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Abstract

Single-nanocrystalline SnO, (2-4 nm¢) particles hyperlinked and encapsulated within
hollow-structured carbon black (Ketjen Black (KB), typically 40 nm¢) were prepared using our
original in-situ ultracentrifugation (UC) materials processing technology (UC process).
Ultracentrifugation at 75,000G induces an in-situ sol-gel reaction that brings about optimized
hyperlinks between limited-size SnO, nanocrystals and microcrystalline graphitic carbons of
KB. Efficient entanglement and nanonesting has been accomplished by simultaneous
nanofabrication and nanohybridization in the UC process, specifically at a ratio of SnO,/KB =
45/55. This composite exhibited a reversible capacity of 837 mAh g per composite, equivalent
to 1444 mAh g (per pure SnO, after subtracting of capacity attributed to KB in the composite)
for remarkably many cycles, over 1200. Such high performance in regard to both capacity and
cyclability has never been attained so far for SnO, anode materials. The reversibility of the
changes in Sn valence state (defined as “formal valence state” in the manuscript) from Sn(2.9+)
to Sn(4.4-) was demonstrated by in-situ XAFS measurement during the lithiation-delithiation
process. Peculiar nanodots of typically 2—4 nm that look like single-crystal SnO,/carbon
core-shell structures were found for the optimized dose ratio (45/55) in the HRTEM observation.
After 10 cycles, all the materials showed complete encapsulation of the same-sized
nanoparticles, which were covered and nested within the KB matrix and an electrolyte-derived
polymeric film. These results indicate that the initially prepared SnO,/KB composites were
transformed into a new species, represented as Li,SnO 45 (x: 0-7.3), which shows perfect
reversibility and cyclability. This species can exchange a total of 7.3 electrons, including 2.9

electrons for the conversion reaction (1-2 V) and 4.4 electrons for the subsequent alloying
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process (0—1 V).

Introduction

Lithium-ion batteries (LiBs) are the most widely used type of rechargeable electrochemical
energy storage device because of their high volumetric energy density and excellent service life.
However, their energy and power capabilities are still insufficient to meet the demands of
consumer electronics and, more importantly, electronic automotive applications.' Although
graphite remains the most widely used anode material in commercial LiBs, it cannot meet the
requirements for high-capacity LiBs, because its theoretical value is only 372 mAh g, which
has already nearly been reached.” Thus, alternative high-capacity anode materials are required
and have been vigorously investigated. For example, metal oxides such as V,03,” MnO,*
Mn;0,,” Fe,05,° Fe;04,” Co0,* Co;04,” Ni0,'" Cu0,"" Zn0,"> M00s," Sn0,,"* and SiO,"
which act as anode materials undergoing conversion reactions, have attracted intense interest
because of their high theoretical capacities (700-1500 mAh g™), regardless of some issues such
as inappropriate voltage range (from 0 to 2~4 V vs. Li/Li" ) and initial irreversible capacity for
practical application of LiBs. SnO, is the one of the most well-characterized systems among
those conversion anodes because of its high theoretical capacity of 1494 mAh g"' (quadruple of
the theoretical capacity of graphite) delivered in a relatively lower operation voltage range of 0—
2 V. '® Furthermore, SnO, is inexpensive, exhibits low toxicity, and is environmentally benign.'’

It is generally understood that SnO, undergoes two types of redox reactions in which 8.4
electrons and Li* are theoretically exchanged in total.' First, the conversion reaction (SnO, +

4Li* + 4¢ - Sn + Li,0) occurs at 1.54 V vs. Li/Li* during the lithiation process. This
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conversion reaction was considered as completely irreversible until early beginning of 2000,

while some of recent reports suggest that it is partially reversible’>**. The subsequent alloying
process (Sn + 4.4Li" +4.4e” — Li, 4Sn) occurs over a wider voltage range of 0.3-0.7 V and is
recognized to be more reversible.* One serious problem with the alloying reaction is the drastic
volumetric expansion (max. 359%) occurring during the complete alloying from Sn(0) to the

fully lithiated state of Lis4Sn."® Such a large volume expansion'®***

induces surface cracking
and damage to the whole electrode, including both the tin (SnO,) and the carbon conductive
agents (e.g., acetylene black). This may cause a loss of electrical contact between SnO, and the
carbon network as well as between the electrode and the current collector. Another issue is the
pulverization associated with the large volumetric increase up to, typically, 100 cycles.”***
Winter et al.'® clearly demonstrated such cracking by performing careful SEM observations
during the alloying process. Two important approaches have been proposed to overcome these
pulverization problems. One is to use nanosized SnO, to reduce the absolute volume changes of
the reactive phases, and the other is to design a stabilized multiphase composition® or
microstructure in which nanoscale SnO, is finely dispersed in a well-accommodated
neighboring matrix that allows smooth lithiation. Several major attempts have been made to

improve the cycling performance of SnO, up to around 200 cycles.*

Among these approaches,
“nanocompounding,” in which “nanofabrication” of the SnO, and “nanocompositing” with
carbon material are achieved simultaneously, has been particularly promising. The
nanofabricated SnO, can be prepared using either sol-gel or hydrothermal methods with

Sn(IDCL,"" or Sn(VI)CL*? as the starting material. Furthermore, various organic compounds

such as glucose,” phenol formaldehyde,* ethylene glycol,® and sucrose®® have been examined
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as carbon sources for multifunctional nanocompositing agents. Carbon nanotubes
graphene oxide™*” have also been examined as a more effective carbon matrix.
Nanocompounding normally yields SnO, particles (5 to 10 nm) smaller than those in
commercially available reagent-grade SnO, (primary particle size = 100 nm; Aldrich). This
nanocompounding certainly prolonged the cycle lifetimes, somewhat, to around 200 cycles, but
a long cycling life over 200 cycles had not been achieved. The factors contributing to such short
cycle lifetimes are considered to be (1) aggregation of the SnO, nanoparticles over 200 cycles
and (2) possible decomposition of the electrolytes catalyzed by the reduced Sn(0) nanoparticles.
Recently, there are two reports on the SnO,/graphene composites, which show a high reversible
capacity of 800-1350 mAh g™ over 500-1000 cycles.*"** Such a long cycle life was achieved
owing to the encapsulation of SnO, nanoparticles (4-5 nm prepared via. hydrothermal method)
by graphene 2D layers, which limits aggregation of tin nanoparticles generated during lithiation.

