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A
s with other group IV elements, Sn is
of interest as a promising alternative
material for commercial lithium�

graphite anodes in lithium ion batteries
(LIBs).1�3 The bulk phase is known to have
a higher theoretical capacity, 990 mAh/g,
than that of graphite (370 mAh/g), owing to
Li alloy formation (i.e., Li4.4Sn). Sn is also less
toxic and less expensive than other candi-
dates. However, huge volume changes (up
to 300%) during Li insertion and extraction
limit the energy capacity and cycle lifetime
of LIBs. It is being increasingly recognized
that amorphization occurring during lithia-
tion could have a significant impact on
stress generation and fracture. Nanostruc-
tures with diverse morphologies have been
widely developed in order to minimize the
volume change and dissipate the mechan-
ical stress because of their increased sur-
face/volume ratios.4�13 The nanoscale size
also promotes faster diffusion of Liþ ions (by
reducing the diffusion length within the
material), and therefore, a higher charging

rate is possible. Another strategy for miti-
gating the stress due to volume change is to
use carbon (C) coating (or hosting) or oxide/
sulfide compounds, in which they are able
to provide a buffer matrix with high Liþ ion
conductivity.4�32 It is known that tin sulfide
(SnS or SnS2) and tin oxide (SnO2) are
irreversibly converted to Sn in the first cycle
of use: SnSþ 2Liþþ 2e�f Snþ Li2S; SnO2þ
4Liþ þ 4e� f Sn þ 2Li2O. Subsequently,
Sn can efficiently store and release Li ions
inside amorphous Li2S (or Li2O) buffer ma-
trix, according to the reversible Li�Sn alloying/
dealloying reaction expressed by Snþ xLiþþ
xe� T LixSn (0 e x e 4.4).
Herein, we investigated the structure and

phase evolution underlying the lithiation/
delithiation processes of Sn-based nano-
sized materials, which is critical for predict-
ing the stresses, interface energies, and
diffusion rates within the materials. Three
well-known anode NCs consisting of Sn, SnS,
and SnO2 were synthesized using the gas-
phase laser photolysis reaction of appropriate
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ABSTRACT Sn-based nanostructures have emerged as promising alternative materials for

commercial lithium�graphite anodes in lithium ion batteries (LIBs). However, there is limited

information on their phase evolution during the discharge/charge cycles. In the present work,

we comparatively investigated how the phases of Sn, tin sulfide (SnS), and tin oxide (SnO2)

nanocrystals (NCs) changed during repeated lithiation/delithiation processes. All NCs were

synthesized by a convenient gas-phase photolysis of tetramethyl tin. They showed excellent

cycling performance with reversible capacities of 700 mAh/g for Sn, 880 mAh/g for SnS, and

540 mAh/g for SnO2 after 70 cycles. Tetragonal-phase Sn (β-Sn) was produced upon lithiation

of SnS and SnO2 NCs. Remarkably, a cubic phase of diamond-type Sn (R-Sn) coexisting with β-

Sn was produced by lithiation for all NCs. As the cycle number increased, R-Sn became the dominant phase. First-principles calculations of the Li

intercalation energy of R-Sn (Sn8) and β-Sn (Sn4) indicate that Sn4Lix (xe 3) is thermodynamically more stable than Sn8Lix (xe 6) when both have the

same composition.R-Sn maintains its crystalline form, while β-Sn becomes amorphous upon lithiation. Based on these results, we suggest that onceR-Sn

is produced, it can retain its crystallinity over the repeated cycles, contributing to the excellent cycling performance.

KEYWORDS: tin nanocrystals . phase evolution . tetragonal phase . cubic phase . lithium ion batteries . first-principles calculations .
lithium intercalation energy
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precursors (Sn(CH3)4, H2S). The as-grown NCs have
promise as outstanding anode materials for the devel-
opment of high-performance LIBs. Our ex situ X-ray
diffraction (XRD) and TEM analyses revealed exclu-
sively that a diamond-type cubic-phase Sn NC was
produced during the lithiation for all NCs and persisted
over all cycles. Ab initio quantum mechanical calcula-
tions of the Li intercalation energy of cubic- and
tetragonal-phase Sn were performed to explain the
experimental results in terms of the thermodynamic
stability and robustness of the crystal structure. To the
best of our knowledge, this is the first study on the
lithiation of two Sn phases using both experimental
and theoretical methods.

