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ABSTRACT: We report a simple synthetic method of carbon-based
hybrid cellular nanosheets that exhibit outstanding electrochemical
performance for many key aspects of lithium-ion battery electrodes.
The nanosheets consist of close-packed cubic cavity cells partitioned
by carbon walls, resembling plant leaf tissue. We loaded carbon
cellular nanosheets with SnO, nanoparticles by vapor deposition
method and tested the performance of the resulting SnO,—carbon
nanosheets as anode materials. The specific capacity is 914 mAh g™
on average with a retention of 97.0% during 300 cycles, and the
reversible capacity is decreased by only 20% as the current density is
increased from 200 to 3000 mA g~'. In order to explain the excellent
electrochemical performance, the hybrid cellular nanosheets were
analyzed with cyclic voltammetry, in situ X-ray absorption spectros-
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copy, and transmission electron microscopy. We found that the high packing density, large interior surface area, and rigid carbon
wall network are responsible for the high specific capacity, lithiation/delithiation reversibility, and cycling stability. Furthermore,

the nanosheet structure leads to the high rate capability due to fast Li-ion diffusion in the thickness direction.

B INTRODUCTION

The development of next-generation energy-storage devices is
of primary importance to meet the challenges 1n the electronics
and automobile industries in the near future.' ™ In particular,
there has been increasing interest in the development of new
multicomponent nanomaterials that can overcome a number of
intrinsic limitations of single-component electrode materials for
lithium-ion batteries (LIBs).””"' The considerable volume
changes of the active materials from lithiation and delithiation
lead to the mechanical deformation, causing the high internal
resistance and low cycle stability. This is especially pronounced
for the high-capacity anode materials such as Si, 12716 Ge, 1717
Sn,”’ Sn0,,>' ~** and Fe,0;>°~*° because they have a very large
volume change during cycling. Also, the side reactions at the
interface between the electrolyte and the active material can
decrease in the Coulombic efficiency and cause safety
problems.””™*" Since the early 2000s, multicomponent
nanostructures that consist of hollow carbon shell encapsulating
active materials have attracted strong interest because they can
provide very effective solutions to these limitations of anode
materials.”*~* In this structure, the carbon shell confines the
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active material within a closed volume so that the loss of
capacity due to pulverization and agglomeration can be
minimized and good electric contact with the active material
can be ensured during cycling. Furthermore, the assembled
structure of carbon shells can reduce the contact area between
the electrolyte and the active materials inside of the shell,
reducing the formation of the solid—electrolyte interphase
(SEI). Also, the extended carbon network of the assembled
structure can facilitate the electron transport.*”** Thus far,
various carbon-based multicomponent hybrid nanostructures
for LIB anodes have been reported to exhibit high electro-
chemical performance in either long stability, high capacity, or
high rate capability.* " On the basis of these previous reports,
an ideal hybrid nanostructure that combines key aspects of the
electrode materials including cycling stability, specific capacity,
and rate performance is highly anticipated.

Herein, we report a new synthetic method of carbon-based
hybrid nanosheets that exhibit outstanding performance in
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many key aspects of the LIB anode. While the synthetic
procedure is simple and straightforward without any separate
assembly process, as-prepared nanosheets have close-packed
uniform cubic empty “cells” of ~12 nm side length that are
enclosed by 3.5 nm thick carbon walls. The inorganic anode
materials are incorporated into the empty cells by simple vapor
deposition. Our preparation method is easier and simpler than
that of the previously reported hybrid nanomaterials.” " The
cubic cells enclosed by the carbon walls provide enough space
for the volume change of the inorganic active material inside
and retain the mechanical integrity during lithiation and
delithiation. Also, the cubic shape ensures the maximum
packing density and the larger contact area with the active
material compared to the spherical shape with the same
volume. The nanosheet structure provides a short diffusion
length of Li ions in the thickness direction and facile electron
transport through its carbon network which is as large as
hundreds of square micrometers. As a model system, we
investigated the electrochemical properties of hybrid cellular
nanosheets loaded with tin dioxide nanoparticles (SnO, NPs).
The cell tests showed a high specific capacity of 913.9 mAh g™
on average with excellent cycle retention of 97.0% during 300
cycles when applied to LIB anodes. Also, when the cycling
current density was increased from 200 to 3000 mA g™, the
reversible capacity was decreased by only 20% from 941.3 to
745.5 mAh g~'. As a result, our hybrid cellular nanosheets
showed outstanding performance in the key aspects of the LIB
anode by the well-optimized carbon-based hybrid structure.

