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Spherical Sn-carbon core-shell powder was synthesized through a resorcinol-formalfRRRydecroemulsion polymerization
performed in the presence of hydrophobized Sn nanopatrticles. The Sn-carbon core-shell structure was found to greatly enhance the
cycle life compared to the mixture of Sn and spherical carbon when evaluated as the anode in lithium-ion batteries. A core-shell
powder containing 20 wt % Sn showed 69% capacity retention at the 40th cycle when cycled between 0 aa 2.0LV*) at

a constant current of 40 mA"Y§ The mixture of 20 wt % Sn nanopowder and 80 wt % spherical carbon powder exhibited only
10% capacity retention in the same test condition. It is believed that the improved cyclability achieved with the core-shell powder

is largely attributed to the inhibition of aggregation between Sn nanoparticles. The marginal polarization due to an intimate
electrical contact made between Sn core and carbon shell is an additional advantageous feature achieved with this electrode.
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Metallic Sn has attracted much interest as one of the promisingl-octadecanethiol5% of Sn by weight)and then evaporating the
alternatives to the carbon-based anode for lithium secondary battessolvent. For the formation of core-shell structured Sn-RF sol, the
ies. Its theoretical specific capacit992 mAh g?) is much higher  hydrophobized Sn nanoparticlé800 mg)were added into the RF
than that of already-commercialized graphit872 mAh g1).} microemulsion, and dispersed by sonication and vigorous stirring.
One of the critical problems encountered with this anode is, how-For the polymerization of RF sol, the mixture was heated at 85°C for
ever, the severe volume change during the alloying and dealloying® days, which was followed by drying at the same temperature. The
reaction with L ions. Due to the repeated volume change upon resulting Sn-RF gel was heat treated at 1000°C for 1 h under argon
cycling, Sn particles are pulverized to lose theif ktorage ability ~ atmosphere to carbonize the RF gel. During this period, the Sn
It has been reported that pulverization can be alleviated by reducingparticles located inside the carbon shell are melted upon heating and
the particle size of lithium host phase, fabricating nanocomposites ofolidified again after cooling.
intermetallics, and using barrier material& Even with these nano-
sized materials, however, another problem still remains in that smal}
metal particles are aggregated to be larger ones during the alloyin
and dealloying period, then pulverized agii:*’

One of our approaches to improve the cycle life of nanosized S
particles is to encapsulate them with spherical carfiarhe carbon

Material characterization— Microscopic investigation was car-
ied out with a JEOL JEM 2000 EXII transmission electron micro-
9cope(TEM) and a JSM 6700F field-emission scanning electron
microscope(FE-SEM). In addition to the as-prepared sample, the
Ncore-shell Sn-carbon particles after cycling were also analyzed with

; . . e . TEM, for which the electrode was rinsed with dimethyl carbonate
shell is envisaged to play several important roles in this preparatlon(DMc) in a glove box, dried under vacuum, and sonicated to dis-

Firs@ it acts as a t_aa_rrier to if‘hib“ the aggre_gation of nanosized Sr]oerse the particles in absolute ethanol. X-ray diffractiéRD) pat-
particles by minimizing the direct contact points between them. SeCiarns were recorded using a Bruker D8 Advance withiGuradia-
ond, the electrical contact between Sn core and carbon shell WoulcjjE

be maintained even if the Sn particles were cracked or pulverize on at a scan rate of 3.75deg/Min The Sn content was
inside the carbon shell. Finally, the carbon shell itself reversibly etermined from the thermogravimetric analy§iA) profile that

reacts with LT ions to deliver additional i stor it was obtained from room temperature to 1000°C at 20°C hiimair
eacts wi lons to deliver additional Li storage capacity. with a TA instrument Q600 simultaneous DSC/TGA analyzer. Be-
In this work, we have successfully prepared the Sn-carbon core

. X . . cause only Sn@would remain after all the organic components
shell structure using a resorcinol-formaldehy&é) microemulsion being oxidized into gaseous G@ANd HO after TGA experiment
polymerization technique. Thg elgc'grochemlcal pgrformances of thl%he Sn content could be calculated based on the initial and ,final
core-shell powder for anode in lithium-ion batteries are presentedWeiglht of sample as represented in Eq. 1

Microstructural analyses have also been made and the relationship

between the morphological change and electrochemical response is molecular weight of Sn
discussed. Sn conten) = 100 X -
molecular weight of Sn®
Experimental % _f'ﬁ_"’" We'_ght [1]
initial weight

