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Sn  based  anodes  allow  for high  initial  capacities,  which  however  cannot  be  retained  due  to  the  severe
mechanical  damage  that  occurs  during  Li-insertion  and  de-insertion.  To  better  understand  the  fracture
process  during  electrochemical  cycling  three  different  nanopowders  comprised  of  Sn particles  attached
on artificial  graphite,  natural  graphite  or micro-carbon  microbeads  were  examined.  Although  an  initial
capacity  of  700  mAh  g−1 was  obtained  for all Sn–C  nanopowders,  a significant  capacity  fade  took  place
n–C
nodes
anostructured
racture

with  continuous  electrochemical  cycling.  The  microstructural  changes  in  the  electrodes  corresponding  to
the  changes  in  electrochemical  behavior  were  studied  by  transmission  and  scanning  electron  microscopy.
The fragmentation  of  Sn  observed  by  microscopy  correlates  with  the  capacity  fade,  but  this  fragmen-
tation  and  capacity  fade  can  be  controlled  by  controlling  the  initial  microstructure.  It was  found  that
there  is a  dependence  of  the  capacity  fade  on the  Sn  particle  volume  and  surface  area  fraction  of  Sn on
carbon.

© 2011 Elsevier B.V. All rights reserved.
. Introduction

Both Sn and Si are highly reactive with respect to Li, giving
apacities of 996 mAh  g−1 and 4200 mAh  g−1 [1],  respectively, upon
aximum Li-insertion. They cannot be used, however, in their pure

orm as anodes due to the 300% volume expansion they experi-
nce upon the formation of Li alloys. This volume expansion and
ub-sequent contraction, upon Li de-insertion, results in severe
echanical damage, which corresponds to capacity fading during

ycling. After the first 20 cycles, therefore, it is possible for the
apacity of Sn nanoparticles to drop to 210 mAh  g−1 [2],  which is
ven lower than that of commercially used graphite (372 mAh  g−1

3]).
Deformation is less severe at the nanoscale so keeping the

article size in the nm range is common practice for battery devel-
pers [4,5]. Furthermore, mechanical damage of Si and Sn can be
ignificantly reduced by embedding them in a matrix that can
uffer/constrain their expansion during electrochemical cycling;

n overview can be found in [6]

Particularly, embedding 25 nm Si nanoparticles in carbon
llowed for capacities of 1000 mAh  g−1 to be retained for 30 cycles

∗ Corresponding author at: Lab of Mechanics and Materials, Aristotle University,
hessaloniki 54124, Greece. Tel.: +30 6936208504; fax: +30 2310 995921.

E-mail address: k.aifantis@mom.gen.auth.gr (K.E. Aifantis).

378-7753/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpowsour.2011.09.025
[7].  For Sn-based anodes, stable capacities of 500 mAh  g−1 have
been achieved by embedding Sn nanoparticles in carbon [8].  In
order to achieve such high capacities the Sn content had to be
50 wt%. A different type of Sn–C microstructure that can provide
capacities that are greater than that of the C matrix is that of attach-
ing Sn particles on carbon surfaces. In [9] the capacity of Vulcan C
was  increased 85% by attaching 8 wt%Sn as SnO2 islands with diam-
eters between 5 and 20 nm.  Unfortunately, Vulcan is a low capacity
carbon (180 mAh  g−1) and, therefore, it cannot provide high capac-
ity anodes. In a previous study, in which Sn was attached on the
surface of a higher capacity synthetic graphite, significant capac-
ity fade was observed and after 20 cycles it had dropped below
400 mAh  g−1 [10].