In our case, in order to further prolong the cycle lifetimes of SnO,, a complete encapsulation of
the single nanoscale SnO, crystals within hollow-structured carbon black (Ketjen Black; KB)
was achieved by a unique in-situ materials processing technique under ultracentrifugation
(75,000 G) called UC treatment. **** KB is a type of carbon black, possesses hollow sphere
structure, and consists of disordered microcrystalline graphitic carbons.**® Using this UC
treatment, nanosized (ca. 2 nm) hydrous RuO,/KB composite was successfully prepared. ** The
UC treatment drives an in-situ sol-gel reaction generating nanosized (< 5 nm) SnO, particles
that are hyperdispersed and confined within the KB matrix. In the present study, we chose SnO,
as a model material to dealt with the conversion essentials. We will describe the optimally

dispersed and encapsulated nanophase crystalline SnO, (nc-SnO,)/carbon composite exhibiting
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a highly reversible capacity of 837 mAh g up to >1200 cycles. Detailed evaluation of the
structural features and electrochemical properties of the UC-treated nc-SnO,/KB was also
performed to propose a new mechanism that renders the conversion reaction highly reversible

for prolonged cycle lifetimes.

Experimental

Materials. We first used Sn(II)Cl,-2H,O (Kanto Chemical Inc.) as a source of SnO, and a
hollow-structured Ketjen Black (KB; EC600JD, Ketjen Black International Company) with 50
nm primary particles with a specific surface area (SSA) of 1270 m* g as a carbon matrix to
entangle with the growing nanoscale SnO,. 6 M HCl aq. (Wako Pure Chemicals) was added to
the starting solution to enhance the dissolution of Sn(IT)Cl,-2H,O prior to the UC treatment, and
1 M NaOH aq. (Wako Pure Chemicals) was used to drive sol-gel process via hydration and
polycondensation. Distilled water (17 MQ cm) was used as a medium for the entire

preparation scheme.

Preparation of nc-SnO,/KB Composite under UC Treatment. /n-situ synthesis of the
nc-SnO, and its simultaneous nanohybridization with hollow-structured carbon black was
carried out by performing UC treatment. **** A transparent starting solution was obtained after
SnCl,-2H,0 and 1 mL of 6 M HCI aq. was mixed in 33 mL of distilled water. Various amounts
of KB were then mixed in the solution under 5 min of ultrasonication to obtain a uniform
premixture. The first UC process was carried out on this premixture for 5 min to obtain the

perfect dispersion of Sn** and KB. In this process, the Sn** can attach uniformly on the surface
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of the disaggregated primary particles of KB. After the addition of 17 mL of 1 M NaOH agq., the
second UC treatment was performed for 2 min under hyperagitation at 75,000G. The second UC
process induces the hydrolysis reaction in a controlled manner to achieve in-sifu nucleation of
the SnO, polynuclear precursors on KB. With this two-step UC process, the obtained particle
size is well-controlled and is even smaller than the mean sizes reported previously.* The
resultant solution with a dark precipitate consisting of precursor composites was filtered,

washed with distilled water several times, and then dried at 180°C in vacuo for 12 h.

Physicochemical Characterizations of the nc-SnO,/KB Composite. The detailed
nanostructure of the composites was characterized by high-resolution transmission electron
microscopy (HRTEM, Hitachi H9500 model) to evaluate the particle size distribution of the
nc-SnO, and the disordered structure of the microcrystalline graphite of KB. X-ray diffraction
(XRD, Rigaku SmartLab) measurements were performed to characterize the crystalline
structure of the nc-SnO,/KB in the composite. In order to characterize the stoichiometry of the
composites, thermal analysis was performed under a synthetic air atmosphere (O, : 20%, N, :
80%) using a thermogravimetry differential thermal analyzer (TG/DTE, Seiko Instruments

TG/DTA6300).

Electrochemical and Battery Characterizations of nc-SnO,/KB Composites. The half-cell
was assembled with a Li metal electrode and a nc-SnO,/KB electrode using a 2032 coin-type
cell. The electrolyte was a mixture of ethylene carbonate (EC) and diethyl carbonate (DEC)

containing 1.0 M lithium hexafluorophosphate (LiPF) as an electrolyte salt. The nc-SnO,/KB
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electrode was prepared by mixing the composite (85% by mass), acetylene black (AB, Denka
Acetylene Black HS-100, provided from DENKI KAGAKU KOGYO K.K (DENKA); 5%),
and polyvinylidene difluoride (PVdF; 10%) in N-methyl pyrrolidone (NMP). The mixture was
coated on Cu foil (current collector) and dried at 150 °“C in vacuo for 3 h. The thickness of the
nc-SnO,/KB electrode was controlled to ca. 20 u m. The average loading mass of active
material was ca. 0.5 mg cm™. Charge-discharge tests were performed in CC-CV(lithiation) and
CC (delithiation) mode between 0.0 and 2.0 V at a current density of 0.2 C-rate assuming 1

C-rate is 1494 mAh g

In-Situ XAFS Measurements. In-situ X-ray adsorption fine structure (XAFS) measurements at
the Sn K-edges were performed in a fluorescence mode on the composite samples at the beam
line BL14B2" of the synchrotron radiation facility Spring-8 (Hyogo, JAPAN). The fluorescence
signals were collected by a 19-element solid-state detector. Using this SnO,/KB composite
electrode, laminate-type two-electrode cells were assembled with lithium metal foil.
Charge-discharge tests were performed on the assembled laminate cell in the voltage range of
0-2.0 V during the 1st and 10th cycles at a rate of 0.2 C. The XAFS spectra were recorded at an
equilibrium state following a rest period of 20 min at each voltage. The obtained XAFS spectra
were analyzed with the spectral fitting software REX2000 (Rigaku Corp.) to evaluate the ratio
of Sn species with different valance states such as Sn0 (Sn metal), Sn4+ (Sn0O,), Sn4.4-

(Lis4Sn).

