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ABSTRACT We report a facile “one-pot” method for the synthesis of Sn-embedded
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carbon—silica (CS) mesostructured (nanostructured) composites through the selective \ * S
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interaction of resol (carbon precursor), tetraethylorthosilicate (TEOS), and tributylphenyltin
(Sn precursor) with an amphiphilic diblock copolymer, poly(ethylene oxide-b-styrene), PEO-b-

@ Snprecursor
¥ Silicate oligomer
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PS. A unique morphology transition from Sn nanowires to spherical Sn nanoparticles

embedded in (S framework has been obtained. Metallic Sn species are homogeneously
embedded in a rigid (S framework and are effectively confined within the nanostructures.
The resulting composites are used as anode materials for lithium-ion batteries and exhibit
high specific capacities (600 mA h g " at a current density of 45 mA g, and 440 mAh g~
at a current density of 300 mA g~ ") and an excellent cyclability of over 100 cycles with high
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functional hybrid materials can be extended to the preparation of various functional nanocomposites owing to its versatility and facileness.
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the promising energy storage devices
for mobile devices and electric vehi-
cles owing to their high power and high
energy densities."? Pure metallic Sn has
attracted considerable attention as an anode
material for LIBs owing to its high theoretical
specific capacity (992 mA h g~"), which is
3 times that of commercialized graphite
(372mAh g "),** and high reversible capa-
city compared to Sn-oxides.” Nevertheless,
the practical application of metallic Sn in
LIBs is still quite challenging because Sn
usually suffers from a significant change in
volume during Li" insertion and extraction,
resulting in the pulverization of electrodes
and a rapid loss in capacity.* The aggrega-
tion of Sn nanoparticles upon cycling also
reduces the cyclability of the electrodes.®
Recently, a substantial amount of effort
has been made to tackle these problems,
including the formation of nanostructured
composites of Sn (or Sn-based materials)
and carbon. Considerable improvements in

Lithium-ion batteries (LIBs) are one of
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the electrochemical property of LIBs have
been achieved using designed nanocom-
posite materials.” ' In particular, ordered
mesoporous carbon (OMC)?>?" has been
successfully employed in the preparation
of electrochemically active composites, pro-
viding not only uniformly distributed pores
that can act as a buffer for volume change
but also high volume and high surface area
for achieving a large uptake of active species.
To prepare OMC-based composite materials,
a host—guest approach? that employs OMCs
as host and active species as guest has been
popularly adopted. However, the implemen-
tation of this approach has been hampered
by tedious and complicated steps that are
necessary for preparing only the OMCitself, as
well as the subsequent backfilling of active
species into premade OMC through multiple
impregnations.”>~2° Besides, some of the
previously reported methods have suffered
from poor impregnation® and a low loading
of Sn species,’®'"'® as well as residual Sn
oxides,”'>'® which limit the overall capacity.
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Scheme 1. Schematic representation of the synthesis of Sn/carbon—silica composites (Sn—CS); metallic Sn species are effectively
confined in the CS matrix with the morphologies of nanowires or nanoparticles depending on the initial TBPT loading.

In this context, the development of a simple synthetic
pathway to Sn-mesostructured (nanostructured) car-
bon composites with high reversible capacity and
improved cyclability is still necessary.

Herein, we report a facile “one-pot” method?”%® for
the synthesis of Sn—carbon—silica (Sn—CS) mesostruc-
tured (nanostructured) composites as anodes for LIBs.
Laboratory-synthesized poly(ethylene oxide-b-styrene)
(PEO-b-PS) simultaneously directs the hydrophobic Sn
precursor as well as hydrophilic carbon and silicate
precursors into mesostructured (nanostructured) com-
posites. Pure metallic Sn species are homogeneously
embedded in the carbon—silica framework with the
unique morphologies of nanowires or nanoparticles
after heat treatment at 700 °C. The resulting Sn—CS
composites are successfully employed as anode materials
for LIBs, and they exhibit high capacity (600 mAh g™ ata
current density of 45 mA g~ ', and 440 mA h g™ ' ata
current density of 300 mA g~ ') and excellent cyclability
(over 100 cycles). Compared with the backfilling methods
employing OMCs as host materials,>~2® the method in
this paper eliminates tedious fabrication steps such as
the preparation of OMC, impregnation of metal pre-
cursors inside the mesopores, and subsequent heat
treatment. In addition, the method uses a straightfor-
ward pathway which can be extended to the prepara-
tion of various functional nanocomposites.

