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Electrodeposition of nano core/shell Sn-O-C composite anodes for lithium secondary batteries and improvement 

of cycle performances by simple agitation technique.  
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Influence of the diffusion-layer thickness during 

electrodeposition on the synthesis of the nano 

core/shell Sn-O-C composite as an anode of 

lithium secondary batteries 

Moomgook Jeong,a Tokihiko Yokoshima,b Hiroki Nara,b Toshiyuki 
Mommaab and Tetsuya Osaka*ab  

Electrodeposition was conducted from organic carbonate solvent via the potentiostatic technique 

through three consecutive steps in order to synthesis the Sn-O-C composite, which delivered a 

discharge capacity of 596 mAh g of Sn
-1

 after 50th cycles. However, the composite anode suffered 

from a significantly low initial discharge capacity, delivering a discharge capacity of 79 mAh g of 

Sn
-1

 until the 5th cycle. It was deduced that the improbably low initial capacity was induced from 

the deposition of Li-rich compounds, which were formed by electrolyte decomposition 

accompanied by the reduction product of supporting electrolyte slats during the electrodeposition 

process, on the surface layer. In order to improve the poor initial capacity, we modified the 

chemical composition of the surface layer by means of implementing the agitation of the 

electrolyte during the deposition process. This gave rise to varying the diffusion-layer thickness 

during the deposition process due to the enhancement of convection by movement of the 

electrolyte itself. As a result, we achieved improvement of the initial discharge capacity, 

delivering 572 mAh g of Sn
-1

 at the 1st cycle and 586 mAh g of Sn
-1

 at the 50th cycle. It was 

revealed that the surface layer was composed of a decomposition product of the organic 

carbonate solvent. Furthermore, a smaller particle size of the Sn-O-C composite was obtained 

via electrolyte agitation, giving rise to homogeneous shell formation on the Sn compound core. 

Herein, we thoroughly examined the influence of varying diffusion-layer thickness during the 

deposition process on the properties of the Sn-O-C composites from an electrochemical 

standpoint.   

Introduction 

 Recently, researches on tin-based material for an Li-alloying 
anode of lithium ion batteries (LIBs) have been accelerated due 
to its higher theoretical capacity (Li4.4Sn; 993 mAh g-1) than 
that of a commercial graphite anode (LiC6; 372 mAh g-1), 
which has been considered as one of solutions for the 
development of energy resources for electric vehicles.1 In spite 
of the high energy density of tin-based materials for an anode 
of LIBs, the material has a significant shortcoming to attain a 
stable cycle life due to its drastic volume change (250-400 %) 
during the charge/discharge cycle. Once the volume has been 
changed, it creates a mechanical crack and pulverization in the 
active material with repeated cycles. Consequently, it suffers 
from electrical isolation and disintegration, causing rapid 

capacity failure within initial cycles.2, 3 Therefore, enduring 
volume change by controlling material properties is a 
challenging task to achieve stable cycle life. To solve the 
abovementioned problems, diverse strategies have been 
attempted, such as through a Sn nanostructure4-6, an embedded 
matrix buffer7-13, or a mesoporous structure14-17. The Sn 
nanostructure can reduce mechanical stress induced during the 
electrochemical cycles by minimizing Sn particles. A suitably 
embedded buffer matrix, such as a carbon composite or non-
active inter-metallic compound, can endure the massive volume 
changes by acting as a buffer matrix and absorbing the drastic 
volume changes. The porous space of mesoporous Sn anodes 
can avoid aggregation and pulverization during cycling. 

Page 2 of 11RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



ARTICLE RSC Advances 

2 | RSC Advances, year, 00, 0-0 This journal is © The Royal Society of Chemistry [year] 