Results and discussion
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We varied the Sn dosing ratio from 30 wt% to 90 wt% in an attempt to synthesize SnO,/KB
nanocomposites with the maximum SnO, contents. The crystalline structure of the obtained
SnO,/KB composite was confirmed by XRD analysis. A dosing ratio of over 90 wt% gave
strong and sharp XRD signals for SnO along with broad peaks attributed to rutile SnO,. For
SnO, dosing ratios from 30 wt% to 80 wt%, only the rutile SnO, was formed. Figure 1 shows
the XRD patterns of three SnO,/KB composites with SnO, dosing ratios of 80 wt% (Fig. 1a(A)),
70 wt% (Fig. 1a(B)), and 50 wt% (Fig. 1a(C)). As mentioned above, the major phase was rutile
SnO; overlaid by broad peaks of KB. We found that dosages of 50 wt%—80 wt% gave
reasonable SnO,/KB composites after our UC treatment. When the dosing ratio was increased
from 50 wt% (Fig. 1a(C)) to 80 wt% (Fig. 1a(A)), all the XRD peaks became slightly sharper,
indicating either a slight increase in the SnO, crystal size or an increase in crystallinity. The
three broad peaks for the (110), (101), and (211) planes are in good agreement with the reported
XRD results for hydrothermally synthesized SnO, (5-6 nm). ***° Assuming that the
half-bandwidth of the XRD peaks depend on the crystal size, the crystallite sizes were
calculated by adopting the Scherrer formula for the three planes. The calculated diameters of the
SnO, crystallites are 2—4 nm, 3—4 nm, and 4-5 nm for the composite samples in Fig. 1a(C) (50
wt% Sn0,), 1a(B) (70 wt%), and 1a(A) (80 wt%), respectively. The sizes calculated in the three
different directions were the same for all composites. This suggests that the obtained single
nanocrystals of SnO, have spherical shapes. The proportionality of the calculated size to the
SnO, dosing ratio (50 wt%, 70 wt%, and 80 wt%) reflects the effect of the amount of KB on the
size-control of the SnO, particles. For dosing ratios below 50 wt%, the particle size was the

same as for the dosage of 50 wt%, indicating the limit of the size-control effect of KB on SnO,
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particles. Thermogravimetric analysis (TGA) was performed on SnO,/KB composites under an
air atmosphere in order to estimate the ratio of SnO, and KB from the residual SnO, weight
after oxidative decomposition of KB. Figure 1b shows TGA curves for three SnO,/KB samples
with different dosing ratios, viz., 80/20 (Fig. 1b(A)), 70/30 (Fig. 1b(B)), and 50/50 (Fig. 1b(C)),
and the pure KB (UC-treated KB, denoted as UC-KB, Fig. 1b(D)) as a reference. All TGA
curves except that for the reference KB indicate two stages of weight loss. The initial weight
loss in the temperature range of 25-200°C can be attributed to a small quantity of water and
gases absorbed from the ambient. Next, the decomposition of the surface functional groups on
the KB (such as lactone and carboxyl)so is observed at 200—400°C. The amount of oxidative
decomposition of the KB can be estimated by subtracting the weight at 800 °C from that at
200 °C. The resulting SnO,/KB ratios in the composites are found to be 75/25 (Fig. 1b(A)),
63/37 (Fig. 1b(B)), and 45/55(Fig. 1b(C)), respectively. These values are slightly lower than the
respective dosing ratios. However, it is noteworthy that there are large differences in the
decomposition temperature: the SnO,-containing KB (Fig. 1b(A), (B), (C)) combusted at
430 °C, which is 170 °C lower than the UC-KB decomposition temperature (600 °C). Gao et al.
discovered a similar shift of the combustion temperature by about 100 °C (decrease from 653 to
551 °C) when the pristine CNTs and TiO,-grafted (5-10 nm particles) CNTs were combusted.”’
Other reports**** have also described the same catalytic effect, which is consistent with our
results.

The nanostructure of the three SnO,/KB composites was observed by HRTEM to evaluate their
morphology and crystal structure. The lower magnification images presented on the left-hand

side of Figure 2 (A)—(C) show the highly dispersed SnO, nanodots ranging from 2 to 6 nm in

10
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diameter within the KB matrix. The comparison of the bright-field and dark-field images clearly

demonstrates the encapsulation of SnO, nanoparticles within the hollow structure of KB (see

supporting Fig. S1). In the higher magnification HRTEM images (Fig. 2 (A)—(C), middle), one

can see the more detailed nanostructure of the SnO,, including a slight difference in the degree

of crystallization among three samples. With an increase in SnO, dosage, the crystals seem to be

more crystalline, judging from the higher contrast between the fringe and the inside of the SnO,

nanoparticles. The SnO, particle size also changes depending on the dosage; the observed SnO,

particle size is 2-4 nm for a SnO, content of 45 wt%, 3-5 nm for 63 wt%, and 4-6 nm for 75

wt%. The smallest particle size of 2—4 nm was obtained for the 45 wt% SnO, samples (Fig.2

(C)), which have a partially ambiguous slit line in the lattice arrangements as compared to those

in larger SnO, particles such as those obtained with a 75 wt% SnO, content (Fig.2 (A)). In the

image (Fig. 2(C)), such small and less developed particles are well attached onto the surface of

a KB sphere, mostly on the inner sphere with few on the outer sphere. As is described later in

Figure 3, the most optimized SnO,/KB composite was fabricated with this dosage of 45 wt%,

and the pulverization/degradation issues were completely overcome through the encapsulation

of SnO, into the KB nest. Upon an increase of SnO, dosage from 45 wt% to 63 wt%, most of

the SnO, particles remained encapsulated but seem to be slightly larger, as shown in the middle

image in Fig. 2(B). The rest of the particles are attached directly on the outer spheres of the KB

nests. For the 75 wt% SnO, composite, however, one can hardly see the KB carbon structure

(Fig. 2(A), middle), while particles are enlarged to 5-6 nm and cover the whole KB matrix. The

enlargement of the SnO, particles is consistent with the Scherrer analyses of the XRD results

(Fig. 1a). Schematic illustrations are presented for each image on the right-hand side of Fig. 2.

