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appear to be nicely spherical, whereas the surface layer has 
been oxidized. A native oxidation layer grows on the surface 
of individual Si nanoparticles when they are exposed to traces 
of air after synthesis. The presence of such limited pacifying 
oxide layer appeared of advantage for the further processing 
in air. The average thickness of the oxidation layer is around 
1.2 nm, and it is amorphous when observed by X-ray diffraction 
(XRD) (Figure  1 c), i.e., only peaks corresponding to crystalline 
Si are visible. For a particle with a size of 20 nm Si in diameter 
and 1.2 nm outer layer of SiO 2 , the volume percentage of SiO 2  
is 28.8%. Raman spectra (Figure  1 d) on the sample report that 
both crystalline and amorphous Si exist and the amount of amor-
phous Si is signifi cant (c-Si:a-Si = 0.39:0.61; quantitative analysis 
in the Supporting Information). To determine the amount of 
oxygen in the sample, thermogravimetric analysis (TGA) is 
carried out by heating the Si NP sample under a mixture of 
O 2 /Ar gas and fully oxidizing Si into SiO  2 . The result indi-
cates that the amount of Si accounts for 69.0 wt% of the sample 
(Figure S2, Supporting Information), i.e., Si:SiO 2  = 0.83:0.17 in 
mole. Meanwhile, the volume fraction from the estimated mass 
ratio above is 28.2% and is in good quantitative agreement with 
the one estimated from TEM.  

 Galvanostatic tests on the Si NP electrode are performed 
using different dis-/charge currents between applied potentials 
of 0.01 and 2.8 V. In this paper, all specifi c currents applied are 
calculated with respect to the mass of Si. De-/sodiation capaci-
ties of Si stated in this paper are the capacities after subtracting 
the capacity of the super P carbon black (Figure S3, Supporting 
Information), and excluding inactive SiO  x   inside the sample. 

  Figure    2  a demonstrates an initial sodiation capacity of 
1027 mAh g −1  for Si at 20 mA g −1 , which is higher than the the-
oretical capacity (954 mAh g −1  for NaSi). A large part of this ini-
tial capacity is attributed to the irreversible formation of a solid 
electrolyte interface (SEI) layer on the surface of Si in combi-
nation with some decomposition of electrolyte, and possibly 
also the irreversible formation of sodium silicate from reaction 
with SiO 2 . The subsequent Na ion extraction process achieves 
a capacity up to 270 mAh g −1 , indicating that a signifi cant Na 
fraction is stored reversibly, next to the large irreversible part. 
For the subsequent few cycles the sodiation capacity decreases 
from above 410 mAh g −1  to around 300 mAh g −1  but the deso-
diation capacity is relatively stable around 260 mAh g −1 . The 
Coulombic effi ciency grows gradually to >90%, after which the 
de-/sodiation capacity becomes relatively stable. After 100 cycles 
the reversible capacity retention reaches 248 mAh g −1 , which is 
92% of the fi rst desodiation capacity; and the Coulombic effi -
ciency declines slowly to 87% in this cycle test. Additionally, 
Figure  1 e shows that after charge/discharge for 100 cycles Si 
particles in this electrode got fractured into small grains and no 
crystalline phase is observed.  

  Na ion batteries attract signifi cant research interest since they 
provide potentially high energy density while using low cost and 
abundant sodium as the active ion. [ 1–5 ]  Due to the analogy between 
Li and Na ions, different types of materials that have been applied 
in Li-ion batteries are also studied for application in Na ion bat-
teries and vice versa. [ 6–9 ]  Si has been extensively investigated since 
it has high theoretical lithiation capacity up to Li 4.4 Si. [ 10–12 ]  In gen-
eral, the sodiation of Si is anticipated to be different with respect 
to phase behavior, insertion voltages, and kinetic barriers when 
compared to Li ion, for instance, because of the difference in 
ionic radius of Na +  (0.97 Å) and Li +  (0.68 Å). [ 13,14 ]  From thermal 
synthesis of Na Si materials it is known that NaSi is the most 
Na rich phase for Na Si binary compounds, [ 15 ]  which would 
enable a sizeable capacity of 954 mAh g −1  and be promising for 
Na-ion battery anodes. 