B RESULTS AND DISCUSSION

Synthesis and Characterization of Hybrid Cellular
Nanosheets. The synthesis of carbon cellular nanosheets is
accomplished by a modification of the previously reported
method from our group.SI’52 In the first step, carbon
nanosheets embedded with manganese ferrite (MnFe,0,)
nanocubes are synthesized by heating a mixture of manganese—
and iron—oleate precursors and sodium sulfate (Na,SO,)
powder at 500 °C for 5 h under inert atmosphere. During the
heating process, both the formation of MnFe,O, nanocubes
and their self-assembly take place at the surface of the sodium
salt particles. At the same time, oleate ligands that cover the
surface of the nanocubes are carbonized into the nanosheets.
After the heating procedure, Na,SO, powder and the ferrite
nanocubes are removed by washing with water and acid
etching, respectively, leaving the carbon cellular nanosheets
(see Experimental Section for experimental details). Compared
to ferrite—carbon hybrid nanosheets synthesized using only
iron—oleate complex, smaller sized nanocubes can be obtained
using a mixture of manganese— and iron—oleate complexes,*”
which is advantageous for lithium-ion battery application.

The porous structure of the carbon cellular nanosheets
consists of uniform cubic empty “cells” of ~12 nm side length
that are enclosed by 3.5 nm thick carbon walls (Figure la and
1b). The cells form ordered arrays over the whole area of the
nanosheets that is as large as hundreds of square micrometers.
The cross-section of a nanosheet in the scanning electron
microscopy (SEM) image (Figure 1c) shows that the thickness
is ~100 nm, which corresponds to <10 layers of the cells (see
Figures S1 and S2 in the Supporting Information for additional
electron microscopy images and small-angle X-ray scattering
data of the carbon cellular nanosheets). Actually, this structure
resembles the plant leaf tissue that is composed of the two-
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Figure 1. Carbon and SnO,—carbon cellular nanosheets. (a) SEM
image, (b) TEM image, and (c) cross-sectional SEM image of carbon
cellular nanosheets. Scale bars in b and ¢ are 100 and 200 nm,
respectively. Schematic illustration of (d) a plant leaf, (e) its top, and
(f) cross-sectional structures resembling the carbon cellular nano-
sheets. (g) TEM image of a SnO,—carbon hybrid cellular nanosheet
showing SnO, NPs in the cells. (h) Statistical analysis of the size of
SnO, NPs (blue), side length of the cells (black), and thickness of the
carbon walls (red).

dimensional array of cells partitioned by cell walls (Figure 1d—
f).

Hybrid cellular nanosheets were prepared by introducing
SnO, as high-capacity anode material inside the carbon cells via
vapor deposition using tetraphenyltin [Sn(CeHs),] as a
precursor. This method is inspired from the well-known
“ship-in-a-bottle” approach which is used for incorporation of
various materials into the pores/cages of zeolites’ or
mesoporous materials.”* The carbon cellular nanosheets are
mixed with tetraphenyltin and heated at 350 °C for 3 h under
vacuum. In this condition, vaporized tin precursor infiltrated
inside of the cells and subsequently turns into SnO, NPs via
thermal decomposition. The remaining unreacted precursor is
evaporated away, leaving no residue on the exterior surface of
the nanosheets. Figure 1g shows the transmission electron
microscopy (TEM) image of SnO, NPs formed in the cells (see
Figure S3 in the Supporting Information for the low-
magnification TEM image of a SnO,—carbon hybrid cellular
nanosheet). The statistics of the size of SnO, NPs, the side
length of the empty cells, and the wall thickness are shown in
Figure 1h. The size of the NPs is far smaller than the cavity
volume of the cells. Since the lithiation of SnO, NPs increases
the volume by 300%, such a large difference in the cavity
volume and the NPs is beneficial for better mechanical stability
and reversible capacity of the electrode, as we will discuss
below.

Detailed structure analysis of the carbon cellular nanosheets
before and after incorporating SnO, by the “ship-in-a-bottle”
method was performed by various techniques, and the results
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are shown in Figure 2. The pore size and volume of the cellular
nanosheets are analyzed by N, adsorption and desorption
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Figure 2. Structure analysis of carbon and SnO,—carbon cellular
nanosheets. For all panels, blue indicates carbon cellular nanosheets
and red represents SnO,—carbon cellular nanosheets. N, adsorption—
desorption isotherms (a) and pore size distributions from the isotherm
curves (b). (c) XRD plots. Diffraction peaks from SnO,—carbon
nanosheets are indexed to tetragonal SnO,. (d) Raman spectra. Bands
at around 1600 and 1360 cm™' are assigned to G and D bands of
graphite structure. (e, f) XPS spectra from Sn 3d (e) and C 1s (f).
Peaks are assigned by curve fittings indicated in different colors.

