
C
O

M
M

U
N

IC
A
TIO

N

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim (1 of 7) 1500174wileyonlinelibrary.com

 Superior Stable Self-Healing SnP 3  Anode for Sodium-Ion 
Batteries 

   Xiulin    Fan     ,        Jianfeng    Mao     ,        Yujie    Zhu     ,        Chao    Luo     ,        Liumin    Suo     ,        Tao    Gao     ,        Fudong    Han     ,    
    Sz-Chian    Liou     ,       and        Chunsheng    Wang   *   

  Dr. X. Fan, Dr. J. Mao, Dr. Y. Zhu, C. Luo, Dr. L. Suo, 
T. Gao, F. Han, Prof. C. Wang 
 Department of Chemical and Biomolecular Engineering 
 University of Maryland 
  College Park  ,   MD    20742  ,   USA   
E-mail:  cswang@umd.edu    
 Dr. S.-C. Liou 
 Maryland Nanocenter 
 University of Maryland 
  College Park  ,   MD    20742  ,   USA   

DOI: 10.1002/aenm.201500174

 The continuous pulverization of alloy anodes during repeated 
sodiation/desodiation cycles is the major reason for the faster 
capacity decay. However, if these elements can form a com-
pound (such as Sn 4 P 3 ) after each Na extraction, the pulveriza-
tion of these elements can be partially repaired and the accumu-
lation of pulverization can be terminated. Therefore, we can use 
the reversible conversion reaction (Sn 4 P 3  + 9Na ↔ 3Na 3 P + 4Sn) 
to terminate the continuous pulverization and aggregation 
of Sn in alloy reaction (4Sn + 15Na ↔ Na 15 Sn 4 ) in the sodia-
tion/desodiation cycles. Therefore, the pulverization of Sn and 
P during alloy process can be partially self-healed (recovered) 
by the conversion reaction process. The drastic enhancement 
in cycle stability of Sn 4 P 3 /C composites compared to individual 
Sn and P anodes has been reported, [ 6,22 ]  where the reversible 
conversion reaction of Sn 4 P 3  during sodiation/desodiation has 
been identifi ed. [ 6 ]  The reversible conversion reaction can only 
self-heal the pulverization and aggregation induced in followed 
alloy reaction by recombining the cracked Sn and P back to 
P–Sn compounds in each cycle to avoid the crack propagation 
and Sn and P aggregation, thus improving the cycle stability of 
alloy reaction anodes to the cycling life of conversion reaction 
anodes with much high capacity. 

 Since P has much higher capacity (2596 mA h g −1 ) than Sn 
(847 mA h g −1 ), SnP 3  exhibits much higher theoretical mass 
capacity (1616 mA h g −1 ) than reported Sn 4 P 3  (1133 mA h g −1 ), 
the highest volumetric capacity of 6890 mA g cm −3  among 
the reported anode materials for SIBs ( Figure    1   and Table S1, 
Supporting Information). Due to the self-healing mechanism 
through conversion reaction, SnP 3  should also have much 
better cycling stability than P and Sn anodes. Herein, for the 
fi rst time, we reported a novel self-healing SnP 3  anode for 
the SIBs. The SnP 3 /C composites synthesized by simple ball 
milling deliver a high capacity of 810 mA h g −1  at current den-
sity of 150 mA g −1  over 150 cycles without noticeable capacity 
decay, and retain a high capacity of ≈400 mA h g −1  even at 
2560 mA g −1  current density. The SnP 3  shows comparable 
cycling stability to and higher capacity than reported Sn 4 P 3  
(460–718 mA h g −1 ) at the similar current (100 mA g −1 ) [ 6,22,23 ]  
but much better cycling stability than P/C composites, [ 14,15 ]  and 
Sn. [ 7,8 ]  The reversibility of conversion reaction was confi rmed 
by the formation of SnP 3  after fully desodiation, which partially 
repaired the pulverization of Sn and P during the alloy process. 
The self-healing mechanism of SnP 3  offers a new direction to 
explore superior anode materials for SIBs.  