 Electrochemical sodiation of Si has been studied theoreti-
cally; [ 14,16–20 ]  micrometer-sized Si [ 21 ]  and nanosized Si (100 nm) [ 22 ]  
also have been studied in experiments but until now reversible 
sodium insertion has remained unsuccessful. Anticipating that 
nanoscaling is of advantage for the kinetics of ion insertion and 
extraction, [ 23,24 ]  and considering the fact that amorphous Si is 
more favorable for Na insertion, [ 17,20 ]  we studied Si particles 
with much reduced size (≈20 nm) containing a large fraction of 
amorphous Si obtained from expanding thermal plasma chem-
ical vapor deposition (ETPCVD) of silane. The work presented 
here reports that, to our knowledge for the fi rst time, reversible 
electrochemical Na ion uptake in Si is experimentally achieved 
for a signifi cant capacity. 

 The morphology of Si nanoparticles (NPs) produced by 
ETPCVD are characterized with scanning electron microscopy 
(SEM) and high-resolution transmission electron microscopy 
(TEM).  Figure    1  a shows that bundles of Si nanoparticle clusters 
are observed in a fi brous, tree like, morphology with microm-
eter sized fi ber branches consisting of small nanoparticles. 
Figure  1 b demonstrates that individual crystalline Si particles 
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 The galvanostatic sodiation voltage profi le (Figure  2 b) dem-
onstrates a higher voltage plateau at ≈1.1 V for the fi rst Na 
insertion process, attributed to the SEI formation and side reac-
tions with SiO  x  ; while this is not visible for the following cycles. 
A long sloping lower voltage plateau is observed during which 
most sodium is inserted into Si. In comparison, during deso-
diation the voltage pattern shows a more continuous increase 
from 0.1 V to the cut-off voltage. In terms of the energy effi -
ciency the higher voltages during desodiation are not favorable. 

 The Si NP electrode is also cycled at a varying current range 
from 10 to 500 mA g −1 . Figure  2 c shows that an initial revers-
ible desodiation capacity of 279 mAh g −1 , corresponding to 
Na 0.29 Si, is achieved at 10 mA g −1 . At the higher cycling rates 
the capacity appears to be reaching lower values, but at the 
highest dis-/charge rate there is still a capacity retention of 
90 mAh g −1 . Meanwhile the Coulombic effi ciency appears to 
grow with increasing current rates, and an effi ciency of >98% 
is achieved at 500 mA g −1 . Higher current rate probably mainly 
leads to a surface layer reaction of Si avoiding deeper Na ion 
diffusion into the particles. This reduces the ionic transport 
time and accelerates the desodiation kinetics; hence, a higher 
Coulombic effi ciency can be achieved at relatively high rates. 

 Figure  2 d shows that the overpotentials resulting from higher 
current rates are rather symmetrical for both Na insertion and 
extraction. The electronic and ionic resistances in the system 
make that the cut-off voltages are reached more rapidly at higher 

rates, hence the achieved capacity reduces. Still in Figure  2 c it 
is visible that increasing dis-/charge rates is possible with lower 
capacity but with improved Coulombic effi ciency. Apart from suf-
fi cient ionic conductivity this also indicates suffi cient electronic 
conductivity, likely because the inserted Na ions and associated 
doping lead to a better electronic conductivity of the electrode. 
Similar effects have been reported on lithiation of Si, [ 25,26 ]  and 
theoretical studies on Na ion insertion in Si based materials. [ 14,16 ]  

 To obtain insight in the equilibrium potentials during sodia-
tion and desodiation the galvanostatic intermittent titration 
technique (GITT) is utilized. Current pulses of 20 mA g −1  for a 
5 min duration are applied, with a relaxation period of 25 min 
in between in which the potential has time to relax in the 
direction of equilibrium. GITT (Figure  2 e) shows a capacity of 
771 mAh g −1  (i.e., Na 0.81 Si) for Si during sodium insertion and a 
capacity of 360 mAh g −1  (i.e., Na 0.38 Si) upon sodium extraction. 

 Figure  2 e gives an indication of the overpotentials during 
cycling as well. Lower overpotentials are observed at lower 
voltage; whereas a relatively large overpotential up to ≈0.3 V can 
be observed when the voltage is above 1.0 V. A higher Na con-
centration apparently results in a better internal ionic and/or 
electronic conductivity. 