 Meanwhile, understanding on the passivating layer between 
an electrode and electrolyte after cycling has been impressively 
undertaken as an important phenomenon in the chemistry of 
LIBs, which is the so-called solid electrolyte interphase (SEI)18. 
The importance of SEI has been well recognized in a number of 
reports18-22. Decomposition of organic electrolytes arises on 
both the anode and cathode mostly during the several initial 
several cycles causing SEI formation. The decomposed solvent 
and Li salt generate a passivating layer, behaving as an 
electronic  insulation while also as a conductor for Li+ ions to 
pass. The electronic insulation behaviour is a significant 
characteristic of SEI since it suppresses further decomposition 
of electrolytes during the following cycles, causing SEI 
thickening, which increases internal resistance, the self-
discharge and low faradaic efficiency23. Furthermore, high Li+ 
ion conductivity is essential for the SEI layer to avoid an 
increase in overpotential during cycling. Thus, the SEI layer 
determines the performance of LIBs, such as cycle life, 
durability and even safety24.  
 In our previous work, we accomplished the 
electrodeposition of the Sn-O-C composite anode from an 
organic carbonate solvent showing a discharge capacity of 465 
mAh g of Sn

-1 after 100 cycles, which was synthesized by the 
galvanostatic deposition technique25. It was clarified that the Sn 
deposition and electrolyte decomposition were simultaneously 
carried out during the electrodeposition process, giving rise to 
an inorganic/organic composite with a structure of 
polycrystalline Sn metal surrounded by SEI formation. The 
stable cycle life was derived from the inorganic/organic 
composite acting as a buffer matrix against stress for volume 
change. We also thoroughly examined the electrodeposition 
mechanism showing three different deposition steps that 
emulated a trace of the potential transient profile during the 
galvanostatic deposition, as revealed in our previous report. The 
results revealed that the deposition mechanism was composed 
of multi-stages including 2.3, 1.5 and 0.3 V vs Li/Li+ for Sn 
deposition, catalytic decomposition of the organic carbonate 
solvent, and a reaction between Li+ ions and deposited Sn, 

respectively26. The cycle performances of the Sn-O-C 
composite as an anode material were strongly influenced by the 
method of controlling the duration on the specific step where 
different electrochemical reactions have occurred.  
 In the present work, we attempted to deposit the Sn-O-C 
composite from an organic carbonate solvent via the 
potentiostatic technique with three consecutive steps including 
2.3, 1.5 and 0.3 V vs Li/Li+ as the deposition mechanism, 
which was suggested in our previous work. Consequently, the 
Sn-O-C composite with a nano core/shell structure was 
synthesized. We confirmed that the chemical composition of 
the shell layer strongly influenced on the cycle performances, 
such as poor initial capacity and coulombic efficiency of the 
Sn-O-C composite. To improve the improbable initial 
performances, we implemented electrolyte agitation through 
simple magnetic stirring. Herein, we comprehensively 
examined the effects of the electrolyte agitation during the 
deposition process with electrochemical standpoints by 
comparing them with the characteristics of the deposited 
composites without electrolyte agitation. Furthermore, the 
influence of agitation on the morphological characteristics and 
chemical compositions of the deposited Sn-O-C composites 
accompanied by their cycle performances were also closely 
investigated as a candidates of anode materials for lithium 
secondary batteries. Hereafter, the Sn-O-C composites 
electrodeposited with electrolyte agitation and without 
electrolyte agitation are simply referred to as “a composite 
deposited with bath agitation” and “a composite deposited 
without bath agitation”, respectively. 

Results and discussion 

The influence of electrolyte agitation through simple magnetic 
stirring was electrochemically analysed and the results are 
shown in Fig. 1 as curves of the current transient on 
potentiostatic deposition with three steps accompanied by the 
corresponding applied potentials. This result indicated a rapid 
decrease in the current density during the initial few seconds, 
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which was obtained with each current transient of the three 
potentiostatic steps for both composites deposited with and 
without bath agitation. The sharp decrease in initial current 
density was followed by a fairly constant value, implying that 
nucleation mostly occurred during the initial process at the each 
deposition step. In Fig. 1a, constant values of the current 
transient of the composite deposited with bath agitation 
obtained unstable transient curves of ca. -0.23, -0.25 and -0.26 
mA cm-2 from the potentiostatic three steps at 2.3, 1.5 and 0.3 
V vs Li/Li+, respectively. However, the composite deposited 
without bath agitation attained a remarkably lower and more 
stable current  density value of ca. -0.046, -0.048 and -0.052 
mA cm-2 obtained from the potentiostatic three steps at 2.3, 1.5 
and 0.3 V vs Li/Li+, respectively (Fig. 1b). These are typical 
effects of electrolyte agitation during the deposition process, 
since the movement of the bulk solution by electrolyte agitation 
generally results in an enhancement on the convection, giving 
rise to the vigorous delivery of metal ions to the cathode 
surface27. According to the electrochemical standpoint, it is 
thought that there are three basic mechanisms of mass 
transport: diffusion, migration and convection. The contribution 
of migration for the delivery of metal ions is insiginificant27, 28. 
Therefore, it is supposed that the main driving forces 
contributing to electrodeposition are derived from a 
concentration gradient (diffusion) and movement of the 
reacting species, themselves (convection). Scheme 1a and b are 
the schematic illustrations accounting for variations on 
diffusion-layer thickness dependent on deposition time. To 
begin with a consideration of the deposition without bath 
agitation (Scheme 1b), in general, the metal ion concentration 
on the cathode surface is reduced after a certain deposition time 
of t1. Afterward, a decrease in the metal ion concentration 

