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 Nanofi bers Comprising Yolk–Shell Sn@void@SnO/SnO 2  
and Hollow SnO/SnO 2  and SnO 2  Nanospheres via the 
Kirkendall Diffusion Effect and Their Electrochemical 
Properties 

   Jung Sang    Cho         and        Yun Chan    Kang   *   

  1.     Introduction 

 Nanostructured tin dioxide (SnO 2 ) materials with a wide 

bandgap of 3.54 eV are widely used in various fi elds such 

as gas sensing, catalysts, and energy storage. [ 1–36,39,40 ]  In par-

ticular, SnO 2  materials with a specifi c nanostructure featuring 
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 Nanofi bers with a unique structure comprising Sn@void@SnO/SnO 2  yolk–shell 
nanospheres and hollow SnO/SnO 2  and SnO 2  nanospheres are prepared by 
applying the nanoscale Kirkendall diffusion process in conventional electrospinning 
process. Under a reducing atmosphere, post-treatment of tin 2-ethylhexanoate-
polyvinylpyrrolidone electrospun nanofi bers produce carbon nanofi bers with 
embedded spherical Sn nanopowders. The Sn nanopowders are linearly aligned 
along the carbon nanofi ber axis without aggregation of the nanopowders. Under 
an air atmosphere, oxidation of the Sn–C composite nanofi bers produce nanofi bers 
comprising Sn@void@SnO/SnO 2  yolk–shell nanospheres and hollow SnO/SnO 2  and 
SnO 2  nanospheres, depending on the post-treatment temperature. The mean sizes 
of the hollow nanospheres embedded within tin oxide nanofi bers post-treated at 
500 °C and 600 °C are 146 and 117 nm, respectively. For the 250th cycle, the discharge 
capacities of the nanofi bers prepared by the nanoscale Kirkendall diffusion process 
post-treated at 400 °C, 500 °C, and 600 °C at a high current density of 2 A g −1  are 663, 
630, and 567 mA h g −1 , respectively. The corresponding capacity retentions are 77%, 
84%, and 78%, as calculated from the second cycle. The nanofi bers prepared by 
applying the nanoscale Kirkendall diffusion process exhibit superior electrochemical 
properties compared with those of the porous-structured SnO 2  nanofi bers prepared 
by the conventional post-treatment process. 
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both a short Li +  ion diffusion length and suffi cient void space 

to accommodate the volume change during cycling have been 

developed by liquid solution and gas phase reaction pro-

cesses for applications in lithium ion batteries (LIBs). The 

developed structures include nanotubes, [ 1–7 ]  nano wires, [ 8–10 ]  

fi ber-in-tubes, [ 12 ]  nanoboxes, [ 18 ]  hollow cubes, [ 13 ]  bowl-

like-structures, [ 14 ]  core–shells, [ 26–29 ]  yolk–shells, [ 19 ]  3DOM-

structures, [ 15 ]  and fl ower-shaped [ 24 ]  structures. Hollow SnO 2  

nanostructures have been explored as a suitable structure for 

the design of new LIB electrodes because of their improved 

cycling abilities and rate capabilities. [ 3–8,13,29–35 ]  Li et al. syn-

thesized hollow SnO 2  nanospheres by calcining PS@SnO 2  

core–shell spheres prepared through the sol–gel process. [ 28 ]  

By modifying the experimental parameters, hollow SnO 2  
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spheres with tunable morphologies and 

properties were produced, which exhib-

ited suffi ciently high activity for use as an 

anode material for LIBs. Ye et al. prepared 

SnO 2  nanotubes with controllable mor-

phologies using a 1D silica mesostructure 

as a sacrifi cial template via a simple hydro-

thermal route. [ 3 ]  The obtained SnO 2  nano-

tubes performed well as an anode material 

within LIBs. Lou and co-workers demon-

strated a facile method for the rapid for-

mation of SnO 2  nanoboxes with uniform 

morphology, good structural stability, and 

a tunable interior volume via template-

engaged coordinating etching of pregrown 

Cu 2 O nanocubes at room temperature. [ 18 ]  

The obtained SnO 2  nanoboxes exhibited a 

high lithium storage capacity and an excel-

lent cycling performance. 