RESULTS AND DISCUSSION

The photolysis of Sn(CH3)4 (tetramethyl tin, TMT)
produced Sn NCs, and that of a 1:1 TMT/H2S mixture
produced SnS NCs. The SnO2 NCs were synthesized by
the oxidation of Sn NCs at 600�800 �C under ambient
O2. The two SnO2 polymorphs, metastable (at room
temperature) orthorhombic (o-SnO2) and tetragonal
rutile SnO2 (t-SnO2), were selectively obtained by con-
trolling the oxidation temperature.33,34 XRD confirmed
the structures of tetragonal-phase (β) Sn (JCPDS No.
86-2265; a = 5.831 Å, c = 3.181 Å), orthorhombic-phase
SnS (JCPDS No. 39-0354; a = 4.329 Å, b = 11.19 Å, c =
3.983 Å), o-SnO2 (JCPDS No. 78-1063; a = 4.737 Å, b =
5.708 Å, c = 15.865 Å), and t-SnO2 (JCPDS No. 77-0452;
a = 4.755 Å, c = 3.199 Å), as shown in Figure S1
(Supporting Information). In the present work, we only
used the o-SnO2 NCs for the cycling test of LIBs.
Figure 1a shows high-resolution TEM (HRTEM)

images of Sn NCs, in which their general morphology
can be observed. They have a homogeneous size
distribution with average diameters of 7 nm and are

usually sheathed with 1�2 nm thick C layers. We
estimated the C content to be approximately 15 wt %.35

The SnS NCs usually have flake-like morphologies
with sizes of 10�20 nm, as shown in the HRTEM image
of Figure 1b. Lattice-resolved and the corresponding
fast Fourier transformed (FFT) images taken at the [111]
zone axis revealed tetragonal-phase (200) fringes se-
parated by a distance of approximately 2.9 Å, which is
consistent with the value for bulk β-Sn (Figure 1c). It is
clearly seen that the C layers sheathed the Sn NCs. The
(101) fringes of the highly crystalline orthorhombic-
phase SnS were separated by distances of approxi-
mately 2.9 Å, which is close to that of the bulk
(Figure 1d). The single-crystalline SnO2 NCs have neg-
ligible C layers after the oxidation of Sn NCs (Figure 1e).
The SnO2 NCs show d-spacing of the (110) planes of
3.6 Å, corresponding to the values for bulk orthorhom-
bic-phase SnO2. The EDX data for individual NCs are
shown in Figure S2 (Supporting Information).
We measured the discharge/charge capacities of a

half-cell containing the Sn, SnS, and SnO2 NCs as the
active anodematerials of the LIB. Figure 2a displays the
charge/discharge capacity as a function of the cycle
number up to 70 cycles, which was tested at a rate of
100mA/g between 0.01 and 1.5 V. For all fourmaterials,
we conveniently defined 1 C as the theoretical capacity
of pure Sn (990mAh/g). In fact, the theoretical capacity
of Sn NCs could be 900 mAh/g since the specific
capacity calculated includes the C component, which
makes up 15 wt % of the NCs. The theoretical 4.4 Li
insertion capacity of SnS and SnO2 is 780 mAh/g. The
Sn, SnS, and SnO2 NCs exhibited discharge capacities
of 700, 880, and 540 mAh/g after 70 cycles. These
values reach 78, 113, and 69% of the theoretical
capacity. The Coulombic efficiency of SnS reaches an
average of 98% after the first cycle, which is higher

Figure 1. HRTEM images showing (a) spherical shapes of Sn NCs (average diameter = 7 nm) and (b) flake-like morphology of
SnS NCs. Lattice-resolved and FFT images of (c) tetragonal-phase Sn (d101 = 2.8 Å) taken at the [111] zone axis, (d)
orthorhombic-phase SnS (d101 = 2.9 Å), and (e) orthorhombic-phase SnO2 (d110 = 3.6 Å) NCs.
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than that of Sn and SnO2 (av. 97%). Voltage profiles and
cyclic voltammetry curves are shown in Figures S3 and
S4 (Supporting Information), respectively. The first
discharge and charge capacities of Sn were 1580 and
880 mAh/g, respectively, with an initial Coulombic
efficiency of 56%. This capacity loss can be attributed
to the formation of solid electrolyte interphase (SEI)
layers on the electrode surfaces during the Li storage.
The first discharge and charge capacities of SnS were
1620 and 965 mAh/g, respectively, with an initial
Coulombic efficiency of 60%. SnO2 shows first dis-
charge and charge capacities of 1260 and 585 mAh/
g, respectively, with an initial Coulombic efficiency of
46%. The large initial capacity losses of SnS and SnO2

