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a b s t r a c t 

Na metal batteries have attracted great attention owing to their considerable energy density, abundance of Na 
resources, and potentially low cost. However, Na metal anode suffers from poor processability and high reactiv- 
ity, which inhibit its practical applications. Herein, we introduce a cross-linked sodium-tin alloy (Na 15 Sn 4 ) net- 
work host for metallic Na and fabricated a Na 15 Sn 4 /Na composite foil using a simple cold calendaring approach 
via spontaneous reaction between metallic Na and metallic Sn, which markedly mitigated the above-mentioned 
challenges of Na metal anode. Due to its unique structure, the as-fabricated Na 15 Sn 4 /Na composite exhibited 
exceptional processability in contrast to the soft and sticky pure metallic Na, and can be easily fabricated into 
foils with small thickness (e.g., 100 𝜇m). Na 15 Sn 4 /Na||Na 15 Sn 4 /Na symmetric cell exhibited stable electrochem- 
ical stripping/plating cycling for 100 cycles with constant overpotential of less than 15 mV at 1 mA cm 

− 2 and 
1 mAh cm 

− 2 at 60°C. Even at harsh 90°C, the symmetric cell showed stable cycling with a low overpotential of 
around 3 mV at 1 mA cm 

− 2 and 1 mAh cm 

− 2 . Furthermore, Na 0.9 [Cu 0.22 Fe 0.30 Mn 0.48 ]O 2 (NCFMO)||Na 15 Sn 4 /Na 
cell demonstrated high rate capability (98 mAh g − 1 at 2 C ) and cyclability (88% capacity retention for 100 cycles) 
in comparison to the counterpart with pure Na metal anode (92 mAh g − 1 at 2 C , 80% capacity retention for 100 
cycles). The concept of introducing metal alloy in sodium using cold calendaring to improve processability and 
electrochemical properties at elevated temperature can be expanded to other alkali metal electrodes in the future. 
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Due to their considerable energy density, abundance of Na resources,
nd potentially low cost, Na metal batteries are promising battery sys-
ems for various energy applications in modern society, such as electric
ehicles and grid energy storage [1-6] . Recently, Na metal batteries with
olid Na metal anode and liquid organic electrolyte have been widely
nvestigated at room temperature [7-11] . However, poor processability
f metallic Na requires complicated electrode fabrication technology,
nd high chemical reactivity lead to safety concerns, low Coulombic
fficiency (CE) and inferior cycling stability [12-15] . Since the redox
otential of metallic Na lies below the electrochemical window of liq-
id electrolyte, a solid electrolyte interphase (SEI) forms on the surface
f metallic Na caused by the reaction between metallic Na and liquid
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lectrolyte [16-20] . The repeated large volume fluctuation during the
lating/stripping of metallic Na inevitably destroys the formed SEI and
auses the exposure of fresh surface of metallic Na to the electrolyte
gain, which subsequently consumes active Na and electrolyte to contin-
ously generate new SEI. Furthermore, the parasitic reactions between
a metal and liquid electrolyte become more serious at elevated tem-
erature (e.g., ≥ 60 ºC), which is undesirable for batteries in outdoor
nergy storage devices and electric vehicles [21] . 

To achieve better Na metal electrode, various strategies have been
xplored, including the optimization of electrolyte, surface engineering,
nd the design of host materials (or current collectors) [22-30] . How-
ver, stable cycling of metallic Na electrode in carbonate electrolyte at
levated temperature ( ≥ 60 ºC), which is important in practical battery
pplication as mentioned above, remains a great challenge. As Na metal
mber 2020 
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Fig. 1. Fabrication and characterizations of Na 15 Sn 4 /Na composite. ( a ) Schematic of the formation of Na 15 Sn 4 /Na composite foil. ( b ) XRD patterns of Sn foil, Na 
foil, and Na 15 Sn 4 /Na foil. ( c ) Optical images of Sn foil, Na foil, and Na 15 Sn 4 /Na composite foil. ( d ) SEM images of initial Na 15 Sn 4 /Na composite foil. ( e ) SEM image 
of Na 15 Sn 4 /Na composite after stripping 20 mAh cm 

− 2 of metallic Na at 1 mA cm 

− 2 (taken at 15 kV) and the corresponding EDS mapping images of Na element ( f ) 
and Sn ( g ) element, suggesting the uniform composite of Na 15 Sn 4 and Na. 
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s soft with a low melting point (98 ºC), the increased working tem-
erature not only enhances the side reactions between Na metal and
lectrolyte, but also causes serious safety concerns due to the collapse
f the initial structure of pure Na metal electrode. Moreover, processing
nd molding of soft and sticky metallic Na are also challenging for its
arge-scale commercialization [31-33] . 