 In general, novel self-templated 

methods such as those based on the 

nanoscale Kirkendall effect, Ostwald 

ripening, galvanic replacement, and 

surface-protected etching are advan-

tageous compared to the above tem-

plate-dependent methods in terms of 

the scalability, cost, and simplicity of the synthetic proce-

dures. [ 33–38 ]  Wang and co-workers developed hierarchical 

hollow SnO 2  nanostructures synthesized via a simple tem-

plate-free hydrothermal method using tin sulfate as the pre-

cursor. [ 36 ]  Owing to SnO 2  nanospheres and a hollow interior, 

the unique mesoporous shell showed high capacities and 

excellent cycling performances as anode materials for LIBs. 

 Electrospinning is a powerful technique that is used for 

the fabrication of inorganic hollow nanofi bers. Both the use 

of templates and coelectrospinning technique have been 

applied to form hollow SnO 2  nanofi bers. [ 5–7,10–12 ]  The Ost-

wald ripening effect has also been applied for the prepara-

tion of hollow SnO 2  nanofi bers. [ 4 ]  However, to the best of our 

knowledge, the nanoscale Kirkendall diffusion process has 

not been applied for the preparation of SnO 2  nanofi bers via 

an electrospinning process. 

 In this study, we propose for the fi rst time novel-struc-

tured nanofi bers composed of yolk–shell nanospheres 

were prepared by applying the nanoscale Kirkendall dif-

fusion process to the conventional electrospinning process. 

Nanofi bers composed of Sn@void@SnO/SnO 2  yolk–shell 

nanospheres and hollow SnO/SnO 2  nanospheres were pre-

pared by controlling the post-treatment temperatures of the 

electrospun nanofi bers. The key concept for the preparation 

of these SnO 2  nanofi bers involved the formation of Sn–C 

composite nanofi bers with a uniform distribution of nonag-

gregated spherical Sn nanopowders within an amorphous 

carbon nanofi ber as an intermediate product. The electro-

chemical properties of the nanofi bers composed of Sn@

void@SnO/SnO 2  yolk–shell nanospheres and hollow SnO/

SnO 2  and SnO 2  nanospheres were compared with those of 

the porous-structured SnO 2  nanofi bers, as an anode material 

for LIBs.  

  2.     Results and Discussion 

 Nanofi bers composed of Sn@void@SnO/SnO 2  yolk–shell 

nanospheres and hollow SnO/SnO 2  and SnO 2  nanospheres 

were prepared by applying a two-step post-treatment pro-

cess to the electrospun nanofi bers. The formation mechanism 

for the three types of nanofi bers is described in  Scheme    1  . 

Under a reducing atmosphere, the post-treatment of the 

Sn(Oct) 2 -PVP nanofi bers formed by the electrospinning pro-

cess produced carbon nanofi bers with embedded spherical 

Sn nanopowders. The Sn nanopowders were linearly aligned 

along the axis of the carbon nanofi ber without the aggre-

gation of the nanopowders. During the reduction process, 

the amorphous carbon minimized the crystal growth of the 

Sn metal during the long period required for the complete 

reduction of SnO x  into Sn metal. Under an air atmosphere, 

the oxidation of the Sn–C composite nanofi bers produced 

nanofi bers composed of Sn@void@SnO/SnO 2  yolk–shell 

nanospheres and hollow SnO/SnO 2  and SnO 2  nano-

spheres, depending on the post-treatment temperatures. The 

nanoscale Kirkendall diffusion process that occurred during 

the oxidation of the Sn–C composite nanofi bers transformed 

the spherical Sn nanopowders into hollow SnO 2  nanospheres. 

The surface oxidation of the Sn nanopowders formed a Sn/

SnO core–shell structure, as described in  Scheme    2  . The Sn 

cations diffused outwards more rapidly than the inward dif-

fusion of oxygen; this is consistent with the larger ionic radius 

of O 2−  anions (140 pm) compared to that of Sn cations (Sn 2+  

is 93 pm, Sn 4+  is 69 pm). Further oxidation transformed SnO 

into SnO 2  during the nanoscale Kirkendall diffusion process. 