continuously rises with a further deposition time of t2. 
Consequently, the diffusion layer become thickened with an 
increase in deposition time. Meanwhile, the metal ion 
concentration for the deposition with bath agitation (Scheme 
1a) also decreases after a certain deposition time of t1. 
However, it is assumed that the continuous decrease in the 
metal ion concentration does not occur with a further deposition 
time of t2 due to the enhanced mass transport behaviour from 
the contribution of the convection caused by bath agitation. As 
a result, a thinner diffusion layer can be generated, which can 
be electrochemically explained with limiting current density (iL) 
expressed as  
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       [1] 

where z is the number of electrons of a metal ion, F is 
Faraday’s constant, D is the diffusion coefficient, C∞ is the ion 
concentration of a bulk solution and δN is the diffusion-layer 
thickness29. The terms of z, F and D are constant, and an 
identical value of the ion concentration was used for both 
depositions with and without bath agitation. Thus, herein, the 
diffusion-layer thickness is the only factor influencing the 
limiting current density, which corresponds to the results of 
current transients  indicated in Fig. 1a and b. The influence of 
varying Li+ ion concentrations and overpotential will be 
thoroughly discussed in the latter section.  
Morphologies of the as-prepared Sn-O-C composites deposited 
with and without bath agitation are shown in Fig. 2 with low 
and high magnification FE-SEM images. Both Sn-O-C 
composites showed small particles on a nano-sized scale. It was 
also observed that inter-particle void spaces were formed by 
randomly overlapped particles in both composites deposited 
with and without bath agitation. In Fig 2a, the composite 
deposited with bath agitation indicated many aggregated 
structures composed of small particles with a size of 50-90 nm, 
causing the formation of clustered particles with a size of 400-
500 nm. The inter-particle void space was produced by 
aggregation of the particle clusters, not of individual small 

particles. However, the morphologies of the composite 
deposited without bath agitation indicated relatively large 
particles with a size of 400-500 nm. The particle size from the 
electrochemical standpoint was defined as the relationship 
between the rate of nucleation and the growth of crystals29. 
From morphological observation, it was thought that the 
composite deposited with bath agitation was mainly carried out 
by a high rate of nucleation and slow growth, resulting in the 
formation of a small particle structure. On the other hand, the 
composite deposited without bath agitation showed a 
comparably larger particle size, which was derived from the 
growth of nuclei during the deposition process. In general, the 
particle size can be explained as the critical radius of the 
nucleus, rc, which is a function of overpotential, η30; 

�� �
�


���
	      [2] 

where s is the area occupied by one atom on the surface of the 
nucleus, and ε is the edge energy. From this equation, rc is 
inversely proportional to the overpotential η. The overpotential 
can be classified by two terms: a complex function of the 
charge transfer kinetics, so-called activation overpotential, ηact, 
and a function of the mass transport limitations, so-called 
concentration overpotential, ηconc, as shown below. 