 SnP 3 /C composites were synthesized by reactive ball milling 
of Sn, red phosphorus, and carbon black mixtures. In the initial 
ball milling process, the Sn will react with P to form the brittle 

  Lithium-ion batteries have been extensively employed as energy 
sources for portable electronics, and are promising energy 
storage for electric vehicles and smart grid. [ 1 ]  However, the 
high cost and limited availability of lithium resources restrict 
the lithium-ion batteries for sustainable and cost-effi cient large -
 scale applications. [ 2 ]  Owing to low cost, abundant availability 
of sodium, sodium-ion batteries (SIBs) have recently attracted 
much attention. [ 3,4 ]  Yet, the energy density of sodium-ion bat-
teries is still lower than that of Li-ion batteries. [ 5 ]  Extensive efforts 
have been devoted to developing high-capacity anode mate-
rials. [ 6 ]  It has been demonstrated that Sn, [ 7,8 ]  Sb, [ 4,9,10 ]  SnSb, [ 11,12 ]  
Pb, [ 13 ]  P [ 14–18 ]  can alloy with Na to deliver much higher capacity 
(400–1800 mA h g −1 ) than carbon materials (100–300 mA h g −1 ) 
in Na-ion batteries. [ 19 ]  However, such an alloying reaction is also 
accompanied with huge volume expansion of the host materials 
(525% volume increase from Sn to Na 15 Sn 4 , [ 20 ]  and 490% from 
P to Na 3 P), [ 14 ]  resulting in continuous and accumulated pulver-
ization, and then a fast capacity decay. Qian et al. [ 14 ]  reported 
that an amorphous phosphorus/carbon composite could deliver 
an initial capacity of 1800 mA h g −1  at a current density of 
263 mA g −1  but the capacity quickly declines to 30% of initial 
capacity (600 mA h g −1 ) after 140 cycles. Similarly, Kim et al. 
also reported that amorphous phosphorus/carbon composites 
can maintain capacity of 1890 mA h g −1  only for 30 cycles at 
a current density of 143 mA g −1 . [ 15 ]  Mixing red phosphorus 
with carbon nanotubes has limited success in improving the 
cycle stability. The capacity of red P/carbon nanotube compos-
ites still quickly decays from initial 1675 to 1284 mA h g −1  in 
ten cycles. [ 16 ]  Chevrier et al. [ 21 ]  performed the pioneering theo-
retical/computational work on the screening the sodiation-ion 
battery anode materials, and suggested that new strategies and 
approaches are needed to explore novel Na-ion battery anode 
materials due to the larger volume of sodium-ion size and more 
serious volume expansion of materials in sodiation than that in 
lithiation. 
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SnP 3  and readily fragment into nanometer size, while the duc-
tile carbon black is deformed into lamellae along the (002) 
planes. These fragmented brittle nanoparticles tend to become 
occluded by the ductile constituents and trapped in the duc-
tile particles. [ 24,25 ]  On further ball milling, the ductile lamellae 
is convoluted and refi ned, and uniformly coated on the SnP 3  
nanoparticles. [ 25,26 ]  The 20 wt% of carbon in SnP 3 /C compos-
ites is tightly bonded to SnP 3  nanoparticles after ball milling, 
facilitating electron transfer and stabilizing the solid electrolyte 
interphase (SEI) layers. 

  Figure    2   shows the X-ray diffraction (XRD) pattern of the 
SnP 3 /C composite. All of the diffraction peaks in the XRD pat-
terns can be assigned to the SnP 3  (R3m, PDF#23-0970) with 
rhombohedral lattice structure. No impurities can be detected 
in the SnP 3 /C composite, implying that Sn and P were com-
pletely transformed to SnP 3  compound. Broadened diffrac-
tion peaks suggest that the SnP 3  is in nanocrystalline scale. 
The average grain size of SnP 3  in the composite is estimated 
from the largest peak of (202) using the Scherrer equation 
( d  = 0.9 λ / β  cos  θ ). The average crystal size of SnP 3  is about 18 nm.  