could be attributed to irreversible decomposition of
SnS (or SnO2) into Sn and Li2S (or Li2O).
The rate capabilities of the different NCs were tested

by sequentially measuring the capacities of Sn, SnS,
and SnO2 as the charge/discharge rates increased from
1/10 to 20 C and then returned to 1/10 C, as shown in
Figure 2b. As the rate is increased up to 1 C, Sn shows
a small decrease in discharge capacity from 880 to
750 mAh/g. When the rate increases to 20 C, the
discharge capacity decreases to 200 mAh/g. When
the rate is returned back to 1/10 C (80�90 cycles),
the discharge capacity increases to 620 mAh/g, corre-
sponding to 70% of the initial capacity. In contrast, SnS
show an extremely high rate capability: the 990mAh/g
capacity at 1/10 C decreases notmuch to 700mAh/g at

20 C and then increases back to 875 mAh/g at 1/10 C
after 80 cycles. The recovered capacity obtained after
the return to 1/10 C reaches as high as 88%of the initial
capacity. SnO2 shows less rate capability; the capacity
was 620 mAh/g at 1/10 C and 220 mAh/g at 20 C. The
capacity after the return to 1/10 C (525 mAh/g) is 85%
of initial capacity. Therefore, SnS has a higher capacity
as well as better rate capability than Sn and SnO2.
Ex situ XRD patterns were obtained for Sn, SnS, and

SnO2 electrodes before and after LIB discharge/charge
cycles. Only the peaks in the range 2θ = 15�42� were
analyzed in order to avoid the stronger peak from the
Cu foil electrode at 2θ = 43�. The Sn NCs show peaks at
30.47 and 31.90� corresponding to the (200) and (101)
planes of β-Sn (Figure 3a). The β-Sn peaks remain over
all 70 cycles, although the intensity decreases during
cycling. When the cell is discharged to 0.01 V for the
first time (lithiation), new small peaks emerge (marked
by the red-slashed shading) at 23.7 and 39.2�, which
are matched to the (111) and (220) planes of R-Sn
(JCPDS No. 87-0794; a = 6.489 Å). No other peaks
related to the Li�Sn alloy were detected. After the cell
was fully charged to 1.5 V (delithiation), the R-Sn peaks
disappeared. However, during the third and fifth dis-
charging processes, the relative intensity of the R-Sn
peak to the β-Sn peak increased. These R-Sn peaks
persisted in the charged cell even after 70 cycles. Thus,
the lithiation of β-Sn NCs indeed produces R-Sn, which
becomes a vital phase as the cycling continues.
The XRD peaks of the as-prepared SnS electrode

(before the cycling test) were matched to those of
orthorhombic-phase SnS (Figure 3b). The emergence
of the Sn peaks during the first discharge of the cell
indicates the irreversible transformation of SnS into
β-Sn and R-Sn, and which are shown by the blue- and
red-slashed shading, respectively. In the cell charged
for the first time, both SnS and Sn peaks coexist,
indicating that not all of the SnS decomposed into
Sn. The β-Sn peak was broader than in the case of Sn
NCs, possibly because of less crystallinity due to their
production from the decomposition of SnS NCs. After
the third discharge, the R-Sn peaks can be clearly seen,
along with the main β-Sn peaks. The R-Sn peaks
became major features as the number of cycle in-
creased, as shown in the XRD pattern of the cell after
70 cycles.
Before the cycling test, the SnO2 electrode showed

peaks that exactly matched those of orthorhombic-
phase SnO2 (Figures 3c). The irreversible transforma-
tion of SnO2 into β-Sn occurs upon the first Li insertion
process. The coexistence of SnO2 and Sn peaks in the
cell after the first charge indicates that the lithiation did
not transform all the SnO2 into Sn. Eventually, after the
third discharge, all the SnO2 was converted to β-Sn.
A broad β-Sn peak was observed that was similar to
that found for the SnS NCs. The production ofR-Sn was
observed from the cells after the 10th and 70th charge