ηtot	�	ηact	+	ηconc						 [3] 
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Herein, the electrodeposition was conducted by a potentiostatic 
deposition technique. In other words, the ηtot was identically 
constant for both deposition processes at the individual stages. 
However, the ηconc of deposition with bath agitation was smaller 
than that of the deposition without bath agitation due to 
movement of the reacting species themselves by enhancement 
on convection caused by magnetic stirring. Thus, the ηact of the 
deposition with bath agitation became larger than that of the 
deposition without bath agitation, resulting in the relationship 
between the rate of nucleation and the growth of crystals, as 
aforementioned.  
 To investigate the structure of the as-prepared composites, FE-
STEM images with EDS element mapping were observed. The 
FE-STEM images of the composite deposited with bath 
agitation (Fig. 3a) indicated that a particle consisted of a dark 
part covered by a thin amorphous layer with a thickness of ca. 6 
nm, showing a core/shell structure. The core showed lattice 
fringes of the (200) planes, which corresponded to the d-
spacing value of 2.9 Å of the tetragonal tin. Another particle 
also verified the lattice fringes of the (101) planes 
corresponding to a d-spacing value of 2.7 Å (ESI†, Fig. S1a). 
Furthermore, the selected area electron diffraction (SAED) 
pattern (ESI†, Fig. S1b) showed point and ring patterns, 
indicating the presence of single and polycrystalline planes, 
which was assigned to (101), (200), (211) and (400) planes of 
the tetragonal Sn. These results implies that the core of the 
particle consisted of a single crystal of tin and the particles 
were aggregated with other particles, causing a polycrystalline 
structure with various ring patterns corresponding to different 
planes of the tetragonal Sn. EDS element mapping of tin and 
oxygen were respectively indicated as having a red and green 
colour with a particle size of less than 100 nm. The overlapped 
mapping image of the two elements revealed that oxygen 
homogeneously covered tin particles, implying that oxygen was 
one of the elements composing the amorphous shell layer. The 
chemical state and bonding to other elements of oxygen will be 
closely discussed latter with the XPS results. In Fig. 3b, the 
composite deposited without bath agitation also showed a tin 

core covered by an amorphous layer with a thickness of ca. 
14nm and an irregular particle size of 100-500 nm. The d-
spacing value of its core tin was not clearly shown, probably 
since the particles were too large for an electron beam to 
transmit throughout. An overlapped EDS mapping image of tin 
and oxygen indicated that the oxygen shell layer 
inhomogeneously covered the tin core. This inhomogeneous 
coating layer was also shown in another HR-TEM image (ESI†, 
Fig. S1c). It is believed that the large particle size hindered the 
homogeneous formation of the oxygen shell layer during the 
electrodeposition process without bath agitation. 
The crystalline structure of the tin core in the as-prepared 
composites was also analysed by GIXRD patterns (ESI†, Fig. 
S2). Strong peaks at 30.6, 32.0, 43.8 and 44.9 that were 
assigned to 200, 101, 220 and 211 crystal planes and weak 
peaks at 55.3, 62.5, 63.7, 64.5, 72.4, 73.1, 79.4 and 89.4 that 
were assigned to 301, 112, 400, 321, 420, 411, 312 and 501 
crystal planes, respectively, of the tetragonal phase tin were 
observed (JCPDS # 04-0673). The results validated that the 
core of both composite particles were composed of β-tin. 
Meanwhile, peaks at 23.1 and 35.5 appeared in Fig. S2b 
although they were not able to be assigned to stable phases of 
Sn. 
In Fig. 4, XPS was analysed to examine the surface chemical 
state and the composition of the shell layer of as-prepared 
composites. O 1s spectra of the composites deposited with and 
without bath agitation showed deconvolved curves with two 
and three main peaks, respectively (Fig. 4a and b). The 
identical peaks corresponding to oxygen atoms in carbonate and 
organic species at 531.7 eV were obtained from both 
composites22, 31, 32. The peak at 532.2 eV was attributed to the 
oxygen atom in O-C31. However, the deconvolution peaks 
assigned to 528.2 and 533.2 eV indicating Li2O and lithium 
alkyl carbonate (ROCO2Li) and/or lithium alkoxide (RCH2OLi) 
were obtained with only the composite deposited without bath 
agitation22, 33, 34. Similar result was constantly indicated by the 
C 1s spectra of both composites (Fig. 4c and d). The spectra 
were deconvolved into three peaks. Among them, two peaks 
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assigned to an identical position at 284.8 and 286.2 eV, 
indicating carbon bonding in CH2-CH2 and C-O, respectively, 
were obtained from both composites. However, a carbon atom 
that bonded to three oxygen atoms in the carbonate species that 
was assigned to 289.3 eV was indicated by only the composite 
deposited with bath agitation31,32. The carbon atom in lithium 
alkyl carbonate (ROCO2Li) and/or lithium alkoxide (RCH2OLi) 
assigned at 286.6 eV was also shown with only the composite 
deposited without bath agitation31-33. Fig. 4e and f indicated the 
XPS spectra of Cl 2p core peaks. A negligible peak with low 
intensity was shown in the result of the composite deposited 
with bath agitation. On the other hand, the composite deposited 
without bath agitation obviously showed two strong 
deconvolved curves assigned to 199.4 and 201.1eV indicating 
LiCl of Cl 2p3/2 and Cl 2p1/2,  respectively 35.  From these 
results, it is suggested that the shell layer of the Sn-O-C 
composite was produced by electrolyte decomposition during 
the deposition process, causing SEI formation. In particular, the 
SEI formation consisting of decomposition species of an 
organic carbonate solvent was obtained from the composite 
deposited with bath agitation, herein EC and PC. Conversely, 
the shell formation of the composite deposited without bath 
agitation was composed of not only decomposition species of 
an organic carbonate solvent but also inorganic compounds 
derived from reduction products of LiClO4, used as a 
supporting electrolyte, such as Li2O, lithium alkyl carbonate 
(ROCO2Li), lithium alkoxide (RCH2OLi) and LiCl. As 
discussed with morphological and structural characteristics, it 
was assumed that the chemical compositions of the deposits 
were also strongly affected by the bath agitation that enhanced 
mass transfer of the metal ion.  
To summarize the structures of the composites, the core/shell 
structure of both Sn-O-C composites consisted of a Sn 
compound core with SEI formation of a shell layer that was 
derived from the electrolyte decomposition process. The 
chemical composition of the shell layer was differed by the 
deposition process either with or without bath agitation (i.e., 