At an oxidation temperature of 400 °C, the Sn nanopowder 

transformed into the Sn-SnO-SnO 2  yolk–shell nanopowder 

with a confi guration of Sn@void@SnO/SnO 2 . At 400 °C, the 

Sn nanopowder did not completely transform into hollow 
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 Scheme 1.    Formation scheme of the nanofi bers composed of Sn@void@SnO/SnO 2  yolk–
shell nanospheres and hollow SnO/SnO 2  and SnO 2  nanospheres.
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SnO 2  nanospheres via the nanoscale Kirkendall diffusion 

process within the short oxidation period of 2 h. However, 

at oxidation temperatures of 500 °C and 600 °C, the com-

plete conversion of Sn metal into tin oxide nanospheres via 

the nanoscale Kirkendall diffusion resulted in the formation 

of hollow SnO/SnO 2  and SnO 2  nanospheres, respectively. In 

addition, during the oxidation process, the amorphous carbon 

decomposed into CO 2  gas, resulting in the necking between 

the hollow SnO 2  nanospheres, as described in Scheme  1 . 

Consequently, the SnO 2  nanofi bers composed of loosely con-

nected hollow SnO 2  nanospheres were prepared at an oxida-

tion temperature of 600 °C.   

 The formation mechanism of the SnO 2  nanofi bers that 

consisted of loosely connected hollow SnO 2  nanospheres 

was investigated on the basis of post-treatment-induced mor-

phology changes in the electrospun precursor nanofi bers 

at various temperatures. The morphologies of the Sn–C 

nanofi bers obtained by the reduction of the electrospun 

nanofi bers at of 400 °C under 10% H 2 /Ar gas are shown in 

 Figure    1  . The nanofi bers observed in the transmission elec-

tron microscopy (TEM) and scanning electron microscopy 

(SEM) images exhibited a salamander egg-like structure. 

The Sn nanopowders that exhibit white and black colors in 

the SEM and TEM images, respectively, are linearly aligned 

along the translucent carbon nanofi ber without the aggre-

gation of the nanopowders. During the early stage of the 

reduction process, the carbonization of the PVP and the 

decomposition of Sn(Oct) 2  resulted in the formation of the 

SnO  x  –C composite nanofi bers with a homogeneous mor-

phology as an intermediate product. The reduction of SnO  x   
into Sn metal and the subsequent segregation resulted in 

aggregation-free Sn nanopowders uniformly aligned within 

the amorphous carbon nanofi ber. The mean size of the Sn 

metal nanopowders was 120 nm, as measured from the TEM 

images. The X-ray diffractometry (XRD) 

pattern of the nanofi bers obtained by the 

reduction process exhibited a pure-phase 

metallic Sn crystal structure, as shown in 

Figure  1 d. The line profi ling and elemental 

mapping images revealed the pure Sn 

metal nanopowder embedded within the 

carbon layer, as shown in Figure  1 e,f. The 

thick carbon layer disrupted the surface 

oxidation of the Sn metal nanopowder.  

 The Sn–C nanofi bers were post-treated 

at 400 °C, 500 °C, and 600 °C under an air 

atmosphere. The crystal peaks of metallic 

Sn were observed in the XRD pattern 

of the nanofi bers post-treated at 400 °C 

under an air atmosphere, as shown in 

Figure S1 (Supporting Information). The 

complete conversion of metallic Sn into 

SnO or SnO 2  did not occur at a post-treat-

ment temperature of 400 °C(conducted 

for 2 h). Nanofi bers post-treated at 500 °C 

under an air atmosphere exhibited a 

mixed crystal structure comprising SnO 

and SnO 2  phases. However, nanofi bers 

post-treated at 600 °C under an air atmos-

phere exhibited a pure crystal structure of cubic SnO 2 . The 

results of the XRD patterns shown in Figure S1 (Supporting 

Information) revealed that the oxidation of the Sn metal via 

the nanoscale Kirkendall diffusion process initially formed a 

SnO phase. The SnO nanocrystals transformed into the SnO 2  

nanocrystals through a further oxidation process. By applying 

the Scherrer equation to the (110) cubic SnO 2  peak, the 

mean crystallite sizes of the nanofi bers post-treated at 400 °C, 

500 °C, and 600 °C under an air atmosphere were calculated 

to be 22, 36, and 43 nm, respectively. The morphological 

changes of the Sn–C nanofi bers according to the oxidation 

temperatures are shown in  Figures    2  –  4  . The morphologies 

of the nanofi bers post-treated at 400 °C under an air atmos-

phere are shown in Figure  2 . The translucent amorphous 

carbon was not observed in the SEM and TEM images of the 

nanofi bers. During the reduction process, the segregation of 

metallic Sn into the nanopowders resulted in the formation 

of translucent amorphous carbon with a porous structure. 