 The morphology of the SnP 3 /C composite was further inves-
tigated by transmission electron microscopy (TEM) and scan-
ning electron microscopy (SEM), as shown in  Figure    3  . The 
TEM image shows that the secondary SnP 3  compounds with 
size of tens nanometers agglomerate into microsized primary 

particles (Figure  3 a,e). The high-resolution TEM image in 
Figure  3 b–d shows that the secondary SnP 3  nanoparticles are 
uniformly coated by a 10 nm carbon layer (Figure  3 b,c). The 
parallel fringes in the carbon coating layer have the space of 
≈0.34 nm (Figure  3 d), corresponding to the undestroyed (002) 
planes of graphitic grain. The carbon coating functions as a 
buffer layer to accommodate the volume change and mechan-
ical stress during Na insertion and extraction. The diffuse 
selected-area electron diffraction pattern (inset in Figure  3 b) 
indicates that the agglomerates are composed of SnP 3  polycrys-
tallites within several nanometers, in line with the broadening 
of the XRD patterns. The SEM image (Figure  3 e) shows a mor-
phological feature of the primary SnP 3 /C composite with size 
ranging from hundred nanometers to 1–2 µm. The elemental 
mapping (Figure  3 f) and individual elements distribution 
(Figure S1, Supporting Information) in SnP 3 /C composite are 
characterized using energy-dispersive spectroscopy (EDS). The 
uniform color in P, Sn, and C mapping (Figure  3 f) confi rms 
the uniform distribution of Sn, P, and C in the composites. 
The individual elements distribution in Figure S1 (Supporting 
Information) also demonstrated that P totally coincides with the 
Sn and also is in the vicinity of carbon, which is consistent with 
the results of TEM images. The microsized primary SnP 3 /C 
composite particles formed by aggregation of nanosized sec-
ondary SnP 3  can take advantage of a high tap density and low 
initial irreversible capacity of microsize primary particle, and 
short sodium diffusion length and less stress of nanosized sec-
ondary SnP 3 .  

 The electrochemical performance of the SnP 3 /C for the Na +  
ion insertion/extraction was evaluated using a half cell with a 
sodium foil as counter electrode.  Figure    4  a and Figure S2 (Sup-
porting Information) show the cyclic voltammograms (CVs) of 
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 Figure 1.    Theoretical gravimetric and volumetric capacities for various 
anode materials in Na-ion batteries, black bars denote gravimetric 
capacity, red bars denote volumetric capacity.

 Figure 2.    XRD patterns of as-synthesized SnP 3 /C composite.