RESULTS AND DISCUSSION

Synthesis of Sn—(S Composites. Scheme 1 shows a
general synthetic route for composite materials. The
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materials are obtained using the selective interaction
of resol (nongraphitic carbon precursor), tetraethy-
lorthosilicate (TEOS, silica precursor), and tributylphe-
nyltin (TBPT, Sn precursor) with an amphiphilic diblock
copolymer, poly(ethylene oxide-b-styrene), PEO,g-b-
PS397. A small amount of 0.2 M HCl is also added to
hydrolyze TEOS to silicate oligomers. Laboratory-syn-
thesized PEO-b-PS was chosen as a structure-directing
agent because of a sufficient difference in the hydro-
philicity and hydrophobicity of each block, which
enables the selective inclusion of functional molecules
to either type of block; it should also be noted that PEO-
b-PS can be easily prepared without experience in
polymer synthesis through a facile ATRP (atom transfer
radical polymerization).?*3°

Hydrophilic resol and silicate oligomers possess
multiple hydroxyl groups, and thus, both precursors
can strongly interact with the PEO block through
hydrogen bonds. Meanwhile, the hydrophobic Sn pre-
cursor (TBPT) selectively interacts with the PS block
owing to a hydrophobic—hydrophobic interaction. The
mixture of precursors and PEO,g-b-PSs; is self-orga-
nized into ordered nanostructures under the process of
evaporation-induced self-assembly (EISA) at 30 °C. The
thermopolymerization step at 100 °C further induced
cross-linkage and polymerization of the resol resins
and froze the overall frameworks. The as-synthesized
materials undergo heat treatment at 700 °C for 2 h
under a N, atmosphere, during which the TBPTs are
thermally decomposed into Sn metal and the PS block
is converted to amorphous carbon in a confined space
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Figure 1. Suggested micelle structure of (A) ordered mesostructure with Sn nanowires (Sn-8.5-CS), (B) macroseparation
between Sn nanowire/OMCS phase and the large-sized Sn-rich phase (Sn-14-CS), (C) spherical nanoparticles embedded in
CS framework (Sn-49-CS), and corresponding microtomed transmission electron microscopy (TEM) image of (D) Sn-8.5-CS,

(E) Sn-14-CS, and (F) Sn-49-CS.

owing to the presence of sp*-hybridized carbon®**' in

benzene rings. Simultaneously, the resol and silicate
are transformed into rigid carbon—silica (CS) compo-
sites, while the PEO block is decomposed.

In this work, we fix the relative mass ratio of the final
C/S as 8/2. A small amount of rigid silica acts as a
reinforcing steel bar, improving the mechanical and
thermal properties, and thus inhibiting framework
shrinkage during carbonization at high temperature
The resulting materials are denoted as Sn-x-CS, where x
ranging from 0 to 49 represents the weight percentage
of metallic Sn based on the final composite after heat
treatment at 700 °C. The actual Sn content of each
composite was determined by inductively coupled
plasma spectroscopy (ICP). The weight fraction of each
component is summarized in Table S1 of Supporting
Information.