Herein, we fabricated a Na 15 Sn 4 /Na composite featuring uniform
ixture of metallic Na and Na 15 Sn 4 network through a simple cold cal-

ndaring approach using metallic Na and Sn as the initial materials,
here Na 15 Sn 4 is in-situ generated and implanted in Na metal matrix
ue to the spontaneous alloy reaction (4Sn + 15Na → Na 15 Sn 4 ) during
he repeated calendaring process ( Fig. 1 a). The Na 15 Sn 4 /Na composite
hows much better processability than the pure metallic Na due to the
nhanced mechanical property from alloying. In the Na 15 Sn 4 /Na com-
osite, the Na 15 Sn 4 is stable in the working potential for plating and
tripping of metallic Na due to its high desodiation potential ( > 0.15 V
s. Na + /Na) [34] . It not only endows the electrode with uniform elec-
ron and Na + fluxes on the electrode to avoid the growth of dendrites,
ut also acts as a stable host to alleviate the problem of volume change,
nd thus maintain the integrity of the electrode and suppress the gen-
ration of thick SEI during the stripping/plating cycling of metallic Na.
igh ionic conductivity of the Na 15 Sn 4 matrix [35] enables rapid ion

ransport over the entire electrode and good rate capability. In con-
rast to bare metallic Na electrode or the metallic Na electrode with
on-ionic conductive network, the electrode-electrolyte moves during
he Na striping/plating cycles, leading to serious electrode corrosion,
he stable structure without overall volume change of Na 15 Sn 4 /Na com-
osite electrode enables a stable electrode interphase that excludes the
lectrolyte from within the electrode during cycling and, thus the SEI
ayer on the Na 15 Sn 4 /Na electrode is fixed in place on top of the elec-
rode, which reduces the continuous growth of SEI or the consumption
f electrolyte [36] . As expected, the as-fabricated Na 15 Sn 4 /Na electrode
xhibited stable cycling with overpotential of 15 mV for 100 cycles in
ymmetric cells at 60 ºC under 1 mA cm 

− 2 and 1 mAh cm 

− 2 . In con-
rast, short circuit took place after only 8 cycles for bare metallic Na
nder the same test condition. Moreover, good electrochemical stability
as also achieved for the symmetric cell cycled at 90 ºC. In addition,
a 0.9 [Cu 0.22 Fe 0.30 Mn 0.48 ]O 2 (NCFMO)||Na 15 Sn 4 /Na cell demonstrated

table cycling at moderately high current density (98 mAh g − 1 , 2 C , 88%
apacity retention after 100 cycles at 60 ºC). 
311 
xperimental 

Synthesis of Na 15 Sn 4 /Na Sn foil was used as received (50 𝜇m in thick-
ess, 2.5 cm in width, Sinopharm Chemical). Metallic Na (Sinopharm
hemical) was pressed and cut into the same size as the Sn foil. During
he fabrication, a Sn foil was sandwiched between two pieces of metal-
ic Na with a molar of 11.25/1 for Na to Sn, and repeated calendaring
nd folding operation (15 times) was performed with a controlled cal-
ndaring gap (e.g., 400 𝜇m) on a calendaring machine. All fabrication
perations were conducted in an argon-filled glove box ( < 1 ppm H 2 O
nd O 2 ). 