 Figure 3.    a–d) The TEM and HRTEM images of the as-synthesized 
SnP 3 /C composite; e,f) the SEM and corresponding elemental mapping 
of Sn, P, and C. The inset in (b) is the corresponding selected area elec-
tron diffraction patterns.
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SnP 3 /C anode. A broad shoulder peak at about 1.0 V is observed 
in the fi rst sodiation scan, but disappears in the second sodia-
tion scan. This peak at 1.0 V is attributed to the formation 
of a solid–electrolyte interface (SEI) fi lm due to irreversible 
reduction of the electrolyte. The SEI formation peak was also 
reported in SnSb-porous carbon nanocomposites, [ 11,12 ]  Sb–C 
composites, [ 10 ]  and P–C composites. [ 14 ]  Upon further sodiation, 
a large reduction peak at 0.1 V is observed in the fi rst sodia-
tion scan, but it splits into two peaks at 0.3 and 0.1 V after the 
fi rst sodiation scan, which is due to the activation process and it 
was also reported in the Sn 4 P 3 /C anode material. [ 6,22,23 ]  By char-
acterizing phase structure of Sn 4 P 3  after sodiation to 0.25 and 
0.01 V using ex situ XRD, Qian et al. [ 23 ]  confi rmed that reduc-
tion peak at 0.3 V is attributed to formation of Sn and Na 3 P and 
at 0.1 V peak is attributed to alloy of Sn to form Na 15 Sn 4.  There-
fore, the peak at 0.3 V is attributed to the conversion reaction to 
form Sn and Na 3 P (Equation  ( 1)  ) and the peak at 0.1 V is due to 
alloy reaction of Sn to form Na 15 Sn 4  compounds (Equation  ( 2)  ). 
The formation of Na 15 Sn 4  and Na 3 P after fully sodiation has 
been confi rmed by the XRD patterns in Figures S3 and S4 
in the Supporting Information .  Na 15 Sn 4  and Na 3 P peaks are 
clearly observed in Figures S3 and S4 (Supporting Information) 
after fully sodiation of SnP 3 /C to 0 V, although the peaks are 
slightly wide and weak due to less SnP 3  loading in the electrode 
and much smaller grain size of Na 15 Sn 4  and Na 3 P. In addition, 
the conversion reaction (reaction (1)) energy was calculated 
using the Materials Project’s reaction calculator. [ 27 ]  The calcu-
lated −4.05 eV of conversion reaction energy can translate into 

a computed voltage of 0.45 V, which perfectly coincides with 
the sodiation peak of 0.3 V and desodiation peak of 0.65 V in 
Figure  4 a. In the reversed desolidation scans, two large oxida-
tive peaks centered at 0.35 and 0.65 represent dealloying of 
Na 15 Sn 4  and reverse conversation reaction of Na 3 P, similar to 
Sn 4 P 3 : [ 6,22,23 ] 

 SnP +9Na +9e Sn+3Na P3
+

3↔−
  (1)  

 4Sn+15Na +15e Na Sn+
15 4↔−

  (2)    