Figure 2. (a) Discharge/charge capacity vs cycle number for
half-cells of Sn, SnS, and SnO2 NCs with a rate of 100 mA/g
(=C/10). (b) Cycling performance as the rate is increased
from C/10 to 20 C.
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cycles. The peak intensity of R-Sn relative to that of
β-Sn (after the 70th charge) follows the order of SnS >
Sn > SnO2, which is correlated with both their capacity
and their rate capability.
A HRTEM image and its matched STEM (scanning

TEM) image confirmed the crystalline nature of the Sn
NCs in the fully charged SnS cell after the 70th cycle of
the battery test, as shown in Figure 4a,b, respectively.
The crystalline NCs (bright spots in the STEM image)
are well-dispersed and embedded in the carbon/
amorphous matrix. Lattice-resolved images revealed
the coexistence ofR-Sn and β-Sn NCs (Figure 4c,d). The
average diameter of the R-Sn NCs is approximately
5 nm, which is much smaller than that of the SnS NCs.
The (111) fringes are separated by a distance of
approximately 3.7 Å, which corresponds to the value of
bulk R-Sn. The β-Sn NCs usually have larger diameters
(average of 10 nm) than the R-Sn NCs. The d-spacing of
the (111) plane is 2.9 Å, which is close to that of β-Sn.
Previous in situ XRD studies on the lithiation and

delithiation of Sn and SnO films showed evidence for a
phase transformation between Sn and multiple inter-
mediates such as Li2Sn5, LiSn, Li7Sn3, Li22Sn5, etc.

36,37

The Huang group reported in situ TEM images of a
single SnO2 nanowire that showed a transformation
into crystalline β-Sn and hexagonal-phase Li13Sn5 do-
mains dispersed in an amorphous lithium oxide matrix
during the initial lithiation process.38�40 The lithiation
accompanies a large volume expansion (250%), which
is characterized by profuse dislocation plasticity. The
delithiation converted the Li�Sn alloy nanoparticles
back to β-Sn, with amuch smaller volume change than
that occurring during lithiation. In situ TEM images
of lithiated SnO2 nanowires consistently show that
the initial Li insertion produces spherical LixSn nano-
particles embedded in the amorphous lithium oxide

matrix, while the wire shape remains despite the large
high distortion.41,42 The present result showing that
the β-Sn phase is produced upon the lithiation of SnO2

(and SnS) and that the crystalline form is maintained
during the charge/discharge cycles is consistent with
these previous works. The XRD peaks of Li�Sn alloys
were not detected under our experimental conditions.
In fact, so far, there have been no reported XRD data on
the alloy formation in nanostructured anodematerials.
Sn has two polymorphs at ambient pressure: a low-

temperature R-Sn phase (gray tin or Sn-I), which is only
stable at temperatures below 13.2 �C, and a high-
temperature β-Sn phase (white tin or Sn-II), which is
stable up to 232 �C.43 R-Sn is a zero-band-gap semi-
conductor, which makes it an interesting system for
studying the opening of the direct tunable band gap
energy induced by the formation of alloys with cubic-
phase Si or Ge.44�47 The Cho group has previously
reported an ex situ XRD pattern of R-Sn produced
during the electrochemical cycling of SnO2 NCs.

15 They
correlated the R-Sn production with the size of cycled
crystals and proposed that the cubic phase is favored
at smaller sizes. Recently, Cabana and co-workers pre-
sented a TEM image of crystalline R-Sn NCs produced
by the delithiation of Sn NCs.12 Hwang and co-workers
reported calculations of the thermodynamic properties
of the lithiation of R-Sn, suggesting that Li insertion
into R-Sn is more favorable than that into the cubic-
phase Si and Ge.48 Kaghazchi calculated the energy
barriers for the Li incorporation into the R-Sn (100) sur-
face, which are much lower than those for Li incor-
poration into the Si(100) surface.49 However, there are
no experimental works on the lithiation of R-Sn to
support these theoretical works yet.
To the best of our knowledge, the production of the