Material Characterizations A Philips X’ Pert diffractometer with Cu
 𝛼 radiation ( 𝜆 = 1.5418 Å) was employed for identifying the phase

nformation of the samples. Samples were sealed with Kapton tape
o isolate from oxygen and moisture in the air in an argon-filled
love box before measurement. Scanning electron microscopy (SEM)
nd energy dispersive X-ray spectroscopy (EDS) mapping of sam-
les were observed by a GeminiSEM300 field-emission scanning elec-
ron microscopy under an acceleration voltage of 5 kV and 15 kV,
espectively. Samples were sealed in argon before their transfer to
he SEM chamber. X-ray photoelectron spectra (XPS) measurements
ere conducted on an AXIS-ULTRA DLD spectrometer with Al K 𝛼

adiation. 
Electrochemical Measurements To investigating the elec-

rochemical performance of the samples, a variety of
ell configurations including Na 15 Sn 4 /Na||Na 15 Sn 4 /Na,
a||Na, [Cu 0.22 Fe 0.30 Mn 0.48 ]O 2 (NCFMO)||Na 15 Sn 4 /Na, and
a 0.9 [Cu 0.22 Fe 0.30 Mn 0.48 ]O 2 ||Na cells were fabricated with coin
ell configuration (CR2025) in an argon-filled glove box, using 1
 NaClO 4 in ethylene carbonate/propylene carbonate (EC/PC, 1:1,

olume ratio) with 5 wt% fluoroethylene carbonate (FEC) as the
lectrolyte and glass fiber membrane as the separator. The NCFMO
lectrodes were prepared via a slurry method by mixing the NCFMO
owder (80 wt%), Super P (10 wt%), and polyvinylidene fluoride
PVDF, 10 wt%) in N -methyl pyrrolidone (NMP) and casting the slurry
nto an Al foil. Galvanostatic charge/discharge measurements of cells
ere conducted on Neware multi-channel battery testing instruments.
lectrochemical impedance spectroscopy (EIS) was performed on a
iologic VMP3 electrochemistry workstation with the frequency range
etween 10 mHz and 100 kHz. 
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Fig. 2. The comparison of processability be- 
tween Na 15 Sn 4 /Na and bare Na. ( a, b ) Digital 
camera images of Na during tailing ( a ) and af- 
ter tailing apart ( b ). ( c, d ) Digital camera im- 
ages of as-fabricated Na 15 Sn 4 /Na foil during 
tailing ( c ) and after tailing into designed ge- 
ometric shapes ( d ). ( e, f ) Digital camera im- 
ages of as-fabricated Na 15 Sn 4 /Na foil ( e ) and 
Na flake ( f ) after compressing to a certain thick- 
ness. ( g ) Schematic illustration and optical im- 
ages of Na 15 Sn 4 /Na and Na foils under external 
loading and release. 
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Due to the good ductility of metallic Na and Sn [37] , a Na|Sn|Na
andwich consisting of two metallic Na foils and one Sn foil can be
epeatedly calendared without fracture ( Fig. 1 a). Metallic Na is very
oft and sticky, and is easy to be adhered closely to metallic Sn during
he mechanical calendaring processing of the Na|Sn|Na sandwich. After
epeated cycling of mechanical calendaring, a uniform composite foil
90 × 20 mm) is fabricated and stable interface between metallic Sn
nd Na is created within the composite ( Fig. 1 a and c). Moreover, the
nthalpy change ( ΔH) for the reaction 4Sn + 15Na → Na 15 Sn 4 is -296
J mol − 1 at 298K, indicating that alloy reaction between metallic Na
nd metallic Sn can take place spontaneously [ 34 , 38-40 ]. X-ray diffrac-
ion (XRD) was conducted to identify the compositional evolution of
a 15 Sn 4 /Na composite ( Fig. 1 b). The disappearance of the diffraction
eaks for metallic Sn indicated the alloy reaction between metallic Sn
nd metallic Na, and the XRD pattern of Na 15 Sn 4 /Na foil further verified
hat metallic Sn was converted to Na 15 Sn 4 . Meanwhile, strong diffrac-
ion peaks of metallic Na in the XRD pattern of Na 15 Sn 4 /Na composite
ere still observed due to the stoichiometric excess of metallic Na. The
s-achieved Na 15 Sn 4 /Na composite showed a foil structure, similar to
he pristine Sn foil ( Fig. 1 c). Smooth surface was observed under scan-
ing electron microscopy (SEM, Fig. 1 d). After stripping 20 mAh cm 