 Figure  4 b shows the representative discharge/charge pro-
fi les of the SnP 3 /C composite electrode at a current density 
of 150 mA g −1 . All of the capacities are calculated based on 
the total mass of SnP 3 /C composite, not just on the SnP 3 . 
The initial sodiation of SnP 3 /C composite gives an overall 
capacity of 1131 mA h g −1  (1414 mA h g −1  for SnP 3 ), while 
71.2% of inserted Na (805 mA h g −1 ) can be extracted. The 
Coulombic effi ciency quickly jumps to more than 98% in the 
second cycles. The reversible capacity of SnP 3 /C composite is 
larger than that of Sn 4 P 3  [ 6,22,23 ]  This is because the weight of 
phosphorous (44 wt%) in SnP 3  material is much higher than 
that (16 wt%) of P in Sn 4 P 3  anode. [ 6 ]  The initial Coulombic 
effi ciency of SnP 3 /C composite is much higher than that of 
Sn-related composites. [ 7,28 ]  Figure  4 c shows the cycling perfor-
mance of the SnP 3 /C composite electrodes at a current rate of 
150 mA g −1 . SnP 3 /C composite can maintain the initial capacity 
over 150 cycles without noticeable capacity decay. To the best of 
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 Figure 4.    a) CV curves of the SnP 3 /C electrode from 2.0 to 0 V versus Na + /Na at a scan rate of 0.1 mV s −1 ; b) representative discharge/charge profi les 
of the SnP 3 /C electrode between 0 and 2.0 V versus Na + /Na at a current rate of 150 mA g −1 ; c) cycling performance of the SnP 3 /C electrode at a cur-
rent rate of 150 mA g −1 .
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our knowledge, SnP 3 /C composites reported here show the best 
cycling performance in all P and Sn–P alloys reported to date 
for SIBs. The Coulombic effi ciency of the electrode is as high as 
>99% after six cycles, indicating excellent reaction reversibility. 
SnP 3 /C composite shows much better cycling stability than 
individual P [ 14–18 ]  and Sn. [ 8 ]  Qian et al. also reported the sig-
nifi cant improvement in cycling stability of Sn 4 P 3 /C comparing 
to Sn/C and P/C. [ 23 ]  The signifi cant enhancement in cycling 
stability of Sn–P compounds may be attributed to the revers-
ible conversion reaction, which can terminate the continuous 
pulverization of P and Sn during sodiation/desodiation cycles. 
However, the reversibility of conversion reaction may be kineti-
cally reduced and the cycling stability of SnP 3 /C may become 
worse if reducing the cutoff potential to <2.0 V (reducing con-
version reaction driving force) and increasing cycling current 
(shorting the conversion reaction times). The cycling stability 
of SnP 3 /C was further evaluated in the much worse protocol by 
cutting the cycling potential range from 0.0–2.0 V to 0.0–1.2 V 
and increasing the current from 150 to 400 mA g −1 . The rep-
resentative charge–discharge profi les and the corresponding 
cycling performance are shown in Figure S5 (Supporting Infor-
mation). In the fi rst ten cycles, the reversible capacity increased 
from 475 to 550 mA h g −1 , showing an activation process. After 
the activation process, the SnP 3 /C composites exhibit a capacity 
retention of >92% over 100 cycles compared with the capacity 
at the tenth cycle, demonstrating robustness for the changes in 
the current and cutoff potentials. Since FEC in electrolyte can 
also improve the cycling stability and the superior performance 
of SnP 3 /C was obtained in the electrolyte containing 50% FEC 
electrolyte. To confi rm the good cyclability is from the “self-
healing” effect of SnP 3  rather than FEC-rich electrolyte, the 
electrochemical performance of SnP 3 /C materials in FEC-free 
electrolyte (1.0  M  NaClO 4  in EC/DEC) and FEC-low electrolyte 
(1.0  M  NaClO 4  in EC/DEC + 10%FEC) was tested. The cycling 
performance and the representative cycling curves are shown 
in Figure S6 (Supporting Information) .  The SnP 3 /C anode still 
maintains a relatively stable capacity although the FEC content 
in electrolyte reduces from 50%, 10% to 0.0%. Yet, the Cou-
lombic effi ciency of SnP 3 /C increases with FEC content in elec-
trolytes. Therefore, the self-healing due to the interaction of Sn 
and P enhances the capacity retention, while the FEC stabilizes 
the SEI layers on the surface of the electrode material. 

 In addition to the supper cycling performance, the SnP 3 /C 
composite also exhibits an impressive rate capability.  Figure    5   
shows the rate behavior of the SnP 3 /C electrode when the cur-
rent increases from 0.1 to 3.2 C (80–2560 mA g −1 ). Here, it is 
assumed that the capacity of 860 mA h g −1  at lowest current 
of 80 mA g −1  is the maximum capacity for the composite. The 
representative charge–discharge profi les at different currents 
are presented in Figure S7 (Supporting Information). The 
electrode delivers reversible capacities of 860, 790, 680, and 
570 mA h g −1  at a charge–discharge current of 0.1, 0.2, 0.4, and 
0.8 C, respectively. Even at high current of 3.2 C, the SnP 3 /C 
electrode can still provide ≈400 mA h g −1 , which is one of the 
best performance anodes reported for SIBs. Moreover, when 
the current density is fi nally returned to its initial value of 
0.1 C, the initial capacity is also completely recovered, implying 
the excellent tolerance for the rapid sodium ion insertion/
extraction cycles.  