Microstructural studies of cycled Sn-on-carbon electrode mate-
rials are very limited and there appears to be little quantitative
data relating the microstructure of these materials to their capacity
fade. This paper contributes to closing this gap in understand-
ing, by using transmission and scanning electron microscopy (TEM
& SEM) to examine the microstructural changes during electro-
chemical cycling and the dependence of capacity fade on the Sn
particle configuration for three different Sn–C materials. Natu-
ral graphite, artificial graphite and microcarbon–microbeads with

capacities of 350 mAh  g−1 (Shandong Carbon Materials Ltd., China)
was  employed as the base material onto which the Sn was attached.
Sn deposition on all the carbons was carried out using the fabri-
cation method described in [11]. TEM and SEM were performed

dx.doi.org/10.1016/j.jpowsour.2011.09.025
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:k.aifantis@mom.gen.auth.gr
dx.doi.org/10.1016/j.jpowsour.2011.09.025
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ig. 1. Microstructure of as prepared Sn–C nanopowders: (a) SEM image of Sn–MC
f  Sn-artificial graphite; (e) SEM image of Sn-natural graphite. In the SEM images th
ich  particles shown here are attached to carbon particles, indicated as C. Arrows in

fter long term cycling to observe the mechanical damage that
ook place upon continuous Li-insertion and de-insertion through

easurement of Sn particle sizes.
To further, document fracture upon Li-insertion, cells were
nterrupted at various stages of the first and second electro-
hemical cycles and post mortem TEM/SEM was  performed,
ocumenting “significant fracture” of the Sn islands during the first
ycle.
) TEM image of Sn–MCMB; (c) SEM image of Sn-artificial graphite; (d) TEM image
nd SnO2 appear bright, whereas in the TEM images they appear black. All of the Sn

 the Sn and SnO2 particles.

2. Experimental procedure

The fabrication method employed was  that described in [11],
according to which SnCl4 is reduced on the surface of carbon or

graphite. Depending on the carbon used the microstructure dif-
fered significantly. Particularly, it is seen in the SEM and TEM
images of Fig. 1 that when MCMB  carbon (Fig. 1a,b) and artificial
graphite (Fig. 1c,d) were employed the islands had a diameter in
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Fig. 2. Capacity retention in graphites prior the attachment of Sn at a current density
of 50 mA g−1.
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oth the nanometer and micrometer scale (bimodel size distribu-
ion), whereas when natural graphite was used the Sn covered the
hole surface as a thin layer (Fig. 1e). It should be noted that XRD

ndicated that when MCMB  was used the Sn attached in the form
f Sn metal and SnO2, whereas on the graphites (artificial and nat-
ral) only pure Sn was attached [11]. The Sn content present in all
he composites was determined through thermogravimmetry to be
3.2 wt%Sn for Sn–MCMB, 40.9 wt%Sn for Sn–NG and 42.1 wt%Sn for
n–AG.

In order to test the applicability of these Sn–C nanopowders
s anodes the working electrode was prepared by coating slur-
ies of active material and polyvinylidene fluoride (PVDF) with

 weight ratio of 90:10, using 1-methyl-2-pyrrolidinone (NMP)
s the solvent onto a copper foil. The electrolyte was  1 M LiPF6
issolved in a mixed solvent of ethylene carbonate (EC) and
imethyl carbonate (DMC) (1:1 in weight), and a microporous
olypropylene film (Celgard 2300) was used as the separator. The
alvanostatic charge–discharge tests were performed on a bat-
ery test system (Land CT2001A, Wuhan Jinnuo Electronic Co.
td., China) at a constant current density of 50 mA  g−1 in the
otential range from 0 to 2.5 V (vs. Li+/Li). For comparison pur-
oses, MCMB,  artificial graphite and natural graphite, prior to
he Sn attachment, were also tested as anodes under the same
onditions.

The SEM analysis was performed in a Hitachi S-4700 FESEM,
sing a cold field emission filament and an accelerating voltage
f 10 kV. The TEM analysis was done in a JEOL JEM-6400FX TEM
sing a lanthanum hexaboride (LaB6) filament and an accelerating
oltage was set at 200 kV.