Preparation of Sn-carbon core-shell powderThe synthetic . o
procedure is summarized in Scheme 1. The key feature in this Electrochemical characterization-A beaker-type three-
preparation is the hydrophobization of Sn nanoparticles and theelectrode cell was employed to assess the electrochemical
formation of core-shell structured Sn-RF sol that is further stabilizedPerformance of samples. Lithium foil&Cyprus Co.)were used
by surfactants in aqueous medium. In detail, resordiRp¥ mmol), ~ as the counter and reference electrode, and 1.0 M Li@i€solved
formaldehyde(F, 4 mol, 300 mL of 37 wt % aqueous solutipn In @ mixture of ethylene carbonatéC) and diethyl carbonate
sodium carbonaté.075 mmol as a catalystand cetyltrimethylam- ~ (DEC) (1:1, v/v) was used as the electrolyte. The composite
monium bromide(CTAB, 0.988 mmol as a surfactanwere dis-  electrodes were prepared by spreading a mixture of core-shell
persed in deionized watg200 mL) to form RF microemulsion. ~Powder, Super Rcarbon additive for conductivity enhancement
Hydrophobized Sn nanoparticles were separately prepared by firsind polytetrafluoroethylen¢PTFE as a binder) 10:1:1 weight
dispersing the Sn nanoparticléaslfa Aesar)in ethanol containing  ratio) on a piece of copper exmetas a current collector,
apparent area = 1 én The electrodes were then dried at 120°C
under vacuum for 12 h and subsequently pressed in order to
* Electrochemical Society Active Member. enhance the interparticle contact and to ensure a better adhesion
? E-mail: seungoh@plaza.snu.ac.kr to the current collector.
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Add hydrophobized
Sn nanoparticles into Polymerization at 85 °C
RF emulsion Carbonization at 1000 °C
—-
Scheme 1. Schematic diagram for the
synthesis of Sn-carbon core-shell powder.
Hydrophobized Sn

nanoparticles Sn-carbon core-shell

Hydrophobized Sn nanoparticles powder

surrounded by RF sol

Galvanostatic charge-discharge cycling was made with a currenticles are supposed to place at the innermost re¢giore), and the
density of 40 mA g* in the voltage range 0 to 2.0 Ws Li*/Li). RF sol at the outsidéshell)1#°The FE-SEM and TEM images of
The galvanostatic intermittent titration techniq(@ITT) was em- Sn-carbon core-shell powder that was obtained after polymerization
ployed to monitor the evolution of electrode polarization during cy- and carbonization are presented in Fig. 3a and b, respectively. The
cling, where a current pulse of 40 mAgwas applied for 5 minto  particles are spherical in shape and uniform in &ig. 3a). It is
measure the closed-circuit voltag@CV) and turned off for 20 min  seen in Fig. 3b that the size and shape of Sn nanopartities
to obtain the quasi-open-circuit voltag®OCV). The sequential darker image in the coyalo not change significantly, although they
current pulse was applied for both charging and discharging periocapparently experience a liquid state during the heat treatment. Note
in the range of 0-2.0 \vs Li/Li*). Polarization value was calculated that the melting point of Sn is 231.9°C. Carbon shell thus appears to
from the difference between the CCV and QOCYV in each voltagekeep liquid Sn in the core from leaching out even at high tempera-
transient. All the electrochemical experiments were conducted ature (1000°C). This Sn-carbon core-shell structure would minimize

25°C in a glove box. the particle aggregation because the direct contact between Sn par-
. . ticles is negligible.
Results and Discussion Figure 4 shows the XRD pattern of a Sn-carbon core-shell pow-
Characterization of Sn-carbon core-shell powgerA TEM im- der. All the peaks can be assigned to thosegeBn (JCPDS no.