 The high reversibility of the conversion reaction was con-
fi rmed by analyzing the phases of fully sodiated SnP 3 /C to 
0 V and fully desodiated SnP 3 /C at 2.0 V using XRD, TEM, 
EDS, SAD, and XPS. Since all the SnP 3  phases after charging 
to 2 V at a rate of 150 mA g −1  are too small (or amorphous) to 
be detected by XRD (Figure S8, Supporting Information), we 
reduced the charging and discharging rates to 20 mA g −1  and 
kept at 2 V for 2 d to allow the phases to grow large enough 
to be easily detected by XRD, TEM, and XPS. Figure S9 (Sup-
porting Information) shows the TEM, HRTEM, and corre-
sponding FFT results of the sodiated (discharged) SnP 3 /C 
composite. Distinct nanoparticles with size of about 10–20 nm 
dispersed in the composite. HRTEM shows that these nanopar-
ticles are polycrystalline, and can be assigned to the Na 15 Sn 4  
phase. The smaller crystalline size of the formed Na 15 Sn 4  is in 
good agreement with the signifi cant broadening of the Na 15 Sn 4  
peaks for XRD (Figures S3 and S4, Supporting Information). 
Together with the XRD patterns of the sodiated materials 
(Figures S3 and S4, Supporting Information), it can be con-
fi rmed the sodiation of SnP 3  to Na 15 Sn 4  and Na 3 P.  Figure    6   
shows the phases and microstructures of SnP 3 /C after fully 
desodiation. The XRD pattern of the SnP 3 /C composite after 
fully desodiation (Figure  6 a) shows several broad and distinct 
peaks, which can be assigned to the SnP 3  phase. During sodia-
tion and the following desodiation process, the crystalline 
structure of SnP 3  will decompose and recombine, signifi cantly 
reducing the crystalline size, thus lowering and broadening of 
the XRD peaks. Similar phenomena have also been observed in 
the Sn 4 P 3 , [ 6 ]  Cu 2 Sb, [ 29 ]  and NiP 3  anode materials. [ 30 ]  Figure  6 b,c 
exhibits the SEM and TEM images of the SnP 3 /C electrode after 
desodiation. SEI layers due to the decomposition of FEC-based 
electrolytes [ 11,31 ]  are clearly observed. Smaller nanoparticles 
can be observed uniformly distributed in the composites. The 
high-resolution TEM image in Figure  6 c clearly shows a lattice 
fringe of 0.203 nm in dispersed nanoparticles, corresponding to 
the  d -spacing value of the (024) plane of the SnP 3 , confi rming 
the recovery of the SnP 3  compound. The reformation of SnP 3  
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 Figure 5.    Rate capability of the SnP 3 /C electrode at various current values 
from 0.1 to 3.2 C (80–2560 mA g −1 , assuming the capacity at lowest cur-
rent of 80 mA g −1  to be the maximum capacity).
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was further supported by the STEM-HAADF image and the 
corresponding energy-dispersive X-ray spectroscopy (EDS) line 
profi les, as shown in Figure  6 d,e. The intensities of the Sn and 
P increase in the nanocrystalline (bright) region, and coincide 
with each other exactly. Besides, the SAD patterns and the EDS 
mapping results also confi rmed the formation of the SnP 3  spe-
cies, as shown in Figure S10 (Supporting Information). SEM 
and EDS mapping results (Figure S11, Supporting Informa-
tion) show the uniform and overlapping distribution of Sn and 
P in the charged SnP 3 /C electrode.  

 The local atomic environment of the phosphorous species in 
the composites after full desodiation was also analyzed using 
XPS and compared with the as-synthesized SnP 3 /C composite 
(Figure  6 f). The two peaks at 130.5 and 134 eV can be attributed 
to the P 2p of phosphide and phosphate, respectively, [ 32 ]  both of 
which can be ideally separated as P 2p3/2 and 2p1/2 peaks. [ 33 ]  