. Results

.1. Long term cycling

Fig. 2 shows the cyclability of the graphites prior to the attach-
ent of Sn. Fig. 3 illustrates the capacity obtained by cycling the

s prepared Sn–C materials shown in Fig. 1. The initial capac-
ty for all Sn–C nanocomposites is approximately, between 700
nd 800 mAh  g−1, for all cases. This high capacity is attributed
o the Sn, which gives capacities of 900 mAh  g−1. With continu-
us cycling, though, a significant capacity fade occurred. This fade
as anticipated to some extent for the MCMB  and the natural

raphite, since it was observed prior to the Sn attachment as well

Fig. 1). For the artificial graphite, however, this capacity fade was
ntirely due to the presence of the attached Sn islands. It is well
nown that Sn fractures from the first Li-insertion [12] and, there-
ore, severe fracture was expected during long term cycling for

ig. 4. Fracture observed after cycling: (a) SEM image for SnO2–MCMB; (b) TEM of Sn–AG
 single Sn island before Li-insertion. In image (b) for example the ∼20 nm fragmented p
een  in Fig. 1d; modified from [15].
Fig. 3. Electrochemical cycling of Sn–C nanopowders at a current density of
50  mA  g−1.
all the Sn-graphite anodes. To verify this SEM and TEM were per-
formed after long term cycling, and it was  verified that the Sn or
SnO2 islands had fractured into multiple nanoparticles, as seen in
Fig. 4, resulting into a disruption of connectivity and loss of active

, (c) SEM of Sn–NG. Arrows indicate the Sn. The fragmented Sn particles comprised
articles, enclosed in the circle, comprised a Sn island of approximately 100 nm as
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theoretical mechanics it was  shown [12] that when the aspect

F
s

Fig. 5. First two  electrochemical cycles for Sn–NG.

aterials into the electrolyte and hence a continuous fade in the
apacity.

.2. Fracture during initial cycling

Electrochemical cycling was stopped at various stages during
he first two cycles for Sn–AG and Sn–NG, and post mortem TEM
as performed.

Fig. 5 depicts the first two electrochemical cycles of the Sn–NG
node. Performing TEM during the first partial lithiation (Fig. 6)
ndicated that even at this early lithiation stage the Sn layer that
overed the natural graphite crumbled into multiple nanoparticles,
esulting into the significant capacity loss observed in the second
ycle of Fig. 3.

Since the Sn–AG shows significant fade on the first cycle, the
icrostructural changes during the first discharge (Fig. 7) were

xamined in more detail in Fig. 8. Fig. 8a–f shows the microstruc-
ural evolution as a function of discharge-charge level. Small
articles of Sn rich material are observed near the surface of larger

articles, and the number density of the small particles appears
o increase with depth of discharge. The stages at which the TEM
mages were taken are indicated in Fig. 7.

ig. 6. Microstructure at stage (a) of Sn–NG cycle in Fig. 5. Very small Sn particles detach
ome  indicative fractured Sn particles; modified from [15].
Fig. 7. First two electrochemical cycles of Sn/AG nanopowder.

4. Discussion

Fig. 3 illustrates that the greatest capacity loss took place during
the first cycle for all three materials. For Sn/SnO2–MCMB  this can
be partially attributed to the fact that some Li-ions are lost in the
irreversible formation of Li2O during the first Li-insertion [13] since
SnO2 in addition to Sn metal were attached on the MCMB  for this
case. For Sn-artificial graphite and Sn-natural graphite, however,
this high irreversible capacity loss is anticipated to be solely due to
the fracture of the Sn islands.

Fracture of electrode materials due to volume changes through-
out the electrochemical cycle has been previously considered. For
freestanding particles, the fracture of large volume change mate-
rials such as Sn has been described as a function of the volume
of the particle [14]. For particles attached to substrates, as in Sn
attached to C, mechanics methodologies have been used to pre-
dict the delamination process as a function of aspect ratio [12].
The severe fracture observed during initial Li-insertion in Sn–NG
(Fig. 6) was expected from these theoretical predictions. By using
ratio (height/width) of the Sn particles attached on the carbon is
less than 0.3, delamination of the Sn occurs upon Li-insertion, and
indeed in Fig. 6, it is seen that the previously continuous Sn layer

ed from the carbon are observed. The Sn appears in shades of grey. Arrows point at
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ig. 8. The observation of small Sn particles in close proximity to the surface of larg
n  Fig. 6: (a) taken at stage i, (b and c) taken at stage iii, (d) taken at stage v, (e and
hey  had completely detached and diffused into the electrolyte; modified from [15]