11
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These illustrations of three SnO,/KB composites are also supported by the results of N,
adsorption experiments (see supporting Fig. S2). The specific surface area (SSA) of the
composites linearly decreases with a SnO,-dosage increase from 0 wt% (pure KB) up to 67 %,
while the SSA starts to slightly increase from 67 to 75 wt%. The slight increase of the SSA from
67 wt% can be due to the SnO, nanoparticles piled on the outer sphere of KB, as shown in Fig.
2 (A) for the 75 wt% dosage. Unlike the other two samples, this 75 wt% SnO, sample, which
includes particles piled together on the KB outer sphere, lost the direct electronic contact
between the particles and the microcrystalline graphitic carbons of the conductive KB, resulting
in poor electrochemical performance (see a later section and Fig. 3).

In order to confirm the effectiveness of the highly dispersed and encapsulated structure of
nanocrystalline SnO, in the composites for the reversible lithiation-delithiation process, the
cyclability of three SnO,/KB composites (SnO, = 75, 63, and 45 wt%) was tested within the
potential range from 0.0 to 2.0 V (Fig. 3). The obtained results show that the cyclability of
SnO,/KB is sensitive to the dosing ratio of SnO, in the composites. In the case of 75
wt%-dosage (A), a capacity of 300 mAh g was obtained at the 100th cycle, and the sample
fully degraded after 170 cycles. This value is more or less consistent with the data presented in
other representative recent papers (X. Li et al.”®, H. Song et al.”*, M. Alaf et al.”, J. Huang et
al>®, and X. Fan er al.*). Those papers reported the samples prepared with various nanocarbons
(graphene and single/multi-walled CNTs) composited with loading ratios of 60-90 wt% of
mostly sol-gel- or hydrothermal-derived nanosized SnO, particles (5-30 nm in diameter), and
their best performances (400-600 mAh g at around 0.1-0.2 C-rate) in the ranges between 50

and 200 cycles. Interestingly, a sample with a lesser dosage (63 wt%) gave the highest capacity

12
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of a little over 800 mAh g up to 200 cycles and was proved to be cyclable up to 700 times (see
Fig. 3(B)). Most strikingly, the sample with the 45 % dosage exhibited the longest cycling
performance (more than 1200 cycles), showing a gradually increasing capacity from 720 to 837
mAh g, as shown in Figure 3(C). In fact, the 45 wt% SnO, composite sample showed both
exceptional cycling performance (1200 cycles) and high coulombic retention (over 99%)
simultaneously as shown in the inset of Fig. 3 (charge-discharge curves). Such high
performance has never been attained to date, according to previous reports.**”**° The reversible
capacity of 837 mAh g (at >1200 cycles) is equivalent to 1444 mAh g™ relative to the mass of
the SnO, active material, suggesting that the conversion reaction itself became reversible. This
1444 mAh g capacity is purely ascribable to the capacity of SnO, in the 45 wt% dosage sample,
since the capacity ascribed to the pure KB, 340 mAh g™, has already been subtracted. The KB
capacity (340 mAh g"') was determined independently on the basis of a cycling test on a pristine
UC-treated KB electrode (UC-KB, see supporting Fig. S3). In the case of SnO,/KB (45:55), the

capacity per SnO, after 1200 cycles (1444 mAh g) was calculated from the following equation;

Cap.Snoz = (Cap SnO2/KB *1.00 — Cap-KB * 055) /0.45

Cap.sno2., Cap.snozks, and Cap.snozxp represent the capacity purely attributed to the SnO,
particles, the capacity per SnO,/KB (45/55) composite (837 mAh g at 1200th cycle), and the
capacity purely attributed to the KB (340 mAh g), respectively. These different cycling
durabilities due to the different dosing ratios (SnO, = 45-70 wt%) can be explained by the

structure of each composite. SnO, reacts with 8.4 lithium ions in the conversion and alloying

13
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reaction, which causes a 359% volume expansion.18 In addition, generation of Li,O in the
conversion reaction causes further volume expansion. Thus, during the lithiation process of
SnO,, rapid aggregation will easily occur if the sufficient distance cannot be kept among SnO,
particles. From the results of TEM observation (Fig.2) and the N, adsorption experiments (see
supporting Fig. S2), the SnO,/KB composites can be classified into two groups depending on
the SnO, loading value: one is the high-dispersion composites with highly dispersed SnO,
nanoparticles confined within the hollow structure of KB when the SnO, dosage is less than 67
wt%, and the other is the outer-deposition composites with the exposed and piled SnO,
nanoparticles outside of KB sphere when the SnO, dosage exceeds 67 wt%. For the
outer-deposition composite with a SnO, dosage of 75 wt%, it is considered that the poor cycle
performance has roots in the significant aggregation of SnO, during the lithiation, because
distance between the SnO, nanoparticles is insufficient. By contrast, in the high-dispersion
composites including 45 wt% and 63 wt% dosage, the composite structure can be maintained
owing to the sufficient distance between nanoparticles.