Therefore, complete decomposition of amorphous carbon 

into CO 2  gas occurred even at a low oxidation temperature 

of 400 °C under an air atmosphere. The contraction of the 

nanofi bers during carbon decomposition and the growth of 

the nanopowders via the nanoscale Kirkendall diffusion pro-

cess resulted in the formation of connections between the 

nanopowders. Therefore, nanofi bers consisting of loosely con-

nected nanopowders were obtained after the post-treatment 

under an air atmosphere, as shown by the SEM and TEM 

images in Figure  2 a,b, respectively. The high-resolution TEM 

images shown in Figure  2 c,d revealed the detailed structure 

of the nanofi bers. The nanopowders embedded within the 

nanofi bers exhibited a clear yolk–shell structure. A clear 

void was observed between the core and shell components of 

the nanopowders formed by the nanoscale Kirkendall diffu-

sion process, as shown by the arrows in Figure  2 . Incomplete 
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 Scheme 2.    Formation mechanism of a hollow SnO 2  nanosphere in the nanofi ber by the 
nanoscale Kirkendall diffusion effect and its chemical conversion process in the surface 
region of a sphere.
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conversion of metallic Sn into SnO/SnO 2  by the nanoscale 

Kirkendall diffusion process resulted in yolk–shell structured 

nanopowders. The XRD pattern shown in Figure S1 (Sup-

porting Information) also revealed incomplete conversion 

of metallic Sn into SnO/SnO 2 . Deconvolution of XPS Sn 3d 

peaks at binding energies of 484.9 eV (Sn 3d 5/2 ) and 493.2 eV 

(Sn 3d 3/2 ) also confi rmed the presence of metallic Sn, as 

shown in Figure S2 (Supporting Information). Consequently, 

the nanopowders exhibited a yolk–shell structure with a 

confi guration of Sn@void@SnO/SnO 2 , as demonstrated in 

Figure  2 c,d. The line profi ling and elemental mapping images 

also revealed the clear confi guration of Sn@void@SnO/

SnO 2 , as demonstrated in Figure  2 e,f. The elemental mapping 

images and thermogravimetric (TG) curve shown in Figure  2 f 

and S3, Supporting Information, respectively, revealed that 

the post-treatment at 400 °C under an air atmosphere formed 

carbon-free nanofi bers. The size of the core and the thickness 

of the shell of the yolk–shell nanopowder were 83 and 12 nm, 

respectively, as shown in Figure  2 d.    

 The morphologies of the nanofi bers consisting of tin 

oxide hollow nanospheres post-treated at 500 °C and 

600 °C under an air atmosphere are shown in Figures   3   and 

 4 , respectively. The SEM and low-resolution TEM images of 

the nanofi bers post-treated at 500 °C and 600 °C exhibited a 

similar structure. The nanofi bers post-treated at 500 °C and 

600 °C consisted of nanopowders composed of hollow nano-

spheres. The hollow nanospheres resulted from the complete 

conversion of metallic Sn into tin oxide via the nanoscale 

Kirkendall diffusion process. Evidence for the oxidation of 

Sn into SnO  x   was further supported by observing only the 
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 Figure 2.    Morphologies, line profi ling analysis, and elemental mapping 
images of the nanofi bers composed with Sn@void@SnO/SnO 2  yolk–
shell nanospheres obtained by oxidation of reduced Sn–C composite 
nanofi bers at 400 °C under air: a) SEM, b–d) TEM images, e) line 
profi ling analysis, and f) elemental mapping images.

 Figure 1.    Morphologies, XRD pattern, line profi ling analysis, and 
elemental mapping images of the Sn–C nanofi bers obtained by 
reduction process of as-spun Sn(Oct) 2 –PVP composite nanofi bers at 
400 °C under 10% H 2 /Ar gas: a) SEM, b,c) TEM images, d) XRD pattern, 
e) line profi ling analysis, and f) elemental mapping images. 
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Sn peaks for the oxides with binding energies of 486.6 eV 