We start from ordered mesoporous carbon—silica
(OMCS) without Sn content; Sn-0-CS. Tailored con-
trol of the volume fraction of each component®>—3*
provides an ordered 2D hexagonal mesostructure of
Sn-0-CS (Figure STA). The relative mass ratio of carbon/
silica is 8/2, which was determined by thermogravi-
metric analysis (TGA) in air (Figure S1B). To accommo-
date a high content of Sn metal, we intentionally
increase the amount of TBPT, while the amounts of
the other materials remain constant. Depending on
the TBPT loading, morphologies from Sn nanowires
(Sn-8.5-CS) to spherical Sn nanoparticles (Sn-26-CS and
Sn-49-CS) have been obtained. Sn-8.5-CS forms an
ordered CS framework with Sn nanowires grown along
the cylindrical channel. This indicates that the PS block
exclusively solvates the hydrophobic TBPT (Figure 1A)
and that the TBPT is transformed into metallic Sn
nanowires owing to the aggregation of Sn metals
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under heat treatment at 700 °C (Figure 1D). Due to
the low melting point of Sn metal (232 °C), the molten
Sn is mobile at the reaction temperature (700 °C) but
still confined within the nanochannels of OMCS possi-
bly by capillary force. It results in nanowire morpholo-
gies shaped by the rigid CS framework acting as a hard
template. Many empty channels are produced because
of the volume shrinkage during thermal decomposi-
tion of TBPT,'® the aggregation of neighboring Sn
droplets, and the volume shrinkage of molten Sn upon
the cooling process, in consecutive order.'” ~'°

A further increase in TBPT to obtain Sn-14-CS leads
to a macrophase separation between the Sn nanowire/
OMCS phase and the large-sized Sn-rich phase. Oily
TBPT is solvated in the PS block until saturation, and
remaining TBPT is expelled from the mesostructure
during self-assembly (Figure 1B), resulting in the self-
aggregation into large-sized Sn particles surrounded
by mesostructure after heat treatment at 700 °C
(Figure 1E). In other words, an excessive amount of
TBPT cannot be fully accommodated in the PS micro-
domain, and therefore, a phase separation of the
ordered mesostructure and large Sn particles simulta-
neously occurs. This can be further understood by
introducing an A—B/C polymer blend system. A PS-
b-(PEO/resol silicate)/TBPT hybrid system can be ex-
pected to behave similarly as an A—B diblock copoly-
mer/C homopolymer system. The PS is an A block, and
(PEO/resol silicate) can be considered a B block be-
cause resol and silicate are strongly incorporated into
the PEO block through hydrogen bonds.>3* The TBPT
can be regarded as a C homopolymer, which is chemi-
cally different but yet compatible with the A block, PS.
In a real A—B/C polymer blend system, similar phenom-
ena to those described above have been previously
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Figure 2. (A) X-ray diffraction (XRD) pattern of each Sn—CS composite material. The light-blue-colored bars indicate metallic
[3-Sn phase, JCPDS #86-2265 and (B) small-angle X-ray scattering (SAXS) pattern of each Sn—CS composite material.