 The sloping lower voltage plateau (<0.5 V) for GITT sodia-
tion, which is also observed in Figure  2 b,d, may result from the 
coexistence of Si and NaSi. The proposal is thus that sodiation 
occurs in a two-phase equilibrium reaction  ( 1)  
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 Figure 1.    a) SEM of Si nanoparticle clusters. b) TEM of Si nanoparticles. c) X-ray diffraction patterns on as-synthesized Si nanoparticles. d) Raman 
spectroscopy of Si nanoparticles showing the coexistence of a-Si and c-Si. e) Morphology of sodiated Si NP electrode after charge/discharge for 
100 cycles at 20 mA g −1 .
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    Na + Si = NaSi + (1 )Six x x−   (1)   

 Cyclic voltammetry (CV) measurements were performed 
between 0.01 and 2.8 V at different scan rates. Figure  2 f shows, 
at a scan rate of 0.2 mV s −1 , a distinct cathodic peak at 0.04 V 
attributed to the Na ion insertion into crystalline Si, which is 
extracted at 0.08 V during the anodic scan; whereas Na uptake 
in amorphous Si occurs at a higher and broader voltage range 
(<0.8 V). At increasing scan rates the potential peaks shift grad-
ually to lower voltages for sodiation and higher potentials for 
desodiation, respectively, caused by the increasingly signifi cant 
overpotentials. (More CV measurements on Si NP electrode 
and super P carbon electrode can be found in Figure S6, Sup-
porting Information.) 

 To obtain more information about the sodiation mechanism 
of Si, XRD is conducted on an electrochemically cycled thicker 
(≈300 µm) pressed pellet electrode with the same composi-
tion as a slurry based electrode. The thicker electrode results in 
a better signal to noise ratio and avoids strong diffraction peaks 
from a Cu substrate. The pellet electrode is sodiated at 10 mA g −1  
and a capacity of 736 mAh g −1  is achieved from this process. 
For the as-prepared and sodiated electrode a refl ection m ode 
XRD pattern was obtained under Ar atmosphere from the side 
of the electrode that has been in contact with the electrolyte, as 
is shown in  Figure    3  a,b. The peaks of crystalline Si are strongly 

reduced in the initially sodiated electrode, demonstrating the 
Na ion uptake and alloying process with crystalline Si. No 
distinct sharp extra peaks can be identifi ed from the sodiated 
electrode. A broad bump at lower 2 θ  (20°–30°) emerges when 
comparing with the pristine electrode. Since various Na Si 
alloys with larger unit cells exist, a contribution of such type 
of material can be present, however, in view of the large inte-
grated intensity and the relatively smaller loss of Si diffraction 
intensity most of this additional broad diffraction intensity has 
to be attributed to the formation of an SEI layer on top of the 
Si electrode.  

 The Rietveld refi nement of the thick electrode before and 
after fi rst sodiation is performed via general structure analysis 
system (GSAS) program by including crystalline Si (space 
group: Fd-3m). There is a negligible lattice parameter increase 
(0.0014 Å) of the Si after sodiation which may indicate that at 
most a negligible amount of Na will be inserted in the crys-
talline Si phase. The difference before and after sodiation is 
a small but distinct domain size reduction of the crystalline 
Si. The size decreases from avg. 20.9 to 18.7 nm calculated 
by the Scherrer equation using a Lorentzian broadening ( L  x ) 
as observed in Figure  3 d. Such size reduction corresponds to 
a reduction of 28.4% in volume, and therefore in mass. The 
amount of crystalline Si visible also decreased, but to an extent 
of 62% in the Rietveld refi nement. This larger peak intensity 
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 Figure 2.    Electrochemical tests of Si NP electrodes: a) capacity retention and Coulombic effi ciency, and b) charge/discharge voltage profi les at 
20 mA g −1 , c) rate capability, d) voltage response of fi fth cycle dis-/charge at different current rates, e) GITT de-/sodiation test (current pulses: 
20 mA g −1  for 5 min during charge/discharge; relaxation for 25 min). GITT was carried out on a battery cell after cycling at 20 mA g −1  for fi ve cycles. 
f) Cyclic voltammograms of Si NP electrode at different scan rates. Inset: cyclic voltammogram in the voltage range < 0.2 V at a scan rate of 0.2 mV s −1 .
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drop will be resulting from the absorption and scattering by 
the SEI layer on top of the electrode that weakens the X-ray dif-
fraction intensity from the crystalline Si. We assume that the 
capacity for Na insertion may reach the composition Na 1 Si in 
both amorphized Si on the surface of the crystalline particles 
and in the amorphous Si particles in the sample. Considering 
that the crystalline volume part reduces by 28.4% in the fi rst 
cycle, the capacity contribution of crystalline and amorphous Si 
could be 954 × 28.4% = 271 mAh g −1 , which fairly matches the 
reversible capacity observed for the whole sample, including 
the amorphous fraction. The Na storage in the amorphous Si 
therefore can consistently have a similar magnitude as in the 
crystalline fraction, which rapidly becomes amorphous upon 
sodiation. The further capacity loss during the fi rst cycle must 
be due to the SEI formation. Also in view of the stable capacity 
retention for subsequent cycles in which crystalline Si is further 
converted to amorphous Si (Figure  1 e and Figure S9, Sup-
porting Information) there is no reason to assume a difference 
in Na insertion in amorphous or crystalline silicon. 