decomposition compounds of an organic carbonate solvent for 
the composite deposited with bath agitation as opposed to 
decomposition compounds of an organic carbonate solvent 
accompanied by a reduction product of LiClO4), forming Li-
rich compounds for the composite deposited without bath 
agitation.  
For further investigation of the chemical structure and 
composition on the surface of the as-prepared composites, XPS 
spectra of Sn 3d5 and Li 1s were examined with Ar ion etching 
for a 30 sec with 3 sec intervals. In Fig. 5a, the composite 
deposited with bath agitation showed a strong peak of Sn 3d5 
assigned to 484.8 eV, indicating metallic Sn (0) after the first 
Ar ion etching. Small satellite peaks at 486.6 eV corresponding 
to Sn (IV) were also shown during Ar ion etching for 30 sec31, 

36, 37. However, Li 1s peak was not obtained during Ar ion 
etching for 30 sec. On the other hand, the composite deposited 
without bath agitation indicated a Sn 3d5 peak assigned to 
484.8 eV showing a low peak intensity during the initial Ar ion 
etching time followed by a gradual increase with a further Ar 
ion etching time. A similar tendency was also obtained with a 
small satellite peak assigned to 486.6 eV. Furthermore, XPS 
spectra of Li 1s showed a strong peak during initial Ar ion 
etching, assigned to 56.2 eV indicating a Li atom in Li2O