demonstrated through both theoretical and experi-
mental approaches.>>3¢

However, when we further increase the amount of
TBPT, a unique nanostructure is observed, in which
uniform-sized Sn nanoparticles are embedded in the CS
matrix (Sn-26-CS, Figure S2; and Sn-49-CS, Figure 1F). In
general, a polymer blend system is self-assembled to
nanostructures in which the minority components
are embedded into the matrix of the majority com-
ponents.>* 38 In contrast, our hybrid system generates
Sn nanoparticles in the CS matrix even at a high TBPT
loading (as summarized in Table S2, the weight fraction
of the hydrophobic contents, PS and TBPT, starts to
exceed that of hydrophilic contents from Sn-26-CS).
In a previous work on the synthesis of large-sized
mesoporous silica, Stucky et al. reported a similar phase
transition.3® The authors added hydrophobic trimethyl-
benzene (TMB) to an aqueous P123 solution to expand
the pore size of SBA-15. When a substantial amount
of TMB was added, a sudden phase transition from a
hexagonal (SBA-15, ~11 nm) to a mesocellular form
(MCF, ~22 nm) consisting of uniform-sized spherical
cells occurred. The authors claim that this transition
was driven by the requirement to cover the oily TMB
with a minimum amount of polymer. Through the
transition of 11 nm diameter cylinders to 22 nm di-
ameter spheres, the overall surface-to-volume ratio
decreased by ~30%.% Likewise, the formation of uni-
form-sized Sn nanoparticles in a large amount of
excess TBPT might be driven by the need to decrease
the surface-to-volume ratio with a fixed amount of
PEO-b-PS. After the macroseparated structure inter-
mediate (Sn-14-CS), the phase transition starts to
stabilize excess TBPT expelled from the PS segments.
As described in Figure 1C, TBPT is stabilized between
the PS—PS segments owing to its innate incompat-
ibility with PEO/resol silicate species. The transition
from Sn nanowires, 17.9 nm in diameter, to Sn nano-
particles, 35.9 nm in diameter, stabilizes more TBPT
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with a fixed amount of PEO-b-PS and reduces the
overall surface-to-volume ratio (Figure S3). Instead of
generating pores after heat treatment, the TBPT is
transformed into spherical Sn nanoparticles (Figure 1F).
It should be emphasized that uniform-sized Sn nano-
particles are homogeneously embedded in the CS
framework without any aggregation, which is probably
due to a confinement effect in spherical pores and the
in situ formed carbon from the PS segments, inhibiting
particle growth in a confined space. As a result, mobile
Sn species are well confined in the nanostructure
rather than aggregated together to form large particles
even at 700 °C. Further detailed aspects of the phase
transition and formation mechanism of these novel
materials are still being investigated.

The XRD results of each Sn-x-CS correspond to a
pure metallic Sn phase without the presence of any
crystalline Sn-oxides (Figure 2A). The amorphous Sn-
oxides are still confirmed by the Sn 3ds,, peak in the X-
ray photoelectron spectroscopy (XPS) spectrum, which
corresponds to the binding energy of 486.6 eV (Figure
S4). It indicates the surface oxidation of the metallic Sn
nanoparticles which commonly occurs under ambient
conditions.*"*? The average crystallite size of Sn-8.5-
CS, Sn-14-CS, Sn-26-CS, and Sn-49-CS is determined
based on the Debye—Scherer equation and is esti-
mated to be 17.9, 35.9, 35.4, and 35.9 nm, respectively.
In the case of Sn-8.5-CS, the particle size is 17.9 nm,
which is consistent with the pore size of OMCS,
17.3 nm, indicating that the Sn nanowires are gener-
ated by the aggregation of small Sn nanoparticles and
effectively confined within the nanochannels of OMCS.
Even particles larger than 100 nm are shown in the TEM
image of Sn-14-CS, where the average particle size is
35.9 nm, suggesting that the portion of large segre-
gated particles is relatively small compared to that of
Sn nanowires. The average particle size of the spherical
nanoparticles is around 35 nm in both Sn-26-CS and
Sn-49-CS, which is also in good agreement with the
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Figure 3. (A) N, sorption isotherm and (B) pore size distribution of each Sn—CS composite material.

TEM images. To further clarify this point, particle size
distribution of Sn-49-CS was analyzed by counting 300
nanoparticles from the TEM image (Figure S5).

Figure 2B shows SAXS patterns of Sn-x-CS after
carbonization. Sn-8.5-CS shows typical patterns of an
ordered cylindrical mesostructure with relative scatter-
ing vector positions 32,42 and 72 of the first-order
maximum. Sn-14-CS exhibits broad and unstructured
peaks compared to Sn-8.5-CS, as it has a relatively
short-range-ordered structure with large-sized Sn par-
ticles. No specific patterns are observed from Sn-26-CS
owing to the loss of its ordered mesostructure. The
SAXS results are consistent with the TEM images,
suggesting the occurrence of a phase transition
from an ordered cylindrical structure to a disordered
structure.