R-Sn phase by the lithiation of SnS NCs has not been

Figure 3. XRD pattern of (a) Sn, (b) SnS, and (c) SnO2 electrodes before and after first, third, fifth, 10th, and 70th discharge
(DC)/charge (C) cycles.
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reported yet. The preferred production of the β-Sn
phase by the irreversible transformation reaction of
SnS and SnO2 would be due to its thermodynamic
stability upon Li insertion, as discussed later in terms of
Li intercalation energy. We found exclusively that the
R-Sn phase commonly emerges during the lithiation of
all Sn, SnS, and SnO2 NCs and persists even after
70 cycles. The disintegration of the crystalline R-Sn
phase as the cycling progresses appears less significant
than that of the β-Sn. It is expected that the main-
tenance of the crystalline phase increases the electrical
conductivity with respect to that of the amorphous
phase, leading to capacity enhancement, especially at
higher discharge/charge rates. Therefore, we conclude
that the production and persistence of such favorable
R-Sn NCs promises enhanced cycling performance.
Now, the possible reasons for the emergence of the

R-Sn phase have been investigated using ab initio

calculations, as follows. Table 1 lists the parameters
for the stepwise Li insertion reactions in R-Sn (Sn8) and
β-Sn (Sn4): the number of configurations considered
(N), the lattice constants (a = b, c) of the tetragonal-
phase product, the energy change for intercalation of
each Li atom (Eb

1) with respect to the energy of body-
centered cubic Li, the volume per Li atom of the
product (V1), the volume increase accompanying the
Li intercalation (δV), and the total energy of the most
stable configuration (Etot). The stepwise Li-addition
pathways in R-Sn (Sn8) and β-Sn (Sn4) are Sn8 f

Sn8Li2 f Sn8Li3 f Sn8Li4 f Sn8Li5 f Sn8Li6 and Sn4 f
Sn4Li1 f Sn4Li2 f Sn4Li3, respectively.
Figure 5 displays the most stable structures of Sn8

(R-Sn), Sn8Li2, and Sn8Li5 (projected onto the ab and ac

planes). As a first step, five different configurations
of Sn8Li2 were considered: two diamond-type cubic

configurations and three tetragonal configurations.
The most stable configuration is tetragonal, where
two Li atoms occupy two of the four tetrahedral
sites on the (011) surface (see Figure 5a,b). Other

Figure 4. (a) HRTEM and (b) STEM images of crystalline R-Sn and β-Sn NCs (sampled from fully charged SnS cell after 70
cycles), dispersed in carbon/amorphousmatrix. Lattice-resolved images show that d-spacings of (c) R-Sn (111) planes and (d)
β-Sn (200) planes are 3.7 and 2.9 Å, respectively.

Figure 5. Structure of (a) Sn8 (R-Sn), (b) Sn8Li2, and (c)
Sn8Li5, projected onto the ab and ac planes.
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configurations include those in which one Li atom
occupies the octahedral site at the body center of
the unit cell, while the other occupies a tetrahedral
site. It is highly probable that global energy minimum
has been achieved since no other configuration seems
to be possible. Starting from the most stable config-
uration of Sn8Li2, the stepwise Li insertions to produce
Sn8Li3, Sn8Li4, Sn8Li5, and Sn8Li6 were then studied. The
crystallinity is totally preserved up to x = 5 for Sn8Lix in
the tetragonal phase (see Figure 5c). In short, R-Sn is
expected to accommodate the Li atoms up to Sn8Li5
simply by putting them in five empty sites with
little disturbance of the crystal structure. Figure S5
(Supporting Information) shows that the addition of
an extra Li atom in Sn8Li6 still preserves 81% of the
crystalline Sn�Sn bonds. The Eb

1 values are negative
for all these processes, indicating that the Li insertions
up to Sn8Li6 are thermodynamically favorable.

Next, the Li insertion into Sn4 (β-Sn) was studied to
determine whether the lithiated form is more stable or
less stable than that of Sn8 (R-Sn). The most stable
configurations of Sn4 and Sn4Li1 (projected onto the
ab and ac planes) are shown in Figure 6. The Sn�Sn
bonds of the β-Sn are almost completely broken down
when one Li atom is intercalated to form Sn4Li1. This
leads us to conjecture that Sn4Li1 certainly becomes
amorphous, which is consistent with the experimental
result that β-Sn transforms into an amorphous phase
during the repeated discharge/charge cycles. In other
words, β-Sn is so fragile that it becomes amorphous
upon the insertion of only one Li atom. Furthermore,
the volume increase upon lithiation (δV = 10.7%) is
larger than that (δV = 8.8%) for Sn8Li2, while the
volume per Li atom (V1) is smaller (126.2 Å3 versus