The phosphate peaks indicate the surface of composite is a little 
sensitive to the oxygen, and oxidation layer on the top surface 
is formed for the composite in the air. This is quite similar to 
the phosphorous/graphene composite. [ 17 ]  The P2p XPS spectra 
of fully desodiated SnP 3 /C are almost the same as the fresh 
SnP 3 /C, demonstrating the fully reversibility of conversion 
reaction. The XPS pattern observations in fully desodiated elec-
trode agreed well with the XRD and STEM-HAADF results, 
and verifi ed the reversible of conversion reaction. The highly 
reversible conversion reaction was also reported by Kim et al. 
for Sn 4 P 3  anodes. [ 6 ]  The reversible conversion reaction (reaction 
(1)) terminates the pulverization and accumulation in the alloy 
reaction, although it cannot completely recover the structure 
of discharged SnP 3  to the structure of the fresh SnP 3  since the 
conversion reaction only fully recovers the phase but not the 
structure. However, it is very effective to curb the continuation 
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 Figure 6.    a) XRD pattern of the charged SnP 3 /C composite at 20 mA g −1  and maintained at 2 V for 2 d; b) SEM and c) TEM images of SnP 3 /C com-
posite after fully charged; d,e) STEM-HAADF image and the corresponding cross-sectional compositional line profi les of Sn and P for the charged 
SnP 3 /C composite; f) comparison of the P2p XPS spectra for the as-synthesized SnP 3 /C (A) and charged SnP 3 /C (B) composite. The inset of (c) is the 
HRTEM image of a nanoparticle.
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of pulverization in the charge–discharge cycles. The self-healing 
effect of conversion reaction for alloying anodes is schemati-
cally illustrated in  Figure    7  .  

 In the initial sodiation stage, the crystal SnP 3  (Figure  7 a) 
breaks into small composites consisting of nanometric Sn par-
ticles dispersed in a small nanocrystalline/amorphous Na 3 P 
matrix through the conversion reaction (Figure  7 b). Upon fur-
ther sodiation, Na inserts into Sn to form Na 15 Sn 4  through 
alloying reaction, resulting in pulverization (Figure  7 c). 
During the desodiation, the Na fi rst dealloy from Na 15 Sn 4  to 
form Sn and then react with P dealloyed from Na 3 P to con-
vert back to SnP 3  with small size (Figure  7 d), thus healing 
the cracks of Sn induced in the alloy process and preventing 
the Sn from aggregation. In the following sodiation/desodia-
tion cycles, the reversible structure changes will take place as 
illustrated from Figure  7 d,b to Figure  7 c; thus, the cracks and 
aggregation generated in each alloy process will be recovered 
in the followed reversible reaction process. Even if the conver-
sion reaction is not completely reversible at a high cycling cur-
rent, the strong bonding between P and Sn will mitigate the 
aggregation of Sn. Without reversible conversion and strong 
binding between P and Sn, the pulverization and aggrega-
tion of Sn and P particles in the alloy process (Figure  7 b,c) 
will be continuously accumulated with charge–discharge 
cycles, resulting in rapid capacity decay as demonstrated in 
reported individual Sn and P anodes. The accompanied con-
version reaction can improve the cycling stability of alloy 
anodes to the level of conversion anode, but exhibit much 
higher capacity than the conversion anodes. In addition to 
chemical bonding between Sn and P, the Sn generated from 
conversion reaction is very small, and the Sn particles also 
provide the electronic channels to activate the electrochemical 
sodiation reaction of P, while the Na 3 P matrix phase (before 
reverse conversion reaction) can mitigate the aggregation of 
the Sn particles, [ 22 ]  enhancing the rate capability of Sn–P com-
pounds. Finally, SnP 3  successfully takes advantage of the high 
gravimetric capacity of P, high volumetric capacity of Sn, and 
favorable conductivity of metallic compound, thus achieving 

both high gravimetric capacity and high vol-
umetric capacity. 