A N, physisorption experiment further reveals the
structural characteristics of the resulting composite
materials. The nitrogen sorption isotherms of Sn-0-CS
(Figure S1C), Sn-8.5-CS, and Sn-14-CS show typical type
IV isotherms with a sharp adsorption at 0.95 P/P,,
indicating that uniform mesopores are well developed
and dominant (Figure 3A). On the other hand, typical
isotherms of the microporous materials are obtained
for Sn-26-CS and Sn-49-CS. The pore size distribution is
determined from the adsorption branch of the iso-
therm based on the Barrett—Joyner—Halenda (BJH)
model. Narrow pore size distributions with a similar
mean value of 17.3 nm are obtained for mesoporous
Sn-0-CS, Sn-8.5-CS, and Sn-14-CS. The physiochemical
properties of the Sn—CS composites are summarized in
Table 1. As confirmed in TEM and SAXS, N, sorption
analysis also suggests a phase transition from ordered
mesostructure to disordered microporous structure.
The mesopore volume (Vheso) Starts to decrease dra-
matically from Sn-14-CS, and only a little fraction
of Vineso remains in Sn-49-CS. The interpenetrating
micropores generated under the calcinations of PEO
segments>? provide a micropore volume and a large
surface area for all composite materials. The surface
areas of the Sn—CS composite decreases as the weight

HWANG ET AL.

TABLE 1. Physiochemical Properties of the Sn—CS
Composites

sample D° (nm) Vineso” (cm*/g) Vinicro® (cm/g) Sger” (m?/g)
Sn-0-CS 173 0.23 0.15 436
Sn-8.5-CS 17.3 0.20 0.16 427
Sn-14-CS 17.4 0.10 0.15 408
Sn-26-CS 0.05 0.16 376
Sn-49-CS 0.01 0.17 326

“ Calculated pore diameter from the adsorption branch on the basis of the BJH
model. ® Mesopore volume, Vipsr — Vinicro- < T-plot micropore volume. ¢ Specific
suface area.

percentage of Sn metal increases. Even their losses of
the ordered mesostructure, Sn-26-CS, and Sn-49-CS
have relatively large surface area and micropore vol-
ume. This may be attributed to the additional void
space which is produced by volume shrinkage of
metallic Sn (from the liquid to the solid state) during
the cooling process.'®

Resol used in this work is known to be a nongra-
phitizable amorphous carbon source which is difficult
to graphitize at any heat treatment temperature.** In
nongraphitic carbons, a number of single graphene
sheets are arranged like a “house of cards” rather than
stacked in a parallel way.** Figure 4 shows Raman
spectra of Sn-0-CS, Sn-8.5-CS, and Sn-49-CS, indicating
the presence of amorphous carbon in the composites.
All spectra have two broad peaks at 1342 and
1600 cm ™ that can be assigned to the D and G bands,
respectively. In the case of amorphous carbon, the G
peak arises from stretching of any pair of sp? sites
whether in rings or chains, thus the existence of a G
peak does not imply graphite. The D peak arises from
the breathing mode of sp? sites in rings, not chains. In
addition, all Sn—CS composites have a low Ip/lg in-
tensity ratio near 0.80 and a broad G line width of
90 cm ™', indicating a graphitic cluster size of amor-
phous carbon smaller than 10 A**46

To verify whether lab-made PEO-b-PS is indispen-
sable for synthesizing Sn particles confined inside a
carbon—silica framework, we employed the commercial
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Figure 4. Raman spectra of representative Sn-0-CS (OMCS),
Sn-8.5-CS, and Sn-49-CS.