38. The 
intensity of this peak gradually decreased with the Ar ion 
etching time and finally disappeared after 30 sec of Ar ion 
etching. This result suggested that the Li-rich compounds 
existed on the surface of the Sn-O-C composite deposited 
without bath agitation.  
To discuss the different chemical compositions of the as-
prepared Sn-O-C composites, we need to recall the variations in 
ion concentrations and diffusion-layer thicknesses during the 
deposition process as discussed in Scheme 1. In our previous 
work, we reported that both Sn and Li ions were involved in the 
electrodeposition process at 0.3 V vs Li/Li+26. Thus, it is 
required to take the diffusion-layer thickness variations of a Li 
ion into account along with those of the Sn ion. In the case of 
the deposition process without bath agitation, the diffusion-
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layer would gradually thicken with deposition time, as 
discussed in Scheme 1b. The Sn ion concentration would 
decrease faster than that of the Li ion due to its low 
concentration in deposition bath and higher standard reduction 
potential. Consequently, the thicker diffusion-layer probably 
formed with the Sn ion rather than the Li ion. Thus, the Li ion 
could easily take part in the electrochemical reaction, resulting 
in a shell layer with SEI formation including reduction products 
of LiClO4 forming Li-rich compounds, such as Li2O, lithium 
alkyl carbonate (ROCO2Li), lithium alkoxide (RCH2OLi) and 
LiCl as discussed with the XPS results. On the other hand, in 
the case of the deposition process with bath agitation, a 
constant diffusion-layer thickness of both metal ions could be 
conducted due to an enhanced convection by simple magnetic 
stirring, as discussed in Scheme 1a. Thus, a sufficient amount 
of Sn ion can be constantly supplied from the bulk electrolyte, 
giving rise to a  more preferable electrochemical reduction of 
the Sn ion than that of the Li ion, which attained a chemical 
composition of the SEI layer mainly containing a decomposed 
organic solvent without Li-rich compounds derived from 
reduction products of LiClO4. 
Both composites were electrochemically tested to investigate 
the influence of the distinct core/shell structure on the anode 
performance for lithium secondary batteries. Fig. 6a and b 
indicated cycle performances and coulombic efficiencies of 
both composites. In Fig. 6a, a high initial discharge capacity of 
572 mAh g of Sn

-1 at the 1st cycle was obtained from the 
composite deposited with bath agitation. A constant capacity 
value was prolonged with the highest discharge capacity of 646 
mAh g of Sn

-1 at the 18th cycle and 586 mAh g of Sn
-1 at the 50th 

cycle. On the other hand, cycle performances of the composite 
deposited without bath agitation delivered a poor initial 
capacity. The variation on the discharge capacity against the 
cycle number seems to be divided in to three stages: (i) a 
significantly low initial discharge capacity of 67 mAh g of Sn

-1 
from the 1st cycle until the 5th cycle, delivering a discharge 
capacity of 79 mAh g of Sn

-1; (ii) a gradually increase in the first 
stage to a discharge capacity of 560 mAh g of Sn

-1 at the 30th 
cycle; (iii) and a stable stage up to the 50th cycle, delivering 
discharge capacity of 596 mAh g of Sn

-1. Low coulombic 
efficiencies of 45.9% and 12.4% were obtained at the 1st cycle 
from the composites deposited with and without bath agitation, 
and they increased up to 90.8% and 63.2% at the 2nd cycle, 
respectively. The considerably low coulombic efficiency at the 
1st cycle was probably due to SEI formation and further 
reduction of the remaining oxide states of the active material25, 

26, 39-43. The composite deposited with bath agitation indicated a 
coulombic efficiency of higher than 90% after the 2nd cycle 
and finally reached 96.8% at the 50th cycle. Conversely, a 
comparably low coulombic efficiency was obtained from the 
composite deposited without bath agitation showing a value 
higher than 90% after the 35th cycle followed by a gradual 
increase up to 93% at the 50th cycle. It is assumed that the Li-
rich compounds in the SEI shell layer, such as Li2O, lithium 
alkyl carbonate (ROCO2Li), lithium alkoxide (RCH2OLi) and 
LiCl may be related to the low initial capacity along with 
retarded coulombic efficiency. It has been reported that a Li ion 
can pass through a media under two driving forces, such as an 
externally applied electric field and a concentration gradient of 
Li ion44. During lithiation, the positively charged ions move via 
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migration and diffusion through the electrolyte towards active 
material where they react and lithiate into a solid phase of 
active material particles. Then, the solid-state diffusion of Li 
ions is conducted with a driving force of an Li concentration 
gradient in the active material particles45. On the basis of this 
assumption, it is suggested that the Li-rich components in the 
shell layer of the composite deposited without bath agitation 
caused difficulty in the diffusion of the Li ion in the solid-state 
media, resulting in a low initial capacity. Thus, it is believed 
that the remarkably enhanced the initial capacity and coulombic 
efficiency of the composite deposited with bath agitation was 
achieved due to the compositions in its shell layer without Li-
rich compounds, which allows Li ions to easily diffuse within 
the solid-state phase by a high Li concentration gradient 46. 
Figure 6c shows the potential profiles of the composites 
deposited with (dot line) and without (bold solid line) bath 
agitation. It is easily recognized that the composite deposited 
with bath agitation showed distinctive plateaus, indicating 
multi-electrochemical reactions during the charge/discharge 
cycle. However, the unclear plateaus were shown in the 
potential profile of the composite deposited without bath 
agitation. Furthermore, these results also indicated a high 
initiating potential of the delithiation process obtained at ca. 0.4 
V, which assumed that the Li ion had difficulty completely 
diffusing into the solid-state of the active material, as 
aforementioned. To discuss the detailed investigation on the 
effects of distinctive composition in the shell layer on the 
electrochemical reaction between Li+ ions and deposited Sn  
during cycling, differential capacity plots (DCPs) were 
analysed with the Sn-O-C composite deposited with and 
without bath agitation. The results are indicated in Fig. 6d along 
with the 1st charge/discharge cycle. The composite deposited 