− 2 

f metallic Na at 1 mA cm 

− 2 for a thin Na 15 Sn 4 /Na composite electrode,
 cross-linked Na 15 Sn 4 network was observed from energy dispersive X-
ay spectroscopy (EDS) mapping images of Na and Sn elements ( Fig. 1 e,
, and g), suggesting the uniform distribution of Na 15 Sn 4 in the compos-
te. Such 3D Na 15 Sn 4 can provide the stable framework for buffering the
olume change and maintaining the structural integrity during Na strip-
ing/plating cycling, and offer the pathway for sodium ion transport
ithin the entire Na 15 Sn 4 /Na composite electrode, which can improve

he electrochemical sodium storage properties. 
The processability of metallic Na and Na 15 Sn 4 /Na composite was

urther investigated. Due to the soft and sticky nature, metallic Na could
ot form a stable geometric shape by regular shearing ( Fig. 2 a and b). In
ddition, metallic Na could deform easily under external pressure, lead-
ng to the uneven and almost crimped surface of bare Na foil even at
312 
arge thickness of 485 𝜇m ( Fig. 2 f). Such inferior processing properties
inder the application of bare metallic Na electrode in battery industry.
n contrast, the processability of the as-fabricated Na 15 Sn 4 /Na compos-
te was much improved, which was demonstrated by the easy tailoring
f the as-fabricated Na 15 Sn 4 /Na composite foil to designed geometric
hapes ( Fig. 2 c and d) and the successful generation of thin foil with
he thickness of 100 𝜇m by a simple calendaring process ( Fig. 2 e). Fur-
hermore, under external loading of 2 MPa (Figure S1), two metallic
a disks adhered together while two Na 15 Sn 4 /Na composite foils re-
ained separate after release ( Fig. 2 g). Therefore, the processability of

he Na 15 Sn 4 /Na composite is much improved in comparison to the bare
etallic Na, making it feasible in the application in battery industry or

ther fields. This may be attributed to the uniformly distributed Na 15 Sn 4 
n the composite, which can greatly increase the hardness and improve
he mechanical property of Na 15 Sn 4 /Na composite, thus enhancing its
oldability and processability. 

To evaluate the electrochemical properties of Na 15 Sn 4 /Na electrode,
a 15 Sn 4 /Na|| Na 15 Sn 4 /Na symmetric cells were fabricated. Carbonate-
ased electrolytes are widely used in battery industry due to their
ide electrochemical window in comparison to ether-based electrolytes
 41 , 42 ]. However, the application of a carbonate-based electrolyte is
hallenging for metal electrodes (e.g., Li metal and Na metal) due to its
ragile SEI structure [ 14 , 43 , 44 ]. During practical application, there ex-
sts undesirable situations where the batteries are operated at elevated
emperature (e.g., ≥ 60 ºC), especially for electric vehicles and outdoor
nergy storage devices. However, due to the high reactivity of metal-
ic Na, it is challenging to achieve good electrochemical property of
a metal electrodes at elevated temperature. Previous study revealed

hat Na||Na symmetric cells could only endure few cycles at 60°C in
n electrolyte consisting of 1 M NaClO 4 in EC/DEC with 5 wt% FEC
ue to the severe side reactions between metallic Na and electrolyte
21] . To show the advancement of Na 15 Sn 4 /Na electrode with high
lectrochemical stability and chemical stability at elevated temperature,
alvanostatic cycling tests of Na 15 Sn 4 /Na||Na 15 Sn 4 /Na symmetric cells
ere conducted at 60°C with the same electrolyte. Voltage profiles of
a 15 Sn 4 /Na||Na 15 Sn 4 /Na and Na||Na symmetric cells were compared
t various current densities of 1, 3, and 5 mA cm 

− 2 with areal capacity
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Fig. 3. Electrochemical performance of 
Na 15 Sn 4 /Na||Na 15 Sn 4 /Na and Na||Na sym- 
metric cells at elevated temperature. ( a, b ) Gal- 
vanostatic cycling of Na 15 Sn 4 /Na||Na 15 Sn 4 /Na 
and Na||Na symmetric cells under cur- 
rent density of 1 mA cm 