160.1 Å3). This implies that the Liþ�Liþ repulsion is
more effectively released by the larger volume increase
of β-Sn, which can be only achieved by breaking of the
Sn�Sn bonds of the crystalline β-Sn. As a result, the Li
intercalation is more favorable in the β-Sn, as reflected
in the larger |Eb

1| value for β-Sn (=0.89 eV) than forR-Sn
(=0.40 eV). The same argument will hold for all x. It
should bementioned that the total energy of Sn4Lixwe
calculated here constitutes an upper bound to the
energy of the configuration at the global energy mini-
mum in the amorphous phase. This can be easily
proven by employing larger and larger supercells in
such a way that the size of supercells eventually
becomes infinite, whose total energy per Sn will be
certainly lower than or equal to that of the smaller
supercells. In short, the true |Eb

1| value of the amor-
phous Sn4Lix is expected to be larger than the value
calculated in this study (as shown in Table 1).
Figure 7 shows the total energy (Etot) of Sn4Lix (β-Sn)

as a function of the Li content (x) in comparison with
1/2 of the Etot of Sn8Lix (R-Sn). Sn4Lix ismore stable than
the same stoichiometric Sn8Li2x over the entire Li
content range. Sn4Li1, Sn4Li2, and Sn4Li3 can be more
stable than the Sn8Li2, Sn8Li4, and Sn8Li6 (at the same
stoichiometry) by total energy differences of 0.33, 0.68,

Figure 6. Structure of (a) Sn4 (β-Sn) and (b) Sn4Li1, projected
onto the ab and ac planes.

TABLE 1. Parameters for the Li Intercalation Reaction of r-Sn and β-Sn

Li intercalation reaction Na (a = b, c)b Eb
1 (eV)c V1 (Å3)d δV (%)e Etot (eV)

f

Sn8 (R-tin) 1 (6.65, 6.65) �30.685(�15.342)g

Sn8 þ 2Li f Sn8Li2(tetragonal) 5 (6.97, 6.59) �0.40 160.1 8.8 �34.697(�17.349)
Sn8Li2 þ Li f Sn8Li3 3 (7.12, 6.39) �0.57 108.0 1.2 �36.877(�18.439)
Sn8Li3 þ Li f Sn8Li4 3 (7.34, 6.10) �0.82 82.2 1.5 �39.301(�19.651)
Sn8Li4 þ Li f Sn8Li5 1 (7.52, 5.95) �0.90 67.3 2.4 �41.812(�20.906)
Sn8Li5 þ Li f Sn8Li6 2 (7.56, 5.86) �1.55 55.8 �0.4 �44.973(�22.467)
Sn4 (β-tin) 1 (5.95, 3.22) �15.187
Sn4 þ Li f Sn4Li1 4 (6.37, 3.11) �0.89 126.2 10.7 �17.683
Sn4Li1 þ Li f Sn4Li2 3 (6.69, 3.21) �1.04 71.8 13.8 �20.325
Sn4Li2 þ Li f Sn4Li3 3 (6.88, 3.28) �0.92 51.8 8.0 �22.847

a Number of configurations considered. b Lattice constants (a= b, c) in Å. c Energy change of the Li intercalation per Li atom. d Volume per Li atom (V1) of the product. e Volume
change accompanying the Li intercalation. f Total energy of the most stable configuration of reaction products. g The 1/2 value of Etot for Sn8Lix.
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and 0.3 eV, respectively. Again, it should be noted that
the Etot value of Sn4Lix is an upper bound to the true
energy, while that of the Sn8Lix presumably corre-
sponds to the global energy minimum. Therefore, the
relative stability of the Sn4Lix over the Sn8Li2x will be
more pronounced than that of these calculations.
The larger Li intercalation energy of the tetragonal phase
than the cubic phase was also predicted for Ge.50