 The Na ion extraction occurs at different more strongly 
sloping voltages which may be indicating a desodiation reaction 
involving a solid solution of Na 1−   x  Si with a Na content varying 
between 1 and 0, as is in reaction  ( 2)  . 

    −NaSi = Na Si + Na1 xx   (2)   
 Such phases are also observed in high temperature synthesized 

NaSi and in Na 1−   x  Si alloys and clathrate structures that are pro-
duced during high temperature extraction of Na from NaSi. [ 27,28 ]  
In view of the higher potentials during Na extraction, desodiation 
from NaSi proves to be more diffi cult than sodiation of Si. 

 In conclusion, nanoparticles containing both amorphous and 
crystalline Si, produced by ETPCVD, demonstrate an excellent 
reversible capacity of 279 mAh g −1  for Si at 10 mA g −1  and a 
capacity retention of 248 mA g −1  after 100 cycles at 20 mA g −1 . 
Signifi cant reversible capacities can be achieved at high dis-/
charge rates as well. We conclude that reversible electrochemical 
Na ion uptake in Si can be realized at room temperature. Nanos-
caling benefi ts the Na insertion and extraction kinetics in Si 
although reversible Na uptake and release for the full theoretical 
capacity has not been reached. Initial amorphous and crystalline 
Si are performing an equally active role in the electrochemical 
sodiation. Coexistence of Si and NaSi may occur during Na 
insertion into amorphous Si and on the surface of the Si crys-
tallites; while a solid solution desodiation reaction is evidenced 
when Na is being extracted. The observed fi rst sizeable activity 
for reversible Na uptake may be applicable in a Na ion battery.  

  Experimental Section 
  Electrode Preparation : Electrodes were prepared by a conventional 

emulsion based process: a well-mixed slurry was prepared by mixing 
Si nanoparticles as obtained from ETPCVD, sodium carboxymethyl 
cellulose binder (NaCMC) (Aldrich), and Super P conductive carbon 
black in a weight ratio of 5:3:2 in deionized water; then the well-mixed 
slurry was cast onto Cu foil (Goodfellow) by doctor blading, followed by 
drying in a vacuum oven and pressing with a roller compressor for good 
electrical contact. 

  Electrochemistry : Half-cell Na ion batteries were tested with a counter 
electrode of Na metal foil, a borosilicate glass micro fi ber separator 
(Whatman), and 1  M  NaClO 4  dissolved in ethylene carbonate (EC) 
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 Figure 3.    XRD patterns of the a) as-prepared and b) fi rst cycle sodiated thick pellet electrode including Rietveld refi nement. c) Refi ned XRD patterns 
of an Si NP pressed pellet electrode before and after initial sodiation, after subtraction of background. d) Lorentzian broadening ( L  x ) as observed at 
2 θ  = 87.9° before and after sodiation.
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and propylene carbonate (PC) (1:1 in volume) working electrolyte. 
Electrochemical performance was measured with a MACCOR 4600 
battery cycler.  
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