with bath agitation distinguishably showed a small cathodic 
peak at 0.6-0.7 V and a strong, sharp peak at 0.35 V derived 
from the phase transition of the LixSn alloying reaction. Four 
broad and sharp anodic peaks were also obviously shown at 0.5, 
0.6, 0.7 and 0.8 V, implying the multistep nature of this phase 
change47, 48. However, the peaks corresponding to the phase 
transition of LixSn were scarcely recognizable with the 
composite deposited without bath agitation, which reveals that 
the electrochemical reaction during the 1st cycling was 
significantly suppressed. The 1st cycle of DCPs was enlarged 
by the selected y axis range [ESI†, Fig. S3], indicating several 
peaks of the composite deposited without bath agitation, which 
are hardly recognizable in Fig. 6d. Small and broad cathodic 
peaks at 0.6 and 0.3-0.4 V were obtained with four anodic 
peaks at 0.5-0.8 V, respectively, which implies that the phase 
transition reaction was carried out in spite of a significantly 
weak peak intensity compared to that of the composite 
deposited with bath agitation.  
For further examination of the electrochemical reaction during 
cycling, the DCPs were plotted with the 2, 5, 10, 15, 20, 30, 40 
and 50th charge/discharge cycles (Fig. 7). As discussed 
previously, distinctive cathodic and anodic peaks of DCPs for 
charge/discharge cycles were shown at the 2nd cycle and 
continued up to the 50th cycle from the composite deposited 
with bath agitation. The obvious peaks at the selected cycle 
indicated that the electrochemical reaction could be kinetically 
carried out during initial cycles with the composite deposited 
with bath agitation. Small peaks at 0.65 V for the charge 
process and 0.7, 0.8 V for the discharge process began to form 
a broad and indistinct peak, which was presumably attributed to 
the partially remaining alloy state of LixSn without complete 
delithiation after several tens of cycles25, 47, 48. Meanwhile, the 
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DCPs of the composite deposited without bath agitation showed 
significantly indistinct cathodic and anodic peaks during the 
2nd and 5th charge/discharge cycles. Afterward, the DCPs 
indicated the gradual increase in peak intensity attained by the 
10th, 15th and 20th cycles followed by a constant value at the 
30th, 40th and 50th cycles. These results affirm improvement 
on the kinetics of the electrochemical reaction of the composite 
deposited without bath agitation with further cycling. These 
results also suggest that its electrochemical reaction during the 
1st stage was probably suppressed by an inorganic passivating 
compound and Li-rich compounds in the shell layer. 
Furthermore, the larger particle size would lengthen the Li ion 
diffusion length. Nevertheless, the volume change of the active 
material may have undergone repeated charge/discharge cycles, 
causing the formation of cracks on the surface layer. 
Consequently, the electrolyte was able to permeate into the 
inner layer of active material, allowing the inside flesh Sn 
phases to react with the Li ions. Finally, a stable cycle 
performance was achieved after several tens of cycles (See Fig. 
S4, showing an increase in cracks with further cycles). 