 In summary, we, for the fi rst time, 
demonstrated the electrochemical perfor-
mance of SnP 3 /C anodes for Na-ion bat-
tery. SnP 3 /C can reversibly react with Na 
through conversion and alloy reaction 
processes. It can provide a high capacity 
of ≈810 mA h g −1  (≈2820 mA h cm −3  for the 
composite including carbon) at 150 mA g −1 , 
maintain the same capacity for 150 cycles, and 
can retain 400 mA h g −1  even at 2560 mA g −1 , 
which is the best overall performance in all P, 
Sn, and Sn–P compound anodes for Na-ion 
batteries reported to date. Detailed analysis 
using SEM TEM, and XPS revealed that the 
highly reversible conversion reaction due 
to strong bonding interaction between Sn 
and P successfully mitigates the accumula-
tion of pulverization and aggregation for Sn 
and P, and thus partially self-heals the struc-

ture of SnP 3 /C composites and enhances the cycling stability. 
In addition, the gravimetric and volumetric capacities of SnP 3  
composite are also higher than that of Sn 4 P 3  due to the high 
content of P in SnP 3 . The material self-healing of alloy elec-
trodes through conversion reaction may offer a new approach 
to explore novel superior electrode materials for rechargeable 
batteries.   

 Experimental Section 
 All the chemicals were purchased from Sigma-Aldrich. Before synthesis 
of the composite, the red phosphorus P was washed with deionized 
water and ethanol for several times and then dried in vacuum at 70 °C 
for 6 h. 

  Preparation of SnP 3 /C Nanocomposites : SnP 3 /C composites were 
prepared by ball milling under an argon atmosphere. The active 
materials (Sn and P):carbon black weight ratio was set to 8:2. The Sn:P 
ratio was 1:3 by molar ratio. The weight ratio of milling balls to powder 
was 40:1. The rotation speed of the mill was set to 400 rpm for 48 h. 

  Characterization : The crystalline structure of the active composite was 
characterized by powder X-ray diffraction (XRD) on a Bruker Smart1000 
diffractometer with a Cu Kα radiation. The morphology of the sample 
was investigated by scanning electron microscopy (SEM, Hitachi SU-70) 
and transmission electron microscopy (TEM, JEM 2100 FEG, 200 keV). 
X-ray photoelectron spectroscopy (XPS) was conducted on a high 
sensitivity Kratos AXIS 165 X-ray photoelectron spectrometer with Mg 
Kα radiation. All binding energy values were referenced to the C 1s peak 
of carbon at 284.6 eV. 

  Electrochemical Measurements : The charge–discharge performances 
of the electrode materials were examined by 2032-type coin cells. 
The SnP 3 /C composite was mixed with carbon black and poly-vinyl 
difl uoride (PVDF) dissolved in  N -methyl-pyrrolidone (NMP) was mixed 
at a weight ratio of 70:10:20 to form a slurry, which was then pasted on 
the Cu foil and dried to obtain working electrodes. To test the cycling 
and rate performance, the loading mass of the active materials for the 
electrode was about 1 mg cm −2 . Pure Na foil was used as counter and 
reference electrode. The electrochemical performance of the SnP 3 /C for 
the Na +  ion insertion/deinsertion was investigated in electrolytes of 1  M  
NaClO 4  in a mixture of fl uoroethylene carbonate (FEC) and dimethyl 
carbonate (DMC) at 1:1 (v/v). All the cells were assembled in a glove 
box with water/oxygen content lower than 1 ppm and tested at room 

 Figure 7.    Schematic illustration for the sodiation and desodiation of SnP 3 /C composite. Yellow 
outlayer denotes carbon.
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temperature. The galvanostatic charge–discharge test was conducted 
on Arbin battery test station (BT2000, Arbin Instruments, USA). Cyclic 
voltammetry (CV) testing with voltages ranging from 0 to 2 V under a 
scan rate of 0.1 mV s −1  was recorded using a CHI 600E electrochemical 
workstation (CH Instruments, Inc., USA).  
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