The SEM images of the composites before and after 50 cycles for the 45 wt% and 75 wt%
dosage support this postulation (see supporting Fig. S4). The sample with the 45 wt% dosage
after 50 cycles maintains the fine structure of the pristine composite with a network structure
containing a SEI (solid electrolyte interphase), suggesting that the reversible electrochemical
reaction of SnO, nanoparticles occurs within the KB sphere. On the other hand, structural
changes are apparent for the sample with the 75 wt% dosage, from the pristine composite to
form a more uniform structure whose pores are completely filled and electrode surface are

totally covered by polymeric mixture. The polymeric mixture is supposed to consist of the SEI

14
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and the SnO,-derived products (Sn and Li,O). The complete covering of the composite surface
by such a resistive products immediately increased the internal resistance of the system,
resulting in the short cycle life with a drastic capacity decrease by 200" cycle. Thus, for the
high-dispersion composite (especially with the SnO, dosage of 45 wt%), the total encapsulation
of SnO, within the KB sphere keeps the SnO, nanoparticles from the agglomeration, as the
hollow structure of KB provides some space to buffer the volume change of SnO, nanoparticles.
Furthermore, the good contact between SnO, nanoparticles and the microcrystalline graphite of
KB ensure the good electrical path as a composite. All of these factors enhance the cyclability of
the SnO,/KB (45/55). One interesting point is the electrochemical behavior of the SnO,/KB
(63/37) composite (Fig.3 B), showing its stable cyclability until 600" cycle but sharp capacity
decrease afterwards. Comparison of charge discharge curves for SnO,/KB (63/37) in the range
of 600™ and 750" (see supporting Fig.S5) highlights two exponential changes within the 150
cycles; 1) disappearance of the capacity at the voltage lower than 0.4 V during lithiation process,
and ii) increase of internal resistance (IR) drops at the beginning of delithiation. Both
phenomena suggest that the electrochemical reaction below 0.4V including Sn alloying,
lithiation of KB, and SEI formation, became largely resistive after 600" cycle. Such a sudden
increase of resistance can be explained by the structure of SnO,/KB (63/37) composite. As
shown in HRTEM observation (Fig.2 B) shows that some of SnO, nanoparticles are exposed
and attached directly on the outer spheres of the KB. These several “outer” SnO, nanoparticles
can reversibly react owing to the good contact on the conductive KB carbon, even though the
SEI and Li,O gradually accumulates around the “outer” particles. After certain cycle time such

as 600 cycles, however, these locally accumulated products start to link each other and to cover

15
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the whole entity of KB spheres including encapsulated SnO,. The totally covered SnO,/KB
spheres lost the connection from the conductive carbon network, resulting in a large increase of
resistivity and sharp capacity decrease. This result also demonstrates the importance of the
optimized encapsulation of SnO, in the hollow KB structure, achieved by the SnO, dosage of 45
wt% in this report, to accomplish an anomalous long cycle life over 1200 cycles. The other
interesting phenomenon shown in Fig. 3(C) is the gradual capacity rise during cycling by ca. 1
mAh g"' (composite) per each 10 cycles, which is rarely observed in electrodes made of
intercalation compounds such as LiCoO,, LiMn,QOy, and Li,TisO,. However, there are many
reports of capacity rises in the conversion reactions of metal oxide anode materials such as
Fe,0s, Cu,0, and MnO,.”"

In order to obtain further information on the lithiation/delithiation processes for our
composites, cyclic voltammetry was performed for the pure KB (UC-treated KB, denoted as
UC-KB), SnO,/KB (75/25), and SnO,/KB (45/55) (see supporting Fig. S6). For the UC-KB (Fig.
S6 (A)), a strong cathodic peak was observed around 0.7 V during the first lithiation process,
which corresponds to the formation of the SEI layer on the external surface of the KB. The
following peaks observed at 0.3, 0.1, and 0.0 V correspond to the SEI formation as well as the
Li* intercalation between the graphene layers of KB.®”' For the SnO,/KB composites with 75
wt% and 45 wt% dosages (see supporting Fig. S6 (B) and (C)), there are characteristic cathodic
peaks at 0.9, 0.7, and 0.0 V, corresponding to the conversion reaction of SnO,, SEI layer
formation on KB, and the alloying reaction of Sn (xLi* + Sn + xe” -> Li,Sn (x = 0-4.4)) and Li*
intercalation into KB graphene layers, respectively. During the anodic sweep (delithiation

process), two peaks were observed around 0.5 and 1.3 V. The peak at 0.5 V represents the

16



Page 17 of 33

Journal of Materials Chemistry A

dealloying of Li,Sn (x = 0-4.4)."* The other oxidation peak around 1.3 V can be considered to be
due to the conversion reaction. In recent years, there have been some reports mentioning that the
conversion reaction of SnO, becomes reversible in the case of small particles. **' Although
these phenomena are not fully elucidated yet, Tarascon et al. suggested that the key to the
reversibility of the conversion of transition metal oxides or other metal oxides with Li* is the
electrochemically driven formation of highly reactive metallic nanoparticles during the first
lithiation process, which enables the reversible formation/decomposition of Li,O upon
subsequent cycles.®* The reversible oxidation peak around 1.3 V observed for our composites
supports those reports. Compared to the sample with the 45 wt% dosage, the sample with the 75
wt% dosage exhibits different CV results (see supporting Fig. S6 (B)). During the 1st cycle, the
voltages of the main peaks observed for the sample with the 75 wt% dosage are more or less the
same as those observed for the 45 wt% dosage, while the contribution of peaks attributed to the
KB became less pronounced. From the second cycle, the electrode with the 75 wt% dosage
shows significant deterioration in its cyclic voltammogram, which is in very good agreement
with the results of the cycling tests (see Fig. 3 (A)).