(Sn 3d 5/2 ) and 493.31 eV (Sn 3d 3/2 ) within the XPS spectra, 

as shown in Figure S2 (Supporting Information). The mean 

sizes of the hollow nanospheres within the nanofi bers post-

treated at 500 °C and 600 °C were 146 and 123 nm, respec-

tively, as measured from the TEM images. Through the 

nanoscale Kirkendall diffusion process, the size of the nano-

powders increased from 120 to 146 nm at a post-treatment 

temperature of 500 °C. However, densifi cation and sintering 

occurred at a high post-treatment temperature of 600 °C, 

and this slightly decreased the mean size of the hollow SnO 2  

nanospheres. The high-resolution TEM images revealed dif-

ferent morphologies of the nanopowders within the nano-

fi bers post-treated at 500 °C and 600 °C. The hollow tin oxide 

nanospheres exhibited smooth rounded surfaces, as shown 

in Figure  3 d. However, the hollow SnO 2  nanosphere exhib-

ited a well-faceted crystal structure, as observed by the high-

resolution TEM image in Figure  4 d. The thicknesses of the 

shells of the hollow tin oxide nanospheres were 12 and 15 

nm, as shown in Figures  3 d and  4 d, respectively. The enlarged 

TEM images demonstrated that the clear lattice fringes were 

separated by 0.34 nm; this corresponds to the (110) lattice 

plane of cubic SnO 2 , as shown in Figures  3 e and  4 e. The clear 

lattice fringes were separated by 0.29 nm (Figure  3 e); this 

corresponds to the (101) lattice plane of SnO. The selected 

area electron diffraction (SAED) pattern of the nanofi bers 

revealed the highly crystalline structure of the tin oxide nano-

fi bers post-treated at 500 °C and 600 °C, as shown in Figures 

 3 f and  4 f. The elemental mapping images of the nanofi bers 

post-treated at 500 °C and 600 °C under an air atmosphere 

showed a trace amount of the carbon component, as shown 

in Figures  3 g and  4 g. The TG curve also revealed that the 

post-treatment at 500 °C and 600 °C under an air atmosphere 

formed carbon-free nanofi bers composed of hollow tin oxide 

nanospheres, as shown in Figure S3 (Supporting Informa-
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 Figure 4.    Morphologies, SAED pattern, and elemental mapping images 
of the nanofi bers composed with hollow SnO 2  nanospheres obtained 
by oxidation of reduced Sn–C composite nanofi bers at 600 °C under 
air: a) SEM, b–d) TEM images, e) HR-TEM image, f) SAED pattern, and 
g) elemental mapping images.

 Figure 3.    Morphologies, SAED pattern, and elemental mapping images 
of the nanofi bers composed with hollow SnO/SnO 2  nanospheres 
obtained by oxidation of reduced Sn–C composite nanofi bers at 500 °C 
under air: a) SEM, b–d) TEM images, e) HR-TEM image, f) SAED pattern, 
and g) elemental mapping images.
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tion). The Brunauer-Emmett-Teller (BET) surface areas of 

the tin oxide nanofi bers post-treated at 400 °C, 500 °C, and 

600 °C were 11.5, 9.2, and 3.4 m 2  g −1 , respectively (Figure S4, 

Supporting Information). 

 The characteristics of the SnO 2  nanofi bers prepared by 

the conventional post-treatment process of the electrospun 

nanofi bers are demonstrated in  Figure    5  . The electrospun 

nanofi bers were post-treated at 500 °C for 2 h under an air 

atmosphere. The overall structure of the nanofi bers was 

retained even after the post-treatment under an air atmos-

phere, as shown by the SEM and low-resolution TEM images 

shown in Figure  5 a–c. The TEM images shown in Figure  5 b,c 

revealed the porous structure of the SnO 2  nanofi bers, in 

which ultrafi ne nanocrystals of less than 20 nm in size were 

adhered together. The high-resolution TEM image, SAED 

pattern, and XRD pattern revealed the formation of highly 

crystalline SnO 2  nanofi bers, as demonstrated in Figure  5 d–f. 

The complete combustion of the carbon material produced 

carbon-free SnO 2  nanofi bers, as confi rmed by the elemental 

mapping images in Figure  5 g. The mean crystallite size and 

BET surface area of the porous-structured SnO 2  nanofi bers 

were 13 nm and 30.1 m 2  g −1 , respectively.  

 The electrochemical properties of the tin oxide nano-

fi bers formed via the nanoscale Kirkendall diffusion process 

were compared with those of the porous-structured SnO 2  

nanofi bers formed by a conventional post-treatment process. 