− 2 ( a ) and 5 mA 

cm 

− 2 ( b ) with the capacity fixed at 1 mAh 
cm 

− 2 at 60°C. ( c ) Galvanostatic cycling of 
Na 15 Sn 4 /Na||Na 15 Sn 4 /Na and Na||Na cells 
under current density of 1 mA cm 

− 2 with the 
capacity fixed at 1 mAh cm 

− 2 at 90°C. 

fi  

s  

m  

l  

c  

(  

c  

t  

c  

o  

m  

W  

p  

m  

p  

t  

a  

i  

a  

m  

m  

d  

N  

E  

N  

(  

t  

w  

i  

N  

a  

p  

S  

t  

t  

a  

b  

h
 

c  

c  

N  

a  

c  

b  

v  

f  

N  

r  

n  

o  

N  

m  

a  

s  

s  

p  

d  

h  

N

xed at 1 mAh cm 

− 2 ( Fig. 3 a, b and S2). Na 15 Sn 4 /Na electrode showed
table voltage profiles for 100 cycles with small overpotential of < 15
V at 1 mA cm 

− 2 , whereas bare Na metal electrode demonstrated much
arger overpotential ( > 50 mV) with large voltage fluctuation during
ycling. The Na||Na symmetric cell quickly failed after only 8 cycles
 Fig. 3 a). When cycled at higher current densities (3 mA cm 

− 2 and 5 mA
m 

− 2 ), Na 15 Sn 4 /Na electrode displayed stable voltage-time plots during
he measured cycles (200 hours), in sharp contrast to fast cell short cir-
uit of the bare Na metal electrode within 32 hours ( Fig. 3 b and S2). The
verpotential of the Na 15 Sn 4 /Na electrode at 5 mA cm 

− 2 was only 50
V, which ranked among the best metallic Na electrode [ 29 , 31 , 45 , 46 ].
e further raised the test temperature to 90°C, close to the melting

oint of bare Na (Figure S3), and the Na 15 Sn 4 /Na||Na 15 Sn 4 /Na sym-
etric cell still demonstrated stable cycling for 200 hours with smooth
otential and low overpotential ( < 5 mV at 1 mA cm 

− 2 ) after the ac-
ivation cycles ( Fig. 3 c), while Na||Na cell displayed large fluctuations
nd short circuited after 20 cycles. We also conducted the electrochem-
cal cycling of Na 15 Sn 4 /Na||Na 15 Sn 4 /Na and Na||Na symmetric cells
t room temperature (25°C, Figure S4a and b). Significant improve-
ent of the Na 15 Sn 4 /Na electrode was also observed, featuring much
ore stable cycling and much lower overpotential under the test con-
ition (1 and 2 mA cm 

− 2 , 1 mAh cm 

− 2 ) in comparison to the bare
a||Na symmetric cells and most of recently reported data (Table S1).
lectrochemical impedance spectroscopy (EIS) was conducted for the
a 15 Sn 4 /Na and bare Na electrodes before and after cycling at 60 ºC

Figure S5). The Na 15 Sn 4 /Na showed a much lower interfacial resis-
ance of 75 Ω after 10 cycles in comparison to 150 Ω for the bare Na,
hich verified the significant role of Na 15 Sn 4 /Na composite structure

n suppressing the side reactions between the electrolyte and metallic
a and improving the electrochemical performance. The failure mech-
313 
nisms are different for the Na||Na cells after cycling at various tem-
erature in carbonate electrolyte. As verified by EIS results in Figure
6, Na||Na cells failed at 60°C featured by short circuit, probably due
o the accumulation of metallic Na dendrites. In contrast, the failure of
he Na||Na cell cycled at 90°C was mainly caused by the severe par-
sitic corrosion between the electrolyte and electrode, as evidenced
y the significantly increased resistance after cycling (100 + times
igher). 