Our calculation shows that Sn8 is more stable than Sn4
by 0.16 eV (per Sn4) at 0 K. To explainwhy theβ-Sn phase
is favorable at room temperature, we suggest that the
entropy factor compensates the small energy difference
between the two phases in such a way that β-Sn
eventually becomes more stable. It is out of the scope
of this work to calculate the entropic contribution to the
free energy. Nevertheless, the entropy effect couldmake
Sn4Lix more stable (more negative energy) than our
calculated one by an amount larger than 0.16 eV. In
otherwords, the relativevalueof the free energyof Sn4Lix
(vs Sn8Li2x) is more negative than the difference of the
Etot value by at least 0.16 eV, which should make Sn4Lix
more stable than Sn8Li2x. This assumption seems to be
reasonable because the amorphous Sn4Lix is muchmore
disordered than the crystalline Sn8Li2x. Therefore, at
room temperature, the relative stability of β-Sn4Lix could
be farmore pronounced if the entropy factor contributes
additional stability to the amorphous β-Sn4Lix phase.
Taking into account the unreached global energy

minimum of the Li-intercalated β-Sn configuration as
well as the entropy effect, we conclude that the β-Sn
phase is thermodynamically more stable than the
R-Sn phase and can act a major active phase for the
lithiation/delithiation processes. The lithiation of β-Sn
changes it into an amorphous phase even at the Sn4Li1
stoichiometry. In contrast, R-Sn maintains a crystalline

form upon lithiation. Therefore, we suggest that once R-
Sn is produced during the lithiation process, it can retain
its crystallinity over repeated cycles. The preservation of
the crystalline phase could be further manifested by the
comparison with the cubic-phase Ge; for example, the
volume increase (∼9%) of Sn8Li2 (from Sn8) is smaller
than that (∼13%) in the corresponding process in Ge8.

50

This observation canbeunderstood in termsof the larger
V1 value for Sn8Li2 (∼160.1 Å3) than for Ge8Li2 (∼109.7
Å3). The Liþ�Liþ repulsion is weaker in the Sn8 unit cell
because of the larger distances between Li atoms.
The production of R-Sn could be explained by the

size effect, as suggested by other research groups.12,15

The lithiation process reduces the size of the NCs down
to the critical size where the R-Sn phase is more stable
than the β-Sn phase. This result can be supported by
our TEM images, which show that the sizes of the R-Sn
NCs are usually smaller than those of the β-Sn NCs.
Another possibility is thatβ-Sn is transformed intoR-Sn
because the Li atoms act as a catalyst. Nevertheless,
further studies need to be conducted to understand
themechanism underlying the production of R-Sn and
its stronger tendency to be produced from SnS NCs.

CONCLUSIONS

We synthesized Sn, SnS, and SnO2 NCs using a gas-
phase laser photolysis of Sn(CH3)4 as the Sn precursor.
The gas mixture with H2S produced SnS NCs, and the
oxidation of the Sn NCs produced SnO2 NCs. The β-Sn
(tetragonal), SnS, and SnO2 NC electrodes showed
excellent cycling performance in LIBs, with capacities
of 700, 880, and 540 mAh/g, respectively, after
70 cycles. The SnS NCs in particular exhibit the highest
rate capabilities, 700 mAh/g at 20 C. The SnS and SnO2

NCs produced β-Sn NCs through an irreversible trans-
formation. Remarkably, all threeNCs producedR-SnNCs
(a metastable cubic phase at room temperature) during
lithiation. As the cycle number increased, R-Sn became
the dominant phase. A stronger tendency toward R-Sn
production and persistence was observed for SnS NCs,
making them thebest candidate for LIB anodematerials.
Our first-principles calculations showed that the Li-

intercalated β-Sn (Sn4Lix, x = 1�3) is thermodynamically
more stable than the Sn8Li2x, assuming that the entropic
contribution to the free energy further favors the β-Sn.
Upon lithiation, β-Sn easily turns into an amorphous
phase. In contrast, R-Sn preserves its crystal structure,
suggesting that once it is produced it can remain crystal-
line after repeated cycles. The persistence of crystalline
R-SnNCs could increase the electrical conductivity of the
material, leading to excellent rate capabilities.