The fi rst fi ve cycles of the cyclic voltammogram (CV) curves 

of the nanofi bers consisting of Sn@void@SnO/SnO 2  yolk–

shell nanospheres are shown in  Figure    6  a; the scan rate was 

set as 0.07 mV s −1 . During the fi rst cathodic step, an apparent 

reduction peak was observed at approximately 0.8 V. This 

was mainly associated with the formation of both metallic 

Sn nanograins and amorphous Li 2 O through the reduction of 

SnO and SnO 2 . 
[ 9 ]  The broad reduction peak at approximately 
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 Figure 5.    Morphologies, SAED pattern, XRD pattern, and elemental 
mapping images of the porous SnO 2  nanofi bers obtained by direct 
oxidation of as-spun Sn(Oct) 2 –PVP composite nanofi bers at 500 °C 
under air: a) SEM, b) and c) TEM images, d) HR-TEM image, e) SAED 
pattern, f) XRD pattern, and g) elemental mapping images.

 Figure 6.    Cyclic voltammogram (CV) curves of the tin oxide nanofi bers 
formed by applying the nanoscale Kirkendall diffusion process at different 
temperatures for the fi rst fi ve cycles at a scan rate of 0.07 mV s −1 .
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0.2 V was attributed to the alloying reaction between Li and 

Sn, which formed Li  x  Sn alloys. [ 41,42 ]  The oxidation peaks 

observed between 0.25 and 0.8 V during the fi rst anodic scan 

were associated with the dealloying reaction of the Li  x  Sn 

alloys. [ 22 ]  From the second cycle onwards, the decomposi-

tion peaks of SnO and SnO 2  at approximately 0.8 V disap-

peared, and the related peaks of the Li–Sn alloying and 

dealloying reactions were repeatedly presented. The CV 

curves of the nanofi bers prepared by the application of the 

nanoscale Kirkendall diffusion process at post-treatment 

temperatures of 500 °C and 600 °C are shown in Figure  6 b,c, 

respectively. The relative intensities of the reduction peaks 

observed at approximately 0.8 V in Figure  6 b,c were higher 

than those observed in Figure  6 a. The shapes of the CV 

curves changed with the different crystal structures of the 

nanofi bers, depending on the post-treatment temperatures. 

The small amount of tin oxide within the nanofi bers pre-

pared by applying the nanoscale Kirkendall diffusion process 

at a post-treatment temperature of 400 °C resulted in a low-

intensity reduction peak observed at approximately 0.8 V. 

The satisfactory overlapping of the CV curves from the 

second cycle onwards revealed good reversibility of the elec-

trochemical reactions in the tin oxide nanofi bers prepared by 

applying the nanoscale Kirkendall diffusion process.  

 The initial charge and discharge curves of the tin oxide 

nanofi bers at a constant current density of 2 A g −1  are shown 

in  Figure    7  a. All the tin oxide nanofi bers exhibited similarly 

shaped initial discharge curves, irrespective of their mor-

phologies and compositions. The four samples also exhib-

ited similar initial discharge capacities of approximately 

1750 mA h g −1 . However, the nanofi bers consisting of the 

Sn@void@SnO/SnO 2  yolk–shell nanospheres exhibited the 

highest initial charge capacity of 816 mA h g −1 . The Sn mate-

rial exhibited a lower initial irreversible capacity loss than 

the SnO and SnO 2  materials. As a result, the nanofi bers com-

posed of the Sn@void@SnO/SnO 2  yolk–shell nanospheres 

exhibited the highest initial Coulombic effi ciency. The ini-

tial Coulombic effi ciencies of the nanofi bers were 47%, 

43%, 42%, and 35% for the Kirkendall-400, Kirkendall-500, 

Kirkendall-600, and porous SnO 2  nanofi ber samples. The 

cycling performances of the four samples at a high current 

density of 2 A g −1  are shown in Figure  7 b. For the 250th 

cycle, the discharge capacities of the nanofi bers prepared 

by applying the nanoscale Kirkendall diffusion process at 

post-treatment temperatures of 400 °C, 500 °C, and 600 °C 

were 663, 630, and 567 mA h g −1 , respectively, and their cor-

responding capacity retentions were 77%, 84%, and 78%, as 

calculated from the second cycle. The second and 250th dis-

charge capacities of the porous SnO 2  nanofi bers formed by 

the conventional post-treatment process were 604 and 381 

mA h g −1 , and their capacity retention was 63%, as calculated 

from the second cycle. The rate performances of the nano-

fi bers prepared by the nanoscale Kirkendall diffusion process 

were compared with those of the nanofi bers prepared by the 

conventional post-treatment process, as shown in Figure  7 c. 