An optimized SnO,/KB (45/55) composite exhibited a reversible discharge capacity at a
steady-state cycling. For example, at 10" cycle, the 45 wt% dosage composite showed 792 mAh
g relative to the mass of the composite, which is equivalent to 1347 mAh g”' relative to the
mass of the SnO,. Such a large capacity is very close to the theoretical capacity of SnO,
including both the alloying and conversion process (1494 mAh g), rather than the alloying
process alone (783 mAh g™'). However, it remains unclear whether the conversion reaction

really becomes reversible. In order to answer this question, we tried to quantify the degree of
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reversibility of the SnO, conversion reaction for our composites by determining the number of
reaction electrons from the cyclic voltammogram (Fig. 4a). To evaluate the electron numbers,
we assumed that the oxidation peak below 1.0 V is attributed to the alloying process and the
other peak over 1.0 V is attributed to the conversion process. From the deconvolution of the
cyclic voltammogram into two peaks and the comparison of their areas, the electron numbers
for both reactions were evaluated. The evaluated electron numbers were found to be 4.76 for the
alloying reaction and 2.82 for the conversion reaction. Thus, the reaction could be formulated as
follows,

Conversion reaction : SnO; 4; +2.82 Li* +2.82¢ 2 Sn + 1.41Li,0 (1-2V)

Alloying reaction : Sn +4.76 Li* + 4.76 ¢ 2 Li,7Sn (0-1 V)

Total reaction : SnO; 4; + 7.58 Li* + 7.58 ¢ 2 Li;55Sn0; 4; (0-2 V)

Furthermore, in order to verify the postulated formula from the spectroscopic measurements, the
electronic state and local structure of Sn was investigated by performing in-situ X-ray
absorption fine structure (XAFS) measurements during the Ist and 10th cycles. Figure 4b-e
shows the X-ray absorption near-edge structure (XANES) spectra of the Sn K edge for the
Sn0O,/KB(45/55) composites during the 1st lithiation (Fig. 4b) and delithiation (Fig. 4c). The Sn
K-edge spectra include information about the transition from 1s to the 5p unoccupied orbital.
During the lithiation and delithiation of Sn compounds, the electron transfer occurs to and from
the 5p orbital. Accordingly, the integrated area of the Sn K-edge spectrum shows the numbers of
electrons, i.e., the valence state, of the Sn atoms in its compounds. In this article, the parameter

for determining the valence state is defined as the “formal valence number”, which is calculated
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from the relative ratio of the integrated area of the Sn K-edge spectrum obtained for our
composite and for reference materials (SnO,, Sn, and Li, 4Sn). For example, the formal valence
number of Liy4Sn is written as 4.4-. The Sn K-edge spectra of SnO, and Sn foil are used as
references for Sn(4+) and Sn(0), respectively. Fig. 4f shows the formal valence number of Sn in
the 1st cycle. During the lithiation process from potentials (A) to (F), the valence state
decreased from (4.0+) to (4.3-). The valence state reaches zero around 0.5 V and continues to
decrease to -4.3 from 0.5 down to O V. The negative value of the Sn valence state indicates that
the electron density of Sn atoms exceeds the inherent Sn electron density because of the
alloying reaction between lithium and tin metal. During the 1st delithiation, the valence state
linearly increases as a function of the voltage (from (F) to (K)). Such a valence change with a
large hysteresis between lithiation and delithiation process is analogous to the shape of the
charge-discharge curve of uc-SnO,/KB (45:55) as shown in the inset of Fig.3. The large
hysteresis between 1st lithiation and delithiation can be due to the large electromotive force to
decompose Li,0® and the large difference in mobility that is expected between Sn cations and
Lit*, Eventually, the formal valence number of Sn reaches 3.1+ at 2.0 V (K). This indicates that
the Sn in this composite did not completely recover to its initial state (4.0+) during the
conversion reaction in the Ist cycle. Figure 4 d and e show the changes in the Sn K-edge
XANES spectra of the 45 wt%-dosage composite during the 10th cycle. Fig. 4g shows the
formal valence number of Sn in the 10" cycle calculated from the spectra of Fig.4 d and e. It can
be seen that the formal valence number of Sn recovers almost perfectly during the 10th
lithiation-delithiation cycle, as the valence decreases from 3.2+ (L) to 4.4- (P) and then recovers

to 2.9+ (T). To summarize the results of the XANES spectra at 10" cycle, the reaction formula
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can be written as follows.

Conversion reaction : SnO; 45 + 2.9 Li* +2.9¢ 2 Sn + 1.45Li,0
Alloying reaction : Sn + 4.4 Li* + 4.4 ¢ 2 Liy,Sn

Total reaction : SnO; 45 + 7.3 Li* + 7.3 ¢ 2 Li; 3510 45

The electron numbers obtained from the cyclic voltammetry and in-situ XAFS measurements
are in very good agreement for all three reactions (conversion, alloying, and total reactions).
Thus, the reversibility of the conversion reaction for our SnO,/KB composite was verified by
both electrochemical and spectroscopic studies.

Figure 5 shows HRTEM images of the as-prepared SnO,/KB (45/55) composite (a), the
composite at 2.0 V (delithiated) after 10 cycles (b), and the composite at 0.0 V (lithiated) after
10 cycles (c). Before cycling, one can clearly see that the nanosized SnO, particles of 2—4 nm
are attached onto the surface of KB, mostly on its inner spheres (Fig. 5a). After 10 cycles, the
overall morphology of the composite changed. The HRTEM image taken at 2.0 V after the 10th
cycle (Fig. 5b) shows two phases in the composites: a transparent uniform phase and a phase
with dispersed dots. The former is thought to consist of the SEI layer and the
lithium-intercalated graphene layers of KB. The latter can be the particles of Sn spiecies, which

mostly have diameters of 5 nm and are well attached to the inner sphere of the KB. Since the

HRTEM images of the as-prepared composite show SnO, particles with a diameter of 3 nm (Fig.