MATERIALS AND METHODS
Laser photolysis of tetramethyl tin (TMT, Sigma-Aldrich) or a

TMT/H2S mixture was performed using an 1064 nm Nd:YAG

pulsed laser (Coherent SL-10) operating with a repetition rate of

10 Hz and a pulse width of 10 ns. The precursors were degassed

by several freeze (77 K)�pump�thaw cycles, then usedwithout

Figure 7. Total energy (Etot in eV) of the Sn4Lix (β-Sn) versus
x, and 1/2 of the total energy of the Sn8Lix (R-Sn) versus x/2.
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further purification. The precursor vapors (20�50 Torr) were
introduced into a 1 L volume Pyrex glass reactor, equipped with
a gas valve connecting to a standard vacuum line and a 2 in.
diameter quartz optical window. The laser beam was focused
into the closed reactor with a 10 cm focal length lens through
the optical window. The experiment was carried out using a
photon energy of 0.1�0.2 J/pulse. After 1 h of laser irradiation,
the gas products were vented and the freestanding NCpowders
(mainly formed on the reactor wall) were collected by dispers-
ing them in ethanol, followed by evaporation and vacuum
drying at room temperature. A gas mixture of TMT (20 Torr)
and H2S (20 Torr) was used to synthesize the SnS NCs. The SnO2

NCs were synthesized by oxidation of Sn NC at 600 or 800 �C for
30 min, under ambient O2.
The products were characterized by scanning electron

microscopy (SEM, Hitachi S-4700), field-emission transmission
electronmicroscopy (FE TEM, FEI TECNAI G2 200 kV and Jeol JEM
2100F), high-voltage transmission electron microscopy (HVEM,
Jeol JEM ARM 1300S, 1.25 MV), and energy-dispersive X-ray
fluorescence spectroscopy (EDX). Fast Fourier transform (FFT)
images were generated by the inversion of the TEM images
using Digital Micrograph GMS1.4 software (Gatan Inc.). High-
resolution XRD patterns were obtained using the 9B and 3D
beamlines of the Pohang Light Source (PLS) with monochro-
matic radiation. XRD measurement was also carried out in a
Rigaku D/MAX-2500 V/PC using Cu KR radiation (λ = 1.54056 Å).
For electrochemical tests, the electrodes of battery test cells

weremade of the activematerial (Sn, SnS, or SnO2), super P, and
poly(acrylic acid) (PAA, 35 wt % dissolved in water; Aldrich)
binder at a weight ratio of 6:2:2. The distilled water/mixed slurry
was coated onto the 20 μm thick Cu foil. The coated electrode
was dried at 80 �C for 12 h and then roll-pressed. The coin-type
half-cells (CR2032) were prepared in a helium-filled glovebox.
The cell consisted of an electrode (containing activematerial), Li
metal, microporous polyethylene separator, and electrolyte
solution of 1 M LiPF6 in 1:1:1 vol % of ethylene carbonate
(EC)/ethyl methyl carbonate (EMC)/dimethyl carbonate (DMC).
The performance of the cells was examined using a battery
testing system (Maccor 4000) at a current density of 0.1 C to 20 C
between 0.01 and 1.2 V. Cyclic voltammetry (CV) measurements
were conducted (Biology SAS) using a voltage range of 0.01�
2.5 V at a rate of 0.1mV/s. For ex situ XRDmeasurements, the LIB
half-cells charged or discharged to certain voltages were dis-
assembled in a glovebox, and the electrodes were rinsed
thoroughly with a DMC solution to remove the LiPF6 salts.
For first-principles calculation of Li-intercalated Sn poly-

morphs, geometry optimizations were carried out using the
Vienna ab initio simulation package (VASP).51,52 Electron and
ion interactions were described by the projector-augmented
wave (PAW) method, which is essentially a frozen-core all-
electron calculation.53 The Perdew�Burke�Ernzerhof (PBE)
function was adopted for the exchange-correlation function.54

For structure optimization, atoms were relaxed to the direction
of the Hellmann�Feynman force using the conjugate gradient
method until a stringent convergence criterion (0.03 eV/Å) was
satisfied. The k-point sampling was done using a sufficient
number of points. For example, 13 � 13 � 13 k-points were
used for the cubic (diamond) structure, for which the optimized
lattice constant was 6.65 Å. When Li atoms were intercalated,
the diamond phase was found to change to a tetragonal phase.
The binding energy (Eb) of Li atoms in a Sn crystal was calculated
based on the chemical potential of a Li atom, which equated to
its total energy in the body-centered cubic Li crystal with the
optimized lattice constant. Therefore, the calculated Eb corre-
sponds to the lower bound of the real binding energy, and the
real binding energy will be larger than |Eb| in magnitude.
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