It can be observed that the current density increased pro-

gressively from 0.5 to 8.0 A g −1 , with 10 cycles being per-

formed at each step. The nanofi bers exhibited good rate 

performances irrespective of the post-treatment conditions. 

The fi nal rate capacities of the tin oxide nanofi bers prepared 

by applying the nanoscale Kirkendall diffusion process at 

a post-treatment temperature of 500 °C were 829, 750, 682, 

581, and 553 mA h g −1  at current densities of 0.5, 1.5, 3.0, 

5.0, and 8.0 A g −1 , respectively. Following 50 cycles, the dis-

charge capacity of the tin oxide nanofi bers recovered well to 

863 mA h g −1  as the current density returned to 0.5 A g −1 .  

 The impedance spectra of the nanofi bers prepared by 

applying the nanoscale Kirkendall diffusion process were 

compared with those of the nanofi bers prepared by the con-

ventional post-treatment process prior to and following the 

cycling, as shown in Figures S5 and S6, Supporting Infor-

mation. The impedance measurements were conducted at 

room temperature on the cells containing the nanofi bers 

prior to and following 10 and 50 cycles in the potential range 

0.01–1.2 V at a current density of 2.0 A g −1 . The impedance 
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 Figure 7.    Electrochemical properties of the tin oxide nanofi bers formed 
by applying the nanoscale Kirkendall diffusion process and porous-
structured SnO 2  nanofi bers formed by conventional post-treatment 
process: a) initial charge/discharge curves at a constant current density 
of 2.0 A g −1 , b) cycle performances at a constant current density of 
2.0 A g −1 , and c) rate performances.
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spectra exhibited a semicircle and an inclined line. The semi-

circle within the medium-frequency range of the impedance 

spectrum was assigned to the charge-transfer resistance 

( R  ct ) of the electrode used in the measurements. [ 19,43,44 ]  

Prior to cycling, the porous-structured tin oxide nanofi bers 

prepared by the conventional post-treatment process exhib-

ited a lower charge-transfer resistance than that of the 

nanofi bers prepared by applying the nanoscale Kirkendall 

diffusion process, as shown in Figure S5 (Supporting Infor-

mation). Furthermore, the opposite result was observed fol-

lowing 10 and 50 cycles, as shown in Figure S6 (Supporting 

Information). The morphologies of the nanofi bers formed 

by applying the nanoscale Kirkendall diffusion process and 

porous-structured SnO 2  nanofi bers formed by conventional 

post-treatment process obtained after 50 cycles are shown in 

Figure S7 (Supporting Information). The nanofi bers (Kirken-

dall-400 and Kirkendall-500) composed of hollow tin oxide 

nanospheres formed by applying the nanoscale Kirkendall 

diffusion process maintained their morphologies even after 

repeated lithium insertion and desertion processes as shown 

by TEM images in Figure  7 Sa–f, Supporting Information. 

However, the structure of SnO 2  nanofi ber with porous struc-

ture prepared by the conventional post-treatment process 

was not observed in the TEM images obtained after cycling. 

During cycling, the nanofi bers produced by the nanoscale 

Kirkendall diffusion process exhibited superior electrical 

properties owing to their superior structural stability because 

of the unique structure of the hollow or yolk–shell-structured 

nanospheres.  

  3.     Conclusion 

 The nanoscale Kirkendall diffusion process was successfully 

applied to the preparation of nanofi bers comprising Sn@

void@SnO/SnO 2  yolk–shell nanospheres and hollow SnO/

SnO 2  and SnO 2  nanospheres by the electrospinning process. 

The nanofi bers with a unique structure consisting of Sn@

void@SnO/SnO 2  yolk–shell nanospheres were prepared at 

a low oxidation temperature. The complete conversion of 

the metallic Sn nanopowders embedded within the carbon 

nanofi bers into SnO 2  via the nanoscale Kirkendall diffusion 

process produced nanofi bers with hollow SnO 2  nanospheres. 