age of hydrophobized Sn nanoparticles is shown in Fig. 1. The04-0673). Peaks corresponding to any oxide phases are not found,
shape is spherical and the size is typically in the range 100mMplying that any Sn-oxide compounds on the surface of Sn nano-
to 300 nm. Because only the particles having sufficiently partlcles ha}\_/e been reduced to metallic Sn by carbothermal _reduc-
hydrophobic surface can be encapsulated by RF sol, the surfaction. In addition, the absence of peaks_ co_rrespondlng to graphlte and
of Sn nanoparticles was hydrophobized with 1-octadecanethiolthe presence of a broad peak at 23° indicates that the resulting car-
The thiol functional group in this molecule is very likely adsorbed POn shellis a hard carbon or nongraphitizable carbon. The RF gel is
on the surface of Sn with the alkyl chain directing outside. The ©n€ of the cross-linked polymers which are reportedly prone to be-
hydrophobic nature can be confirmed by their preference forcOMing a hard carbon after carbonization process.

nonpolar solvents as manifested in Fig. 2. It is seen that the
thiol-treated Sn nanoparticled=ig. 2b) are readily extracted to
the hydrophobicn-hexane layer(upper) from the hydrophilic

aqueous layer(lower), whereas the bare Sn nanoparticles are .
ngt (Fig. 7_;)_( ) P the control samples such as a spherical carbon poWsi€), Sn

Once hydrophobized Sn nanoparticles are added into the RE/@noparticles that are not encapsulat&h), and a mixture of
emulsion, as they are more hydrophobic than RF sol, the Sn par-

e (@)

¢

Electrochemical characterization of Sn-carbon core-shell
powder—Four different samplegTable 1) were electrochemically
characterized. As well as the Sn-carbon core-shell poW@&P),

_—

200 nm

Figure 2. Photographs ofa) the bare Sn nanoparticles ai®) hydrophobi-
Figure 1. TEM image of Sn nanoparticles used for the preparation of core-zed Sn nanoparticles that were dispersed in a mixtune-loéxane(upper)
shell powder. and water(lower).
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Table I. Description of the samples used for the electrochemical

characterization.
Sample Description Sn content/wt %
SC Spherical carbon 0
SN Sn nanoparticles 100
MIX Mixture of spherical carbon 20°
and Sn nanoparticles
CSP Sn-carbon core-shell powder 20°

@ Determined from TGA profiles.

removal into/from carbon also appear, where the different voltage
slopes at three different potential regioi#s0.12 V, 0.12-0.8 V, and
above 0.8 V)in the discharge profiles are recognized. This reflects
the presence of three different *Lstorage sites in carbon shell,
which is one of the characteristic features found in hard carbons that
are prepared from cross-linked polymeric precursors or isotropic
pitches: 22251 the first cycle, the charging and discharging ca-
pacities are 773 and 424 mAhg respectively, from which a Cou-
lombic efficiency of 55% is calculated. It is well known that hard
carbons show a lower Coulombic efficiency compared to graphites.
The irreversible capacity of hard carbons at the first cycle is attrib-
uted to the solid electrolyte interfa¢8El) formation, the degree of
which is proportional to the surface area of carbon and the irrevers-
ible storage(trapping) of Li* ions at void or cavity sites that are
highly populated in this type of carboA%?°

Figure 6 shows the differential charging capacity profiles in the
first two cycles for the samples listed in Table I. If a peak in the first
cycle disappears in the second cycle, it can be regarded as an irre-
versible one. The peak near 0.0 V observed with the carbon-
containing electrode$SC, MIX, and CSP)corresponds to the re-

- versible reaction of carbon shell with *Liion, whereas two
distinguishable peaks at around 0.65 and 0.40 V observed with the

Figure 3. (a) FE-SEM, andb) TEM images of a Sn-carbon core-shell pow- Sn-containing electrodeSN, MIX, and CSP)correspond to the
der. alloying reactions of Sn core. In addition to these reversible peaks,
several irreversible peaks are recognized above 0.7 V. In the profile
of SC, two irreversible peak#) at 0.80 and 1.25 V are located that
are associated with the electrolyte decomposition on carbon surface.
In the profile of SN, however, the irreversible pedksare found at

spherical carbon and Sn nanoparticlbHX) are included. SC was
prepared using the same process as CSP except that the Sn NanoRsitterent potentials, 1.05 and 1.55 V, which are also related to the

ticles were not added. : o 0-32
Typical charge-discharge voltage curves of CSP are given in FigCatalytic decomposition of electrolyte on Sn surfatd3?n the

5. Plateaus around 0.4-0.8 V range correspond to the eIectrochemiQrOfile of MIX, all the irreversible peaks (_:orresponding to carbon
cal alloying/dealloying reaction betweentlion and Srf* The back- _and Sh are present together. In the pEOf'les of CSP, however, the
ground voltage profiles that are associated with the ihsertion/ irreversible peaks from the Sn componéntat 1.05 and 1.55 V are
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Figure 5. Charge/dischargélithiation/delithiation or alloying/dealloying
Figure 4. XRD pattern of the Sn-carbon core-shell powder. The referencevoltage profiles of Sn-carbon core-shell powder at the rate of 40 MA g
peaks forB-Sn are drawn based on the data in JCPDS no. 04-Q873  cycled between 0.0 and 2.0 ¥s Li/Li*). The profiles at the 1st, 2nd, 5th,
= 1.54056 A. 10th, and 20th cycles are given.

