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ABSTRACT

Branched Sn ,5Ge,,@carbon core —shell nanowires were prepared by thermal annealing of butyl-capped Sn 8Gey, clusters at 600 °C in a vacuum.
The first discharge and charge capacities are 1250 and 1107 mA h/g, showing a Coulombic efficiency of 88%. Such a one-dimensional core -
shell design exploits the benefits of the Sn 73Ge,, nanowire to produce an exceptional high rate lithium reactivity (93% Coulombic efficiency

at 8C (=6400 mA/g) rate) as well as excellent capacity retention after extended cycles (capacity retention of 94%).

One of the most intensively studied anode materials for lengths of several micrometers, and are crystalline as grown.
lithium batteries is Sn due to its relatively high theoretical Electrochemical Li dealloy/alloy results show that the
capacity (991 mA h/g) and high electronic conductivities nanowires test at 93% capacity retention at the 8C rate
(~10* s/cm) compared to other lithium reactive metals. (=6400 mA/g). They also show a first charge capacity of
contrast to the metal hosts, lithium alloys,Mi possess a 1107 mA h/g.

highly ionic character and, thus, are usually very brittle.  oyr simple synthetic approach uses clusters of the butyl-
Mechanical stresses related to volume changes in excess Of:apped SpGey» nanoparticles, and vacuum annealing of
200% induc'e pglverization and aggregation as well as losSthese clusters tuned into §Bex@carbon coreshell nanow-

of the electrical interphase cont&although such a drastic  jres (Figure 1a). Figure 1b exhibits a transmission electron
volume change cannot be removed complete_ly, the degreemiCroscopy (TEM) image of butyl-capped $8e» nano-

of the volume change can be reduced. In this regard, two y5icles before annealing. With these nanoparticles, particles
methods have been proposed. The firstinvolves forming any ,m in size are connected to each other. The electron
alloy with a ductile active metal so that it acts as a buffer itraction (inset of b) pattern confirms the formation of the
for volume expansioAThe second method is similar to the amorphous phase. Typically, Ber Sn 6Sio 112 nanoparticles
first. bulk- or ngno?zed metals a:%(coated with carbon or ghiained from similar synthetic methods are of a similar
are @sperse:jj n the cartlmon rg,a Here, carbonl a“‘?' | particle size while the particles are unconnected. Furthermore,
Inactive con ucting metal medium act as an eect.rlca the particles in the image consist of clusters of nanosized
connector with the Cu current collector when the particles particles 5—10 nm) capped with butyl groups. Hence, a
pulverized. These methods utilize zero-dimensional bulk similar occurrence can be expected with the sample before

paglitehsegégzzgzzlﬂfrlgiﬁem'cal studies of one-dimensiona nnealing. After the sample was thermal annealed at
y ! udi ! : 00 °C in a vacuum, the morphology before annealing

lithium reactive metal nanowires are rarely reported, and Si changed completely, showing branched nanowires with

nanowires prepared by a laser ablation method have shown;. .
a reversible capacity<500 mA h/gé General synthetic diameters in a range of 5400 nm and lengths that were

methods for preparing metallic nanowires use valiouid— sever al micrometers. As .‘%GQZ particleg before annealing
solid (VLS)7® solution-liquid—solid (SLS) or vaporsolid ~ COnSistof many nanoparticles capped with butyl groups, these
(VS) reactiong:1® particles can be grown in dlffere_nt d_lrectlons when the bu_tyl
In this study, SGe@carbon coreshell nanowires are groups are burnt out, as shown n Flgure 1C.‘ Amore dgta"?d
produced by the thermal annealing of the butyl-capped mechanism of thg nanowire formation during annealing is
SnysGey particles connected to each other as a wire. The underway. Inductively coupled plasma mass speciroscopy

nanowires have diameters in the range of-%00 nm, (ICP—MS) of the nanowires after annealing conflrme(_j the
formation of Sp;Gexs, and the carbon content determined

* Corresponding author. jpcho@kumoh.ac.kr. by a CHS analyzer in the nanowires was 5 wt %. Figure 1d
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Figure 1. (a) Schematic diagram for &®Ge,@carbon nanowire growth from clusters of butyl-cappeesSe, nanoparticles and TEM
images of the SpGe,@carbon nanowires (b) before thermal annealing and (c) after thermal annealing. Insets are electron diffraction
patterns of (b) and (c). (d) TEM images of region 1 in (c). (e, f) High-resolution TEM images of regions 1 and 2 in (c).

is an expanded TEM image of region 2, in which an ' ' ' & band

amorphous carbon layer with a thickness~@& nm is shown.

This carbon layer was formed from the decomposition of

C4Ho— groups during annealing. Panels e and f of Figure 1

are high-resolution images of regions 1 and 2, respectively;

both images show the (200) lattice fringe corresponding to

tetragonal Sn 2.98 A. In the phase diagram of the Sn and . . . .

Ge alloys, formations of other solid solution phases are not 200 800 1200 1600 2000

formed throughout the compositional rarige. Raman shift (cm™1)
A powder XRD pattern of annealed SnGe nanowires

shows the formation gf-Sn with lattice constants af =

5.832 andc = 3.183 (Supporting Information). In order to (b) After annealing at 600°C

investigate the ordering degree of amorphous carbon, Raman

scattering of the annealed ®n, nanowire was performed

(Figure 2a) and the dimensional ratio of the D and G band J‘L o .

was estimated, as the ratio of D/G and was found to be 2.13. e M

The two peaks at~1360 and~1580 cm! are assigned to Dy L

the (disordered band) D band and (graphene band) G band, 3600 3200 2800 2400 2000 1600 1200 800

respectively:* This is far larger than well-ordered graphite Wavenumber (cm™)

at 0.09° 'I_'his result implies the f_ormation of amorphous Figure 2. Raman scattering of the SBe,@carbon nanowires

carbon. Figure 2b shows the Fourier trar)sform infrared (FT- after thermal analysis and FT-IR spectra of-&e»@carbon