Conclusions  

We electrodeposited the Sn-O-C composite with a core/shell 
structure from an organic carbonate solvent via the 
potentiostatic technique with three consecutive steps including 
2.3, 1.5 and 0.3 V vs Li/Li+. The Sn-O-C composite delivered a 
low initial discharge capacity of 67 mAh g of Sn

-1 at the 1st 
cycle, which continued until the 5th cycle, delivering a 
discharge capacity of 79 mAh g of Sn

-1 with 12.4% and 73.4% of 
coulombic efficiencies, respectively. After the 50th cycle, a 
discharge capacity of 596 mAh g of Sn

-1 with a 93% of 
coulombic efficiency was obtained. The significantly poor 
initial capacity was derived from the deposition of Li-rich 
compounds such as Li2O, lithium alkyl carbonate (ROCO2Li), 
lithium alkoxide (RCH2OLi) and LiCl at the shell layer. In 
order to improve the low initial capacity and poor coulombic 
efficiency, modification of the chemical composition of the 
shell layer was conducted by implementing the agitation of the 
electrolyte with simple magnetic stirring during the 
electrodeposition process. It was suggested that a constant 
diffusion-layer thickness during the deposition process was 
attained from the enhancement of the convection by movement 
of the electrolyte itself. As a result, the shell layer consisting of 
a decomposition product from an organic carbonate solvent and 
a smaller particle size of the Sn-O-C composite was attained, 
delivering a discharge capacity of 572 mAh g of Sn

-1 and 586 
mAh g of Sn

-1 at the 1st cycle and 50th cycle, respectively, with 
improved coulombic efficiency. 

Experimental 

All the chemical reagents were purchased with at an analytical 
grade and used as supplied. The electrodeposition bath was 
prepared by dissolving 2.5 mmol L-1 SnCl2 (Sigma-Aldrich) 
into 1.0 mol L-1 of LiClO4 in ethylene carbonate (EC) : 

propylene carbonate (PC) (1 : 1 (v/v), Kishida, H2O content < 
20 ppm).  
A Ni plate with a dimension of 10 X  10 mm was used as a 
substrate for the electrodeposition of the Sn-O-C composite 
after ultra-sonication in trichloroethylene and ethanol followed 
by acid treatment with 10% HCl. A tin metal was used as a 
counter electrode. A lithium metal and EC:PC solution 
containing 1.0 mol L-1 LiClO4 were sealed in a glass tube by a 
glass flit to serve as a reference electrode. 
All processes for the electrodeposition were performed in an 
argon-filled glove box at a dew point lower than -100 °C. The 
Sn-O-C composites were synthesized via a potentiostatic 
deposition technique with three consecutive steps at 2.3, 1.5 
and 0.3 V vs Li/Li+ by passing a charge quantity of 0.01, 0.04 
and 0.21 C cm-2, respectively, using a potentiostat (Hokuto 
Denko, HZ-5000). The electrodeposition process was carried 
out either with or without electrolyte agitation using simple 
magnetic stirring at a rate of 700 rev. min-1. All the 
characteristics of the Sn-O-C composites electrodeposited 
either with or without electrolyte agitation were closely 
compared with each other.  
The morphological observation and the crystalline structure 
analysis of the electrodeposited Sn-O-C composites were 
characterized by field emission scanning electron microscopy 
(FE-SEM, Hitachi, S-4500), grazing incidence X-ray 
diffraction (GIXRD, Rigaku, Rint-Ultima III) and field 
emission scanning transmittance electron microscopy (FE-
STEM, JEOL, JEM-2100F) with energy dispersive X-ray 
spectroscopy (EDS, JEOL, JED-2300T) for element mapping. 
The surface chemical state was analysed by X-ray 
photoelectron spectroscopy (XPS, Physical Electronics, PHI 
5000 VersaProbe) with Ar ion etching for 30 sec performed at a 
3 sec intervals using 5 kV ion beam voltage. The C 1s 
hydrocarbon peak was set at 284.8 eV to correct binding 
energy. For the XPS measurement, the sample was taken in a 
transfer vessel in the glove box; afterward, it was moved and 
placed directly into the preparation chamber under vacuum 
conditions without contacting any atmosphere. The  
galvanostatic charge/discharge test of the Sn-O-C composite 
anodes deposited with or without bath agitation were conducted 
with a loading current of C/10, between 0.01 and 1.1 V vs 
Li/Li+ using a charge/discharge unit (Hokuto Denko, HJ-
1010M). A three-electrode system containing 1.0 mol L-1 
LiClO4 in EC:PC (1 : 1 v/v) (Kishida, H2O content < 20 ppm) 
as an electrolyte and lithium foils as counter and reference 
electrodes was used. 
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