated side
reactions between metallic Na and the electrolyte eventually
led to a large impedance of the pure metallic Na electrode after
many cycles, which hindered charge transfer.** Thus, the
interface impedance of the metallic Na electrode after 30 cycles
increased to ~1650 €, suggesting poor interphase stability and
inferior cycling stability of the pure metallic Na electrode.*’

To further understand the enhanced performance of the Na/
NaNO; electrode, the interphase composition after Na
stripping/plating cycles was further investigated using XPS.
The results of high-resolution N 1s and O 1s spectra showed
the existence of NO, ™, N0, N*7, and Na,O components on
the surface of the Na/NaNO; electrode after 50 cycles at 1 mA
em™ and 1 mAh em™2,***° indicating the long-term stability
and the effect of the N-containing species during the repeated
cycling processes (Figures 4f and S18a). Besides the N-
containing species, NaCl (Cl 2p in Figure S18b),"* NaF (F Is
in Figure S18c),”” and Na,CO; and —C—O— (O 1s and C 1s
in Figure S18d) were also observed,” corresponding to the
decomposition products of electrolyte components of NaClO,,
fluoroethylene carbonate (FEC), and other organic solvents,
respectively. Besides, the Na signal in the high-resolution Na 1s
spectrum (Figure S18e) arises from metallic Na and its
oxidation state. The XPS results revealed the good stability of
the NaN,O, and Na;N species-containing SEI on the electrode
surface due to the supplemental effect of NaNOj that stabilized
the interphase structure during cycling, which played an
important role in improving the electrochemical performance
of the composite anode.

4. CONCLUSIONS

In conclusion, a Na/NaNO; composite battery anode was
designed and fabricated by a mechanical kneading approach at
room temperature. NaNO; was uniformly embedded into the
bulk of metallic Na and partially reduced into NaN,O, and
Na;N species, leading to good stability and Na* conductivity of
the electrode. Moreover, the remaining NaNO; worked as a
SEI stabilizer, which enabled the stable battery anode for long-
term cycling. Such a method addresses the problem of poor
solubility of many SEI stabilizers in electrolytes (e.g, nitrates in
carbonate-based electrolyte) and expands their applications in
different battery systems, which provides a new strategy for the
use of SEI stabilizers to improve the electrochemical
performance of the Na metal electrode. As expected, a stable
Na stripping/plating behavior, a low overpotential, and stable
interface impedance were obtained for the Na/NaNO,
composite battery electrode. This facile strategy can potentially
be extended to other alkali metal anodes to enhance their
reversibility for next-generation energy storage devices.
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