5a), the spherical particle volume has increased by a factor of three after 10 cycles. The

disappearance of the crystal lattice in the HRTEM images and the ring in the electron diffraction
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images (Fig. 5b inset) suggest that all the crystalline SnO, particles have become amorphous.
Interestingly, the HRTEM images taken at 0.0 V after 10 cycles (Fig. 5c¢) show that the SnO,
particle size (5 nm) remains unchanged during the lithiation process in the 10th cycle, even
though the alloying and conversion reaction occurs from 2.0 to 0.0 V. In contrast, large SnO,
particles (for example, with a diameter of 100 nm) deteriorate from the 1st cycle and are
transformed into 10 nm Sn particles dispersed within the large volume of Li,O during its
conversion and alloying reaction (see supporting Fig. S7). This morphology change results in
the phase separation of Sn and stable Li,O. On the other hand, the SnO, particle size for our
as-prepared composite is about 3 nm, as seen in the HRTEM images. In this case, the estimated
thickness of Li,O formed around the Sn particles during conversion reaction can be remarkably
thin, consisting of only 1-2 Li,O molecular layers on the surfaces of the small Sn particles (< 3
nm). Such an extremely thin Li,O layer is unstable and is almost impossible to exist because of
its high surface energy of Li,O on Sn metal nanoparticles. Thus, the SnO, in our composites
after the lithiation (Fig. 5c) possesses a blended amorphous structure like a solid-solution of tin,
oxygen, and lithium, such as “Li,SnO, 45 (x= 0 —7.3),” as illustrated in Fig. 6, instead of
separated Sn and Li,O. In this condition, the smooth valence change of Sn can proceed by
maintaining the appropriate bond length of Sn-Li and Sn-O without forming Li,O. Such a
peculiar reaction can avoid the thermodynamic barrier of Li,O and provide reverse and smooth
lithiation and delithiation of Sn species. Thus, this speculated Li,SnO 45, which is highly
dispersed in the KB matrix, could facilitate the reversible alloying and conversion reactions
without its deterioration even after 1200 cycles.

Our last question is about the structure of this blended amorphous structure (Li,SnO 45). As
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shown in the insets of Fig.5b and c, the electron diffraction observation of the SnO,/KB (45/55)
after 10 cycles confirms that this sphere does not have a long-range ordered structure (> 1 nm).
In order to investigate the short-range order of the average local coordination environment
around the Sn atom within a diameter of 4 A, we performed extended X-ray absorption fine
structure (EXAFS) analysis using the results of the in-situ XAFS measurement. The spectra
obtained for the as-prepared composites at the open-circuit voltage (OCV; Fig. 7a (A)) shows a
strong peak at 1.6 A derived from Sn-O bonding, which corresponds well with previous
reports.” As the voltage decreases, this peak at 1.6 A decreases and finally disappears at 0.0 V.
In addition, it is confirmed that a new weak peak due to Sn-Sn bonding appeared around 2.7 A
at 0.2V, and this peak also disappeared at 0.0 V (F). Then, as the voltage increases between 0.0
V (F) and 2.0 V (L), the Sn metal peak (2.7 10\) and SnO, peak (1.6 A) reappear at 0.3 V and 0.8
V, respectively. The disappearance and reappearance of these two peaks were also observed at
the 10th cycle (Fig. 7b), indicating the reversible rearrangement of the short-range structure of
Li,SnO, 45. These results suggest that the Li,SnO, 45 possesses an amorphous structure in terms
of long-range order (>1 nm), but a relatively ordered short-range structure (<4 A). This
short-range structure can be rearranged owing to the reversible exchange of the oxygen atoms
between Sn and Li, resulting in the repeated disappearance and reappearance of the two peaks

(Sn-O and Sn-Sn) with the voltage changes.

Conclusions
We successfully prepared a novel UC-treated SnO,/KB composite that readily transforms into a

blended amorphous structure composed of Li,SnO; 45 (x: 0-7.3) completely encapsulated within
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the hollow-structured KB. The SnO,/KB composite with the optimized SnO, dosage of 45 wt%
exhibits a high reversible capacity of 837 mAh g relative to the composite mass (1444 mAh g”'
relative to SnO, mass after subtracting the capacity attributed to the KB in the composite) over
1200 cycles. Such an anomalous cycle life was achieved owing to a peculiar nanostructure that
enables the existence of the multiple phases of Sn, Li, O, and C (KB) species. This novel
multiphase material is a model case of SnO, to overcome conversion essentials, i.e., reversible

conversion reactions can be achieved by the complete encapsulation of SnO,.
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Figure 1. (a) XRD patterns obtained for UC-treated nc-SnO,/KB composites with various dosing ratios:
(A) SnO,/KB = 80/20 by mass (75/25, calculated from results of TGA shown in Fig. 1(b)), (B) SnO,/KB
=70/30 (63/37), and (C) SnO,/KB = 50/50 (45/55). Patterns for (D) UC-treated KB (UC-KB) and (E)
pristine KB (UC-untreated) are shown for reference. All three SnO,/KB composites have three broad
peaks at 20 = 27°, 34°, and 52°, corresponding to the (110), (101), and (211) planes for the tetragonal
rutile structure (space group P42/mnm) of SnO, (blue: JCPDS No. 41-1445). The XRD patterns for the
UC-KB and pristine KB have identical characteristic peaks at 24° and 42° that are shifted to lower angles
from the respective (002) and (10L) planes for the hexagonal structure (space group P63/mmc) of
graphite (red: JCPDS No. 01-0646).

(b) TGA curves for UC-treated nc-SnO,/KB composites prepared with the same dosing ratios as in Figure
1: (A) SnO,/KB = 75/25, (B) SnO,/KB = 63/37, (C) SnO,/KB = 45/55. The curve for (D) UC-treated KB
(UC-KB) is shown for reference. The measurements were performed at a sweep rate of 5°C min™' from

ambient temperature to 1000 °C under a synthetic air atmosphere.
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Figure 2. HRTEM images (left; low magnification, middle; high magnification) of the composite

formation for (A) SnO,/KB = 75/25, (B) SnO,/KB = 63/37, and (C) SnO,/KB = 45/55, as in Figures 1.