Due to lower melting point and high chemical reactivity, Na is sus-
eptible to high temperature in organic liquid electrolyte systems. The
hemical stability of symmetric cells fabricated respectively with bare
a and Na 15 Sn 4 /Na electrodes at elevated temperature was also evalu-
ted by EIS. The measurements were conducted at 60 ºC for symmetric
ells after preserving at 60°C for different time periods (Figure S7a and
). With preserving time prolonged from 24 to 120 h, the increase in
alue and the absolute value of the resistance in high-frequency range
or Na 15 Sn 4 /Na electrode were much smaller than that of the bare
a. Additionally, an emerging semicircle located at middle frequency

ange was observed, which might be ascribed to the accumulation of
on-conductive by-product due to parasite reactions between metal an-
de and the electrolyte [22] . The corresponding resistance change for
a 15 Sn 4 /Na electrode was negligible in comparison to that of the bare
etallic Na electrode. The resistance for bare Na electrode increased to

bout 4500 Ω after preserving for 24 h, and kept at 2500 Ω after pre-
erving for 120 h. These results indicated the much-improved chemical
tability of Na 15 Sn 4 /Na electrode at elevated temperature. Here, we em-
hasize that the parasitic corrosion reactions at 60°C were much more
rastic than at 25°C for active Na metal. Thus, the Na 15 Sn 4 /Na electrode
ad much better anticorrosive property to the electrolyte than the bare
a metal electrode. 
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Fig. 4. Electrochemical Na stripping and plat- 
ing behavior of Na 15 Sn 4 /Na and bare Na elec- 
trodes. ( a, b, c, d ) Top-view SEM images of 
Na 15 Sn 4 /Na and bare Na electrodes after elec- 
trochemical ( a, b ) plating and ( c, d ) stripping 
of metallic Na (0.25 mA cm 

− 2 , 0.25 mAh cm 

− 2 ). 
( e, f ) Top-view SEM images of Na 15 Sn 4 /Na ( e ) 
and bare Na metal ( f ) electrodes after a full 
galvanostatic plating/stripping cycle at 0.5 mA 

cm 

− 2 and 0.5 mAh cm 

− 2 . 

Fig. 5. Electrochemical performance of NCFMO||Na 15 Sn 4 /Na and NCFMO||Na cells at 60°C. ( a ) Rate capability of NCFMO||Na 15 Sn 4 /Na cell and NCFMO||Na cell 
at various rates from 0.2 to 10 C , (1 C = 150 mA g − 1 ). ( b, c ) Voltage profile comparison of NCFMO||Na 15 Sn 4 /Na cell ( b ) and NCFMO||Na cell ( c ) at various rates. 
( d, e ) Cyclability of NCFMO||Na 15 Sn 4 /Na cell at 2 C ( d ) and galvanostatic charge/discharge curves for different cycles ( e ). 

314 
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To further explain the good electrochemical property of Na 15 Sn 4 /Na
lectrode, Na stripping/plating morphology of the Na 15 Sn 4 /Na compos-
te was examined. After electrochemical plating of metallic Na (0.25
Ah cm 

− 2 , 0.25 mA cm 

− 2 ), the Na 15 Sn 4 /Na electrode showed a smooth
urface ( Fig. 4 a), indicating uniform Na plating behavior. In contrast,
neven mossy Na structures were observed on the bare metallic Na
lectrode ( Fig. 4 b). The surface of the Na 15 Sn 4 /Na electrode remained
mooth and flat after electrochemical Na stripping of 0.25 mAh cm 

− 2 

t 0.25 mA cm 

− 2 ( Fig. 4 c), suggesting uniform electrochemical strip-
ing behavior. In contrast, numerous randomly distributed voids with
ize of several micrometers were observed in the top-view SEM image
f the bare Na metal electrode ( Fig. 4 d). After plating 2 mAh cm 

− 2 of
etallic Na on a Na 15 Sn 4 /Na electrode at 0.2 mA cm 

− 2 , a dense and
niform plating layer was observed and the thickness was ~20 𝜇m. In
ontrast, bare Na electrode shows loose and porous surface plating layer
ith much large thickness (~35 𝜇m) under the same plating condition