F127 ((EO)106(PO);0(EO)106) as a structure-directing
agent with similar synthetic conditions found in Sn-
8.5-CS. As shown in Figure S6A in Supporting Informa-
tion, ordered mesostructure is lost even at a low
loading of TBPT, Sn particles are poorly dispersed on
the overall CS framework, and some of the particles are
aggregated. The average particle size is determined to
be 29 nm (from XRD, Figure S6B), which is much larger
than the channel size of the mesoporous CS prepared
by F127 (~5 nm, Figure S6C). It indicates that most of
Sn particles are nonselectively dispersed rather than
confined in the mesostructure. Because of an insuffi-
cient difference in the hydrophilicity and hydrophobi-
city of the EO and PO blocks, F127 fails to induce a
selective incorporation of guest molecules into the
desired block.

Notably, the strategy for preparing a Sn—CS com-
posite can be easily applied to the development of
various kinds of functional materials. For instance, an
intermetallic SnSb—CS composite was successfully
synthesized by simply changing the hydrophobic pre-
cursor of the initial solution. An equimolar amount of
hydrophobic Sn and Sb precursor provided an inter-
metallic SnSb—CS composite with a similar phase
transition and material characteristics (Figure S7).

Electrochemical Performance. Figure 5 shows the elec-
trochemical performance of Sn-8.5-CS and Sn-49-CS
electrodes. Both Sn-8.5-CS and Sn-49-CS electrodes
show an excellent cycle performance, as can be seen
in Figure 5A. It is notable that no capacity fading was
observed even after 100 cycles. This is attributed to the
fact that Sn nanowires or nanoparticles are homoge-
neously embedded within the CS composite matrix.
The CS framework acts as a protective barrier, mini-
mizing direct contact between nanosized Sn particles,
thus it suppresses the electrode degradation effec-
tively by inhibiting the agglomeration of Sn nano-
wires and nanoparticles upon cycling. The Sn-49-CS
electrode delivers a reversible capacity of 600 and
440 mA h g~ at a current density of 45 and 300 mA g~ ',
respectively.
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Figure 5. (A) Cycle performance of Sn-8.5-CS and Sn-49-CS
electrodes. (B) Voltage profiles of Sn-49-CS electrodes at a
current density of 45 mA g~ (0.0—2.5 V vs Li/Li"). The
numbers 1st, 10th, and 30th indicate different cycles. (C)
Differential capacity plot of delithiation voltage profiles
(1st and 2nd cycle) for Sn-49-CS and Sn-0-CS electrodes at
a current density of 45 mA g~ .

The discharge (lithiation) and charge (delithiation)
voltage profiles of a Sn-49-CS electrode are shown in
Figure 5B and Figure S8. Three voltage plateaus occur-
ring near 0.6 V are apparent in both profiles, reflecting
that Li* insertion/deinsertion proceeds through three
consecutive two-phase reactions. These voltage pla-
teaus are typical characteristics of Sn electrodes.*’
These plateaus are represented as three peaks in the
differential capacity plot (dQ/dV) of the Sn-49-CS elec-
trode, as clearly shown in Figure 5C. Figure 5C also
compared the differential capacities of Sn-49-CS with
that of Sn-0-CS electrodes, and this indicates that the
reversible capacity of Sn-49-CS is mainly contributed
from the Sn nanoparticles, although the CS matrix
(Sn-0-CS) is also an electrochemically active material,
delivering ca. 400 mA h g ' at 45 mA g~ (Figure S9).
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The theoretical capacity of Sn-49-CS is 690 mA h g™,
assuming that both carbon matrix and Sn are fully
utilized as an electrochemically active material, as
shown in Table S1. The Sn-49-CS electrode delivers a
reversible capacity of 600 mAh g~ ' at45 mA g™, and
this indicates that 204 and 396 mA h g~ are contrib-
uted from carbon and Sn, respectively, assuming that
the carbon matrix is fully utilized. Thus, this means that,
at least, 81% of Sn (808 mA h gs, = 396/0.49) in the
composite was utilized. In contrast to Sn-49-CS, plateaus
in the voltage profiles of Sn-8.5-CS (Figure S10) are
difficult to observe, which is attributable to the small
amount of Sn content (8.5 wt %) in the composite.