IR) spectra of butyl-capped §iGe;, particles before and  nanowires before and after thermal annealing.

after annealing at 600C. The three peaks at 2955, 2924,

and 2853 cm! fall where expected for €H stretches of  the positions expected for the symmetric and asymmetric

butyl groups, which is in good agreement with the results bends of the butyl group, respectivéfy The nanowire

of an earlier study® The peaks at 1376 and 1456 chare annealed at 600C for 5 h showed no traces of butyl groups,

(a) D band
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Figure 3. (a) Rate capabilities of SgGe,@carbon nanowires at
different C rates from 0.3, 1, 3, 5, 8C (€800 mA/g) in a coin-
type half cell with different electrode compositions. Discharge rate
was fixed at 0.3 C. (b) Plot of rate capabilities as a function of
charge capacity during extended cycling. (c) Plot of cycle number
as a function of the charge capacity of,§be,,@carbon nanowires.

200 nm
indicating complete transformation into amorphous carbon. =
Typically, oxidized Sn@or GeQ is observed between 800
and 750 cm?; these are attributed to metaD stretch'* In
this case, no peaks in the range were observed, indicating (c)
no oxygen contamination.

Figure 3 shows the rate capabilities of the coin-type half
cells with two different electrode compositions at different
C rates from 0.3C to 1, 3, 6, and 8C rates (the discharge
rate was fixed at 0.3C). The electrode consisted of either
75:15:10 (wt %) or 80:10:10 (wt %) (nanowire active
material:carbon black:binder). In the case of 80:10:10 (wt
%), the first discharge and charge capacities are 1450 anc 100 nm
1054 mA h/g, respectively, showing a Coulombic efficiency
of 72%. However, when the electrode composition was
optimized at 75:15:10 (Wt %), the discharge and charge Figure 5. (a, b) TEM images of SgGe;;@carbon nanowires after
capacities show 1247 and 1107 mA hig, respectively, f[he rate capability test in Figure 4b (|n§et |s§ah|gh-resolut|0n TEM

. . - . image of b). (c) The EDS (energy dispersive spectroscopy) line

corresponding to Coulombic efficiency of 88%. This value .o across the particle.
is an improved value compared to previous cappeddsn
Ge'® nanoparticles that were measured below 85%. More- absence of LiGe peaks, indicating that Ge atoms were not
over, such a Coulombic efficiency was superior to that of segregated from the alloy during cycling. However, the
Si nanowires that shows the Coulombic efficiency below disappearance of the peak-a.6 V was observed, but the
50%8 The capacity retentions of the cells with electrode other peak positions are relatively similar to Sn, as they were
compositions of 75:15:10 (wt %) and 80:10:10 (wt %) after between O4 and O1. The disappearance of the peak at
45 cycles were similar to each other, showing 94 and 91%, ~0.6 V was also observed in carbon-coated Sn nanopafiicles.
respectively. Figure 4 showsXdV curves of the nanowire Figure 3b shows that charge capacities at 1, 3, 6, and 8C
for the first cycle; the increased degree of peak broadeningwere 1054, 1030, 1000, and 973 mA h/g with a capacity
can be observed, as compared with bulk Ge and Sn. Thisretention at 8C of 88% in coin-type half cells containing a
indicates the reduced formation of larger clusters of Sn or electrode consisting of 80:10:10 (wt %). When the electrode
Ge atoms (O1 to O3). In addition, only,/Sn peaks can be  composition was optimized at 75:15:10 (wt %), the charge
observed during lithium alloy and dealloy reactions in the capacities at the same condition to above were improved to

Intensity (a.u.)
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1107, 1075, 1060, and 1034 mA h/g with a capacity retention
at 8C of 93%.

Supporting Information Available:  Experimental

details and XRD pattern and SEM image/EDX of the

Thus far, very few studies have reported a high-rate SnsGer@carbon coreshell nanowires. This material is
stability of nanoalloy particles. The excellent rate capability available free of charge via the Internet at http://pubs.acs.org.

of the core-shell nanowires is attributed to the increased

electrolyte contact area and the reduced lithium diffusion References

length that facilitates further Li reactions with the nanowire.
For the OD particles, repetitive particle aggregation and
pulverization lead to the formation of a new surface, thus
forming a new SEI (solid electrolyte interface) layer.
Accordingly, part of the active metal becomes isolated by
surface films formed on the fresh active surface by reactions
with Li-metal compounds and electrolytes, resulting in rapid
capacity fadind’ However, due to the nature of the
nanowire/carbon with the branched morphology and carbon
cell, direct contact among the nanotubes can be minimized
and less aggregation is expected. After the rate capability
test of the nanowire/carbon nanowire was finished, a
morphology change of the nanowire/carbon eeshell
occurred. As shown in Figure 5a, the original branched
nanowires were separated from the nanopatrticles and nanow-
ire. Furthermore, the separated nanowire has stacking faults,
and microtwins are visible with their fault plane (101) plane
parallel to the axis of the nanowire (Figure 5b). These defects
are not observed in the pristine nanowires, and may be
associated with continuous volume change during the lithium
dealloy/alloy process. However, respective Sn and Ge atom
segregation was not observed during cycling, as evidenced
by the line mapping of Sn and Ge in the nanowires
(Figure 5c).

In conclusion, branched «Ge,@carbon coreshell
nanowires were prepared by thermal annealing of butyl-
capped SpGey, particles at 600C in a vacuum. Due to its
morphology and carbon shell layer, the nanowires did not
aggregate into larger particles but instead fragmented into
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