Figure S8). Uniform stripping and plating behavior of metallic Na for
he Na 15 Sn 4 /Na electrode was further evidenced by the SEM results of
he electrode after a full electrochemical stripping/plating cycle, and
he Na 15 Sn 4 /Na electrode demonstrated a more compact and smoother
urface structure than the bare Na metal electrode ( Fig. 4 e and f). Af-
er 10 cycles at 1 mAh cm 

− 2 and 1 mA cm 

− 2 , a porous and loose in-
erphase layer with the thickness of ~40 𝜇m was observed for bare
a electrode, while Na 15 Sn 4 /Na electrode preserved its uniform and
ense structure (Figure S10). The Na 15 Sn 4 framework provides abun-
ant pathways for charge transfer over the whole electrode [36] , which
reatly mitigates the localized non-uniform deposition and dissolution
f metallic Na. Therefore, the inherent inhomogeneous electrochemical
eposition/dissolution behavior of metallic Na has been suppressed by
he composite structural design of Na 15 Sn 4 /Na electrode. 

To validate the feasibility of as-designed Na 15 Sn 4 /Na anode for
odium metal batteries, we compared the electrochemical performance
f cells using Na 15 Sn 4 /Na or bare Na anode paired with a NCFMO cath-
de. The active mass loading of NCFMO powder was ~6.5 mg cm 

− 2 .
s expected, NCFMO||Na 15 Sn 4 /Na cell outperformed NCFMO||Na cell

n terms of rate capability, particularly at high rates ( Fig. 5 a). The re-
ersible capacities of NCFMO||Na 15 Sn 4 /Na cell reached 61 (52% of the
apacity at 0.2 C ), 50, and 41 mAh g − 1 at the high rates of 6, 8, and 10
 , respectively, higher than 50, 39, and 30 mAh g − 1 for the NCFMO||Na
ell. The much enhanced rate capability at high current densities arise
rom the high conductivity of the Na 15 Sn 4 framework. Meanwhile,
educed potential hysteresis and lower overpotential of each charg-
ng plateau at various rates were observed for NCFMO||Na 15 Sn 4 /Na
ell, indicating enhanced kinetics of Na 15 Sn 4 /Na anode in compari-
on to bare Na anode ( Fig. 5 b and c). The NCFMO||Na 15 Sn 4 /Na cell
lso exhibited more stable cycling than the NCFMO||Na cell under
igh current density of 2 C ( Fig. 5 d and Figure S11). Even after 100
harge/discharge cycles, the reversible capacity remained at 86 mAh
 

− 1 (88% of the initial value) and still maintained characteristic Na dein-
ercalation/intercalation electrochemical process of NCFMO material
 Fig. 5 e) [ 47 , 48 ]. Moreover, the NCFMO||Na 15 Sn 4 /Na cell still demon-
trated good cyclability and rate capability at room temperature (25°C),
hich are much better than that of the counterpart using bare Na anode

Figure S12). The remarkably improved electrochemical performance
f Na 15 Sn 4 /Na anode further verifies its potential for advancement of
a 15 Sn 4 /Na for rechargeable Na metal batteries. 

onclusions 

In summary, a mechanically robust Na 15 Sn 4 /Na composite with high
lectrochemical anticorrosivity was fabricated through a simple cold
alendaring method. The in-situ formed Na 15 Sn 4 alloy was homoge-
eously implanted in the Na metal, enabling the composite with much
nhanced moldability and processability. The introduction of Na 15 Sn 4 
ffectively regulated the Na dissolution/deposition behavior, and thus
nhibited the Na dendrite growth. Symmetrical cells with resultant
315 
a 15 Sn 4 /Na electrodes demonstrated low voltage overpotential and im-
ressive cycle stability even at 60 and 90°C, due to the much more im-
roved chemical and electrochemical stability against elevated tempera-
ure in comparison to the bare Na metal electrode. NCFMO||Na 15 Sn 4 /Na
ells show excellent rate performance and stable cycling at a high cur-
ent density of 2 C . Considering the outstanding mechanical processabil-
ty and electrochemical properties and the facile fabrication, we believe
he utilization of Na 15 Sn 4 /Na composite will accelerate the develop-
ent of Na metal and other next-generation batteries. 
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