Schematic illustrations are presented for each image on the right-hand side. The magnified HETEM

views (middle) for the composites show a clear dependency between the degree of the dispersion and the

particle sizes of the UC -formed SnO, within the hollow structure of KB after the UC treatment. The

relation between the SnO, dosing ratio for the SnO,/KB compounds and their specific surface area is

shown in Fig S1.
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Figure 3. Cycling performance for three UC-treated nc-SnO,/KB composites with various dosing ratios:
(A) SnO,/KB = 75/25 (by mass), (B) SnO,/KB = 63/37, and (C) SnO,/KB = 45/55. The cycling test was
performed on half-cells consisting of Li/1 M LiPFs (EC+DEC)/UC-SnO,/KB in the CC-CV (lithiation)
and CC (delithiation) mode between 0.0 and 2.0 V at a current density of 300 mA/g (0.2 C). The inset
figure shows the charge-discharge curves at 1%, 100", and 1000™ cycle for the composite (C) SnO,/KB =

45/55. The large irreversible capacity is mainly due to the reaction on the KB (see supporting Fig. S2)

28

Page 28 of 33



Page 29 of 33

Journal of Materials Chemistry A

w
o

( ; ; - = —320V (A —2.00V (L
(a) Alloying S 45 —o.govE ) (b) _0_63VEM; (d)
20 reaction ~ 2 [=0.53 V ( 0.31V(N) 1
- § 1.0l 020V( —0.14V (0) |
;’ / 2 T [—003V( —0.00V (P)
= 10 ™ S 05 0V 1st cycle 10t cycle |
= o Lithiation Lithiation
2 00 < 0.0 1
9 s —0.00V (F) (c)||—o0ov@ (e)
= % 15—056VE) —0.55V (@Q) |
g -1.0 Al 0.96 V (H) 110V R)
5 Conversion © 4ol t1av —1.79V (8)
3 reaction ] 1.65V (J) —2.00V (T)
-2.0 g o5 L —2.00V (K) 1st cycle 10th cycle 1
S Delithiation Delithiation
30— . . Z o= - . . . . e R
00 05 1.0 15 20 29180 29190 29200 29210 29180 29190 29200 29210
Cell voltage / V Energy / eV Energy / eV
(f) (9)
SnO, SnO Sn Liy 4Sn SnO, SnO Sn Liy 4Sn
Sn(4+)  Sn(@2+)  Sn(0) Sn(4.4-) Sn(4+)  Sn(2+) . Sn(0) Sn(4.4-)
+ °
= 3.0 _(A) 1r d
— L st {1k th -
¢ ol LK 1stcycle 1 Ny " 10" cycle ]
2 L o 0) 11 HANG - ]
s e (H) °
£ 10 (B)e ° alli .
£ 107 ®) L ,© o 1l " L@
o C ° L P
oot BB B o {8 8§ o ore

4 3 2 1 0 1 2 -3 4 -5 4 3 2 1 0 1 -2 -3 4 -5
Formal valence number of Sn / -

Figure 4. Top: (a) Cyclic voltammogram of SnO,/KB composite after 10 cycles and (b)-(e) normalized
Sn K-edge XANES absorption spectra in the range of 29185-29215 eV for the Li,SnO, system with
electrochemically inserted/deinserted lithium ions during 1% and 10" cycle. Spectra (b) corresponds to
the1™ lithiation, (c) to the 1** delithiation, (d) to the 10™ lithiation, and (e) to the 10" delithiation process.
Bottom: Changes in the evaluated “formal valence number” of Sn during the lithiation-delithiation
process (vs. Li/Li*) for the (f) 1* cycle and (g) 10® cycle. The formal valence number of Sn for the
composites was calculated from the following equations; in the case of 1) the formal valence number is
above Sn, V = ((A - A(Sn))/(A(SnO,) — A(Sn))*V(Sn0O,), 2) the formal valence number is below Sn, V=
((A(Sn)-A)/(A(Sn)-A(Lis 4Sn))*V(Lis 4Sn). V: the formal valence number , A: integrated area of the Sn

K-edge spectrum.
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Figure 5. HRTEM images of SnO,/KB = 45/55 composite (a) before cycling, (b) after 10 cycles at 2.0 V
(delithiated), and (c) after 10 cycles at 0.0 V (lithiated). Before cycling, ultrafine (2—4 nm) SnO, particles
are encapsulated within the hollow structure of KB. After cycling at 2.0 V and 0.0 V, the HRTEM images
show 5 nm spherical shapes covered with a diffuse polymeric phase, possibly an SEI film. The
corresponding SAED patterns of the SnO,/KB composite before cycling, at 2.0 V, and at 0.0 V are shown

as insets in (a), (b), and (c), respectively.
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Figure 6. Illustration of the material transformation from the as-prepared SnO,/KB nanocomposites into
the blended amorphous structure “Li,SnO 45 (x=0-7.3)” after repeated lithiation and delithiation
processes, typically 10 cycles. The proposed new species “Li,SnO; 45 (x=0-7.3)" is still well-confined
within the hollow structure of KB which are filled and covered by polymeric phases (possibly SEI). The
steady-state redox is maintained over 1200 cycles with a slight increase of capacity (1 mAh g per 10

cycles).
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Figure 7. Fourier transforms of the k3-weighted Sn K-edge EXAFS spectra taken during the charge cycle
as a function of the voltage for the (a) 1st lithiation and delithiation, and (b) 10th lithiation and

delithiation processes. The Fourier transform range is 2.05-11.1 Al
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Illustration of the material transformation from the as-prepared Sn0,/KB nanocomposites into the blended
amorphous structure “LixSn0O; .45 (x=0-7.3)" after repeated lithiation and delithiation processes, typically 10
cycles. The proposed new species “LixSn01.45 (x=0-7.3)" is still well-confined within the hollow structure of
KB which are filled and covered by polymeric phases (possibly SEI). The steady-state redox is maintained
over 1200 cycles with a slight increase of capacity (1 mAh g™ per 10 cycles).
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