height/width � 0.3) is replaced by fragmented nanoparticles. In
ddition to particle size and aspect ratio, the spacing of the Sn parti-
les on the carbon is of significance to the total elastic strain energy
ensity of the system. In this work, the concepts of particle vol-
me, shape and spacing relating to particle fracture and particle
elamination are brought together by measuring both the Sn parti-
le volume and Sn particle area fraction on the carbon. Considering

 cylindrical geometry it is deduced that for a particle of height h
nd width 2r, the Sn particle volume (V) is

 = h�r2 (1)

ith an aspect ratio (As) of As = h/2r. If the cylindrical Sn particle
s centered on a circular area of the carbon surface �R2 giving a
article spacing of 2R, then the area fraction (F) is

 = �r2

�r2 + �R2
= h2

4A2
s R2 + h2

. (2)

hus for a given particle volume, the area fraction on the substrate
s seen to be an important reflection of the aspect ratio and spacing
f the Sn particles. In Table 1 the area fraction and average volume
f the Sn islands are reported.

It is therefore, of interest to develop an empirical expression
hat can relate the capacity retention of Sn/C anodes to their initial

icrostructure. In doing so a normalized capacity, Nc, is defined as
c = 1
C1

n=25∑

n=1

Cn, (3)

able 1
ormalized capacity, volume average and area fraction for various anodes; modified

rom [15].

Anode Normalized capacity Volume average (�m3) Area fraction

Sn/NG 7.23 2.69 0.74
Sn/AG 13.69 2.78 0.42
Sn/MCMB 5.43 12.53 0.55
 particles is interpreted as an indication of fracture during various stages indicated
en at stage viii. For (f) no fractured particles are observed which might imply that

where C1 is the capacity of the first cycle and Cn is the capacity of the
nth cycle. If a capacity decay was  not observed then Eq. (3) would
give Nc = 25. However, depending on the magnitude of the area
fraction (A) and average volume (V) of the Sn or SnO2 islands, Nc,
decreases. An empirical way to capture this decrease is to subtract
A and V from 25 as follows:

Nc = 25 − aA − bV − c
√

A, (4)

where a, b, and c are constants, which are computed by substituting
the values of Table 1 into Eq. (4) and solving the three equations
simultaneously. Particularly, it is found that a = 18.25, b = 0.57 �m3,
c = 3.16. Eq. (4) can, therefore, be plotted in Fig. 9 to illustrate how
the capacity depends on the initial microstructure of the anode.
Hence, according to the experimental data, Eq. (4) predicts that the
capacity retention is better when A and V are kept at low values.

Based on Fig. 9, the most optimum microstructure is that of
nanosized islands that are spaced sufficiently apart. This predic-
tion is in agreement with the experimental data reported in [9]
for SnO2 islands attached on amorphous Vulcan C. These anodes
showed 100% capacity retention after the first cycle which showed
the expected decrease due to loss of Li to form Li2O. The area frac-
tion of the SnO2 was  0.32 and the volume average of the SnO2 was
34 nm3 [15], insertion of these values in Eq. (4) estimated a value
for Nc = 17.37 (indicated in Fig. 9), which is significantly higher than
that of the materials studied in the present article with much higher
values for A and V. Hence, Eq. (4) can successfully predict the perfor-
mance of Sn/C nanostructured anodes, once their microstructure is
known.