Not only the three sharp peaks indicating Sn in the
voltage range of 0.5—0.8 V are observed, but also a
small hump is observable near 1 V during delithiation
(Figure 5C). The small hump is related to the reversible
SnO, formation from Li,O and Sn during delithiation.”®
In contrast to Sn-49-CS, the size of this hump is
significantly large and distinguishably sharp in pre-
vious nanostructured SnO, anodes."® In our work, the
integrated area (corresponding to a capacity) of the
small hump is much smaller than that of the three
sharp peaks in the dQ/dV plot. This indicates that the
amount of SnO, is much smaller than that of Sn in the
composite, and the capacity obtained from SnO, is
negligible, even though the surface of Sn is partially
oxidized, as shown in the XPS result (Figure S4).

The rate capabilities of the Sn-49-CS and Sn-8.5-CS
electrodes are examined in Figure S11. Both electrodes
show a good rate performance, but the rate capability
of Sn-49-CS is slightly better than that of Sn-8.5-CS.
Even at 3000 mA g", the Sn-49-CS electrode exhibits
46% capacity retention of the capacity at 120 mA g~".
The better rate performance of the Sn-49-CS electrode
is attributed to its higher effective diffusion coefficient
compared to the Sn-8.5-CS. The charge transfer resis-
tance and effective diffusion coefficient values were
obtained from the impedance fitting, as shown in
Figure S12. The charge transfer resistance values of
the Sn-49-CS and Sn-8.5-CS were 7.53 x 10~2and 5.35 x
1072 Qg respectively, and the effective diffusion coeffi-
cient values of the Sn-49-CS and Sn-8.5-CS were 4.18 x
10" "% and 858 x 10~ cm? s, respectively. The lower
charge transfer resistance of the Sn-8.5-CS than Sn-49-CS

METHODS

Synthesis of Sn-x-CS Nanocomposites. PEO-b-PS*° and resol*
dissolved in THF (50 wt %) were synthesized according to the
reported literature. The weight fraction of carbon and silica
was fixed as 8:2, and the amount of Sn precursor was tuned
to 8.5—49 wt % of Sn-embedded composite materials. For
instance, to get 49 wt % of Sn—carbon—silica composite
(Sn-49-CS), 0.15 g of PEO-b-PS (M,, = 37 040 g/mol, PDI = 1.07,
13.5 wt % of PEO) was first dissolved in 7 g of THF with 0.065 g of
0.2 M HCI. After 1 h of stirring, 0.136 g of TEOS, 0.628 g of 50 wt %
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is attributed to the higher surface area of Sn-8.5-CS due
to the lower loading amount of Sn in the composite.
However, in spite of the lower charge transfer resis-
tance of the Sn-8.5-CS than Sn-49-CS, the rate capabil-
ity of the Sn-49-CS was better than the Sn-8.5-CS due to
the higher effective diffusion coefficient of the Sn-49-CS.
This indicates that the effective diffusion coefficient is a
dominant factor in determining the rate performance
of Sn-x-CS electrodes, as the rate-limiting step of
lithium-ion batteries is known to be solid-state diffu-
sion of lithium ions.

The Coulombic efficiency of all electrodes is over
99% except for the first few cycles. The Coulombic
efficiency during the first cycle is 67.3, 50.7, and 42.8%
for the Sn-49-CS, Sn-8.5-CS, and Sn-0-CS electrodes,
respectively. The irreversible capacity decreases as the
mass ratio of Sn/CS in the composites increases. This
indicates that the large irreversible capacity is dom-
inantly caused by electrolyte decomposition, forming a
solid electrolyte interphase film on a carbon matrix
with a large surface area. This is supported by the
comparison of differential capacity plots (dQ/dV) of
the Sn-49-CS electrode at the first and second cycle.
During lithiation at the first cycle, the broad peak near
0.8 V is observed, but this peak disappears at the
second cycle since the broad lithiation peak near 0.8V
atthe first cycle is caused by the irreversible formation
of SEI film.