The morphologies and crystal structures of the nanopowders 

within the nanofi bers formed by the nanoscale Kirkendall 

diffusion process could be easily controlled by changing the 

post-treatment conditions such as the temperatures and oper-

ation times for the reduction and oxidation processes. There-

fore, tin-based nanofi bers exhibiting a unique structure with 

various compositions and morphologies could be prepared 

for a wide range of applications, including energy storage.  

  4.     Experimental Section 

  Sample Preparation : Tin 2-ethylhexanoate-polyvinylpyrro-
lidone (Sn(Oct) 2 –PVP) composite nanofi bers were prepared by 
an electrospinning process. The precursor solution for the elec-
trospinning process was prepared by dissolving 4.8 g of Sn(Oct) 2  

and 5 g of PVP ( M  w : 40 000) in a solution of 40 mL of ethanol and 
10 mL of acetic acid. This solution was vigorously stirred overnight. 
The prepared solution was loaded at a fl ow rate of 1 mL h −1  into 
a plastic syringe equipped with a 25-gauge stainless steel nozzle. 
The solution was subsequently ejected and electrospun onto a 
drum collector covered with an aluminum foil. During the electro-
spinning process, the distance between the tip and the collector 
was maintained at 15 cm and the rotation of the drum was main-
tained at 100 rpm. The applied voltage between the collector and 
the syringe tip was 15 kV. The resultant Sn(Oct) 2 –PVP composite 
nanofi bers were stabilized at 180 °C for 1 h in an air atmosphere. 
For the SnO 2  nanofi bers consisting of hollow nanospheres, the 
post-treatment was conducted at 400 °C for 3 h in the presence 
of a gas mixture of 10% H 2 /Ar. Subsequent treatments were con-
ducted at 400 °C, 500 °C, and 600 °C for 2 h in air. For simplicity, 
the SnO 2  nanofi bers composed of hollow nanospheres formed by 
the heat treatments at 400 °C, 500 °C, and 600 °C are referred 
to as “Kirkendall-400,” “Kirkendall-500,” and “Kirkendall-600” 
nanofi bers, respectively. For comparison, a sample was prepared 
by producing porous SnO 2  nanofi bers without carbon. The direct 
post-treatment of the Sn(Oct) 2 –PVP nanofi bers at 500 °C for 2 h 
under an air atmosphere produced the porous-structured SnO 2  
nanofi bers. 

  Characterization Techniques : The microstructures of the 
nanofi bers were observed by fi eld-emission scanning electron 
microscopy (FE-SEM, Hitachi, S-4800) and fi eld-emission transmis-
sion electron microscopy (FE-TEM, JEOL, JEM-2100F). In addition, 
their crystal phases were evaluated by X-ray diffractometry (XRD, 
X'Pert PRO MPD) using Cu K α  radiation ( λ  = 1.5418 Å) at the Korea 
Basic Science Institute (Daegu). The structure characterization of 
the carbon in the specimen was performed by Raman spectros-
copy (Jobin Yvon LabRam HR800, excited by 632.8 nm He–Ne 
laser) at room temperature. The surface areas of the nanofi bers 
were measured using the BET method using N 2  as the adsorbate 
gas. The TG analyses were performed using Pyris 1 TGA (Perkin 
Elmer) within the temperature range 25 °C–650 °C at a heating 
rate of 10 °C min −1  under a static air atmosphere. An image ana-
lyzer (ImageJ, NIH) was used to determine the particle size of the 
nanospheres. 

  Electrochemical Measurements : The electrochemical proper-
ties of the nanofi bers were analyzed by constructing a 2032-type 
coin cell. The anode was prepared by mixing the active material, 
carbon black, and sodium carboxymethyl cellulose (CMC) at a 
weight ratio of 7:2:1. Li metal and microporous polypropylene 
fi lm were used as the counter electrode and the separator, 
respectively. The electrolyte consisted of 1  M  LiPF 6  dissolved in 
a mixture of ethylene carbonate/dimethyl carbonate (EC/DMC; 
1:1 v/v). The discharge/charge characteristics of the samples 
were investigated by cycling within the 0.01–1.2 V potential 
range at various current densities. The CVs were measured at a 
scan rate of 0.1 mV s −1 .  

  Supporting Information 

 Supporting Information is available from the Wiley Online Library 
or from the author.  
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