Downloaded on 2018-05-13 to IP 166.104.106.33 address. Redistribution subject to ECS terms of use (see ecsdl.org/site/terms_use) unless CC License in place (see abstract).


http://ecsdl.org/site/terms_use

Journal of The Electrochemical Socigtys2 (7) A1452-A1457(2005) Al1455

Or ] Table Il. Summary of electrochemical performance of the
[ ] samples.
-500 5
[ ) Capacity retained at cycle/%
-1000 [ ] First discharging specific
Sample capacity/mAh g* 10th 20th 40th
-1500 SN 638 21 1 3
[ MIX 404 46 31 10
",>\ [ CsP 424 84 72 69
D -3000 F 1
r= X
E I buffering phase accommodating the volume expansion of Sn. De-
~ -6000 spite the same Sn conten®0 wt %) in MIX and CSP, the cycla-
g [ bility of CSP is considerably better than that of MIX, suggesting the
T 50k ] core-shell structure provides a significant advantage in maintaining
é A 1 the structural integrity of electrodes. It is believed that the core-shell
a L ] structure not only prohibits the aggregation of Sn particles but also
5 1000 ] provides an intimate electrical contact to Sn particles to maintain the
[ conduction path between Sn core and carbon shell. In order to con-
-1500 firm if the latter favorable feature is really prevails, the GITT was
[ used to keep track of the polarization variation while the electrodes
500 b ] were being charged or discharged. Figure 8a shows the overall tran-
[ ] sient voltage profile of CSP in the second cycle. A typical voltage
L 1 transient upon a single current pulse cycle during charging is repre-
-1000 | ] sented in the inset. When the current pulse is applied during charg-
[ ] ing, voltage increases to reach the closed circuit volt&@eV) due
-1500 L L S to the ohmic and charge-transfer resistaficelpon a turn-off of

0.0 0.5 1.0 1.5 20 current pulse, voltage drops to reach a quasi-equilibrium value

A (QOCV). Figure 8b shows the variation of polarization for MIX, the
VOItage/V vs. Li/Li difference getween CCV and QOCV inpeach voltage transient,
) ) ] ) ] ] ) ] where two features are immediately apparent. First, the polarization
Figure 6. Differential charging capacity profiles during the flrst two (iygles becomes smaller at more negative potentials in the charging period,
for SC, SN, MIX, and CSP electrodéable 1). Symbols of *#” and *"  \ poreaq it steadily increases at more positive potentials in the dis-
represent the irreversible peaks corresponding to carbon and Sn, resPeCtNe'a(harging period. A similar observation was made in the Si composite
electrodes where Si powder, carbon additive, and polymeric binder
o _ ~ were loaded® The evolution of polarization with cycling can be
not found, implying that the Sn metal surface in CSP electrode is notationalized as follows. Sn particles are expanded upon charging as
exposed to the electrolyte. This confirms that the Sn nanoparticleg, result of alloying reaction with Liions, which leads to a swelling
are well encapsulated by the carbon shell. of the electrode layer. In the forthcoming discharging period, Sn

Figure 7 compares the cycle performance of CSP to that of theparticles are contracted as a result of dealloying reaction, but the
control sample$SN and MIX). The results are summarized in Table glectrode layer remains swollen because the electrode layer is not
Il along with some initial performance data. The capacity retentiong|astic. The net result after a cycle is a loosening or weakening of
of MIX is better than that of SN, while the first discharging capacity the electrical contact between Sn and carbon patrticles, which leads
is less. It suggests that the spherical carbon in MIX can serve as & an increase in polarization. A slight decrease in polarization in the

charging period is due to a better contact made between Sn and
carbon particles as a result of volume expansion in Sn particles. The
second feature observed in Fig. 8b is the ever-increasing polariza-
tion with cycling. This must result from a gradual electrode degra-
700 —mmmr——— 71— dation caused by the breakdown of conductive network, which also
: ] accounts for a poor cycle performance for MiKig. 7). The polar-
ization behavior of CSP is totally different from that for MIkig.
8c). The anode polarization increases only slightly in the discharg-
ing period. Moreover, the polarization does not vary significantly
even after repeated cell cycling. It is thus safe to say that the elec-
trical contact between Sn core and carbon shell is well maintained
even after a severe volume change in Sn core.