CONCLUSIONS

In conclusion, we reported the tailored synthesis of
Sn—CS composites with unique morphologies using a
straightforward method with selective interaction
among the precursors and PEO-b-PS. Metallic Sn spe-
cies are homogeneously embedded in a rigid CS
framework and are effectively confined with the mor-
phologies of nanowires or nanoparticles depending on
the initial TBPT loading. The resulting Sn—CS compo-
site materials are successfully employed as anodes for
LIBs and show superior reversible capacity and long
cyclability. Most of all, the novel method developed in
this work for synthesizing functional hybrid materials
can be extended to the preparation of various func-
tional nanocomposites owing to its versatility and
facileness.

resol in THF, and 0.969 g of tributylphenyltin (TBPT) were added
in sequence. The mixture was further stirred for 1 h and poured
into a Petri dish. THF was slowly evaporated at 30 °C for overnight
or more to induce EISA (evaporation-induced self-assembly).
Next, the dish was placed into an oven at 100 °C for 24 h or more
to thermopolymerize the hybrid material. The thermopolymer-
ization step further induced cross-linkage and polymerization of
the resol resins and froze the overall frameworks. The as-made
brownish-film-like products were scraped from the dish,
and they were calcined in a tubular furnace at 450 °C for 2 h
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(further polymerization and stabilization) and subsequently
heated at 700 °C for 2 h under N, atmosphere with a heating
rate of 1 °C/min. The resulting black Sn—CS materials were
ground into fine powders and used as anode materials for
lithium-ion batteries. The yield of metallic Sn is near 82%, and
the loss might be caused by vaporization of Sn precursor (TBPT)
during the annealing at 100 °C and subsequent heat treatment.
A small amount of liquid Sn can also be vaporized during heat
treatment at 700 °C.

Electrochemical Characterization. The composite electrode was
prepared by spreading a slurry mixture of Sn—CS powder,
poly(acrylic acid) (PAA, as a binder), and super P (as a carbon
additive for conductivity enhancement) (8:0.5:1.5 weight ratio)
on a piece of Cu foil. The galvanostatic charge/discharge cycling
was made in the potential range of 0.0—2.5 V with a two-
electrode 2016-type coin cell, where Li metal foil was used as
the counter electrode. Then, 1.3 M LiPF¢ in a mixture of ethylene
carbonate (EC) and diethyl carbonate (DEC) (3:7 v/v) was used as
the electrolyte. Polypropylene film was used as the separator.
Cells were assembled in an Ar-filled glovebox and cycled at
30 °C. For impedance measurements using SP-200 (BioLogic),
two-electrode cells were used, and the explored frequency
range was from 500 kHz to 1 mHz under ac stimulus with
5 mV of amplitude. The impedance data were fitted using the
Z view program.

Material Characterization. Gel permeation chromatography
(GPC; Waters) was conducted using THF as the eluent, and the
molecular weight was calibrated on the basis of PS standards.
X-ray diffraction (XRD) data were collected using a MAX-2500
diffractometer (RIKAGU, Cu Ka, 1.54 A). The morphology was
observed using a transmission electron microscope (TEM; JEM-
1011) operated at 80 kV. For TEM, the samples were microtomed
with 100 nm section thickness. Micromeritics Tristarll system at
—196 °C was used to measure nitrogen physisorption. The
samples were degassed overnight at 150 °C before measure-
ment. Small-angle X-ray scattering (SAXS) experiments were
carried out on the 4C1 SAXS beamline at the Pohang Light
Source (PLS) using X-rays (7.8 keV, 0.16 nm). The actual Sn
content of each composite was determined by inductively
coupled plasma spectroscopy (ICP). A Raman spectrometer
(Horiba Jobin Yvon, LabRam HR) was used with a laser at
514.532 nm (Ar-ion laser) at a power of 0.5 mW. X-ray photo-
electron spectroscopy (XPS) was obtained by Quantera SXM/
ULVAC-PHI.
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