In addition to the information that the SEM and TEM images
provide about the optimum microstructure of Sn/C anodes, the TEM
images also provide information about the critical particle size that
the Sn fractures into. Fig. 3 and Table 1 show that Sn/AG is the

most promising of the materials examined herein. Fig. 8 showed
that severe fracture of the Sn occurred during the first two electro-
chemical cycles, during which the 100 nm Sn islands fractured into
20 nm particles. Fig. 4b which was  taken after long term cycling
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ig. 9. Normalized capacity as a function of area fraction and average volume size.
he actual points of Table 1 are indicated as triangles, while the Sn-Vulcan data are
hown with a star, for comparison.

howed that after continuous cycling the fractured Sn particles
etained their size of 20 nm,  suggesting that once the Sn became
0 nm it could not easily fracture further. Therefore, the optimum
article size of the initial Sn/C microstructure would be Sn islands
elow 20 nm,  in order to avoid fracture. This provides an additional
xplanation of the unique electrochemical performance observed
or SnO2/Vulcan in [9] since the SnO2 islands were between 5 and
0 nm,  and hence most likely did not fracture and allowed for a
onstant capacity retention for 400 cycles.

A more detailed description regarding the SEM and TEM of the
ithiated materials can be found in [15].

A final issue that must be addressed is the fact that the capacity
f the Sn/MCMB and Sn/NG anodes after long term cycling, shown
n Fig. 3, dropped below 300 mAh  g−1, which is the capacity of the
arbon base (Fig. 2). This result is problematic because the Sn/C
lectrode is expected to behave as a two phase system, where the
ycling performance of the Sn is additive to the discharge perfor-
ance of the C. A contribution to this loss in capacity is expected

rom the fracture of Sn, causing detatchment of the active mate-
ial from the electrode. However, this cannot account for the entire
rop in specific capacity. In order to further examine the underlying
rocesses that occur with continuous cycling, the charge/discharge
oltage:capacity curves for NG and Sn–NG (50 cycles) are compared
n Fig. 10.  It is apparent that the extensive low voltage capacity of
he NG is not observed in the aged Sn–NG and that the Sn–NG volt-
ge hysteresis is significantly larger than the NG hysteresis. These
bservations are examined here using the Thevenin equivalent cir-
uit model [6].  In the Thevenin model, the observed voltage, V, is a
unction of the open circuit voltage, OCV, the current, I and the inter-
al resistance for charge and discharge, Rch and Rdis. According to
his model, the magnitude of the hysteresis in a constant current
ischarge is [|I| (Rdis + Rch)]. Thus, the large hysteresis in the Sn–NG
oltage:capacity curve does suggest a large internal resistance as
efined by the Thevenin equivalent circuit model. On discharge, the
bserved voltage in the Thevenin model is

 = OCV − |I|Rdis. (5)

The measurement of discharge capacity is terminated as the
oltage approaches zero, which implies the current and internal

esistance can influence the magnitude of the specific capacity. That
s, if the OCV is small as in the extended tail of the NG discharge,
he [|I| Rdis] term could drive the voltage to zero at a capacity
ignificantly below the theoretical maximum, and thus
Fig. 10. Comparing capacity curves of Sn/NG and NG.

prematurely truncate the discharge process. It is proposed
that Fig. 10 is consistent with this concept, as the large hysteresis
in the Sn–NG anode is coupled with a relatively steep, negative
slope in the discharge curve at the intercept with the capacity axis.
This implies that the carbon component of capacity that occurs
at small OCV with small negative slope in the discharge curve
is not being measured because the [|I| Rdis] term has driven this
component of the capacity below the zero voltage line.

5. Conclusions

In the present study a detailed analysis was performed to study
the fracture of Sn-based anodes that comprise of Sn or SnO2 islands
attached on artificial graphite, natural graphite and MCMB. SEM
and TEM images illustrated that all Sn–C materials experienced
severe fracture during long term cycling, while observing in more
detail the first two  electrochemical cycles it was seen that severe
fracture occurs during the first lithiation. Particularly, it was shown
that upon Li-insertion the Sn islands crumble. The amount of capac-
ity fade can be related to the experimental measurement of initial
area fraction and volume average of the Sn islands using an empir-
ical approach. The resulting empirical equation predicts that the
smaller these quantities become, the higher the capacity retention.
The attachment of Sn on the C results in an increase in the mag-
nitude of the voltage hysteresis, which can be interpreted as an
increase in internal resistance of the electrode. A significant com-
ponent of the observed Sn/C capacity fade is suggested to occur
because of internal resistance induced truncation of the constant
current discharge.
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