Figure 9 represents the differential discharging capacity profiles
for the samples listed in Table Il. Four separable peaks in the range
0.4 to 0.8 V correspond to the dealloying reaction of Sn, whereas a
broad peak at 0.05 V and a weak peak near 1.2 V correspond to the
Li* removal from the carbon. Counting only the discharge capacity
delivered by Sn, it is apparent that the capacity retention of core-

600 |
500 |
400 |
300 |
200 |

100 F

O'. /IS U R SR |

Specific Discharge Capacity / mAh g'1

0 10 20 30 — 40 shell powder(CSP) electrode is better than that of either bare Sn
(SN) or mixture (MIX) electrode. In the case of CSP electrode, the
Cycle Number intensity of four peaks corresponding to the dealloying of Sn is still

significant even after 20 cycle$ig. 9), whereas those in SN or
Figure 7. The specific discharge capacity of SN, MIX, and CSP electrodes MIX electrodes decay rapidlyFig. 9). Even in the CSP electrode,
according to cycle number. however, a slow but steady capacity loss in both Sn and carbon
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1.0 08 06 04 02 00 02 04 06 08 10 mizing the design of core-shell structure. For example, either an
A employment of even smaller metal nanopatrticles or replacement of
(c) QOCV /V vs. LilLi* ploy P p

Sn with alloys such as SnSb, or both, would provide a better cycla-
bility. Accordingly, our future work will focus on controlling the

Figure 8. (a) Transient voltage profile obtained with the CSP electrode in the gjze and the composition of metal core, carbon shell thickness, and
second cycle. A typical voltage transient in a single current pulse cycleso forth ' '

during charging is enclosed as inséb) Potential-dependent polarization
behavior of the MIX electrode at the 2nd, 5th, 10th, 20th, and 30th cycles.
(c) Potential-dependent polarization for the CSP electrode.

Conclusion

Using an RF microemulsion polymerization performed in the
components is unavoidable, as indicated by the diminution of all thepresence of hydrophobized Sn nanoparticles, Sn-carbon core-shell
peaks in Fig. 9 upon cycling. In order to examine the cause ofpowder was synthesized. The encapsulation of Sn core with carbon
capacity decay in the CSP electrode, the particle morphology afteshell was confirmed both by TEM images and by the absence of
cycles has been examined. Figure 10a and b are the TEM images dfreversible peaks in the differential capacity profiles. The Sn-carbon
selected particle taken from the CSP electrode at the end of the firgtore-shell structured powder showed an improved cycle perfor-
charge and the first discharge, respectively. It is immediately noticednance compared to the physical mixture comprising Sn and carbon.
that the Sn cores have not yet been aggregated, well protected by thge enhanced cycle performance is believed to be due to the inhi-
carbon shell. Figure 10a shows that a part of the carbon shell habition of aggregation between Sn particles as well as the intimate
been broken, which may be the result of volume expansion in Sncontact between Sn core and carbon shell. The latter favorable fea-
core upon Lt insertion. Moreover, a significant volume expansion ture was ascertained by the GITT results. The differential discharg-
of Sn particle is found. Figure 10b shows the void between Sn andng capacity profiles illustrate that the capacity decays in both Sn
carbon, which might have been generated by the contraction of Smnd carbon components. The TEM images of Sn-carbon core-shell
core as Lt is extracted. The evolution of void space and crack may powder after cycling suggest that the cracks in carbon shell and the
explain the slight but apparent capacity loss encountered in both Swoids between Sn and carbon are developed due to the volume
and carbon components in this core-shell structured electrode. change of Sn core, which can explain a slow but obvious capacity

We believe that the cycle life can be further improved by opti- decay in this electrode.
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Figure 10. TEM images of Sn-carbon core-shell particle collected at the end 31
of (a) the first charge; an¢b) the first discharge.
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