isotherm measurements (Figures 2a and 2b). Before incorpo-
ration, pores with sizes of 3.0, 5.1, and 14.1 nm were identified
from the carbon cellular nanosheets. The size of the largest
pores (14.1 nm) matches the cubic cell size measured by TEM
(~12 nm). After loading the NPs, the size of the largest pores
was decreased to 12.4 nm and the pore volume was changed
from 0.71 to 0.28 cm® g~". The reduction in both the pore size
and the volume is consistent with the observation from TEM
that the cubic empty cells were occupied by the NPs.**® X-ray
diffraction (XRD) data from carbon and SnO,—carbon
nanosheets are shown in Figure 2c. The two broad peaks
from the carbon nanosheets at 20 = 23° and 42° are assigned to
the (002) and (101) planes of carbon.”” On the other hand, the
pattern of SnO,—carbon nanosheets is clearly indexed to
tetragonal SnO, (JCPDS card no. 41-144S). Raman spectros-
copy data show that the peak intensity ratio of D and G bands
from carbon (Ip/I;) is almost identical in the spectra from
carbon and SnO,—carbon nanosheets (Figure 2d), showing
that the impregnation process does not affect the carbon
structure of the nanosheets. After impregnation, a signal from
Sn*" is observed in the Sn 3d region by X-ray photoelectron
spectroscopy (XPS), confirming the presence of SnO, phase in
the nanosheets (Figure 2e).*® C 1s XPS data reveal that there
are oxygen functional groups such as C—O and O—C=0 in

the carbon nanosheets, probably due to the acid etching
treatment (Figure 2f). These oxygen functional groups can help
the formation of SnO, NPs at the interior wall of the carbon
cells (see Figure S4a in the Supporting Information for the
corresponding wide-scan XPS of Figure 2e and 2f).*”%
According to thermogravimetric analysis (TGA), the carbon
nanosheets contain no inorganic impurity while the content of
SnO, in SnO,—carbon nanosheets is 38.0 wt % (Figure S4b in
the Supporting Information). The content of SnO, can be
controlled by varying the ratio of carbon nanosheets to
precursor and/or by repeating the deposition process (Figure
SS).

Electrochemical Performance of Hybrid Cellular
Nanosheets. The electrochemical performance of SnO,—
carbon hybrid cellular nanosheets was investigated by a series of
experiments in comparison with the carbon cellular nanosheets
and SnO, nanosheets. SnO, nanosheets are prepared by
heating SnO,—carbon hybrid cellular nanosheets at 500 °C in
air, leading to the formation of the nanosheets of sintered SnO,
NPs (see Figure S6 in the Supporting Information for TEM
images and XRD data of SnO, nanosheets). The electro-
chemical cycling stability of SnO,—carbon hybrid, carbon, and
SnO, nanosheets was evaluated by galvanostatic charging—
discharging in a potential range of 0.01—-3.0 V (vs Li*/Li) at a
constant current density of 200 mA g~' (Figure 3a). After 300
cycles, the reversible capacity of SnO,—carbon hybrid nano-
sheets is changed from 941.3 (Ist cycle) to 913.3 mAh g~!
(300th cycle), showing outstanding cycle retention of 97.0%.
The average capacity value of the hybrid nanosheets is higher
than those from the previously reported SnO,—carbon
nanostructures.’ ~** Carbon cellular nanosheets also exhibit
relatively high cycling stability with a retention of 86.6% during
300 cycles, and the average capacity was 463.0 mAh g~'. On the
other hand, the capacity of SnO, nanosheets rapidly decreases
during the first S0 cycles from 882.2 (1st cycle) to 141.1 mAh
g™' (S0th cycle). The overall features of initial charge—
discharge voltage profiles of SnO,—carbon hybrid nanosheets
are similar to those of other SnO,—carbon composite materials
in the previous reports (Figure S7).*”°' The initial discharge
capacity and Coulombic efficiency are 1910.7 mAh g~ and
49.3%, respectively. As shown in Figure 3b, the voltage profiles
of SnO,—carbon hybrid nanosheets are so stable that the profile
plots from the 100th to the 200th cycle are almost exactly
overlapped on top of each other. Even at very high current
densities of 1000 and 3000 mA g!, the hybrid cellular
nanosheets exhibit high reversible capacities of 815.1 and 745.5
mAh g7', respectively (Figure 3c). It can therefore be
concluded that the electrochemical properties of hybrid cellular
nanosheets are comprehensively outstanding when compared
with the other SnO,-based anode materials.

The lithiation and delithiation of SnO, NPs in the hybrid
cellular nanosheets were investigated by cyclic voltammetry and
in situ X-ray absorption near-edge structure (XANES)
spectroscopy. It is known that there are two reactions between
lithium and SnO, taking place during charging and discharging
processes®

SnO, + 4Li" + 4 — Sn + 2Li,0 (1)

Sn + xLi* + xe” 2 Li,Sn (0 < x < 4.4) )

Usually reaction 1 is considered to be irreversible, while
reaction 2 is responsible for the theoretical reversible capacity
of 782 mAh g~ '. However, recently it was reported that
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Figure 3. Electrochemical characterization of SnO,—carbon, carbon, and SnO, nanosheets for lithium-ion battery anodes. (a) Cycling performance
of the three kinds of nanosheets. (b) Voltage profiles of SnO,—carbon nanosheets corresponding to the SnO,—carbon data in a. (a, b) Current
density was 200 mA g~'. (c) Voltage profiles of SnO,—carbon nanosheets at three current densities in the second cycle. Black profile curves in b and
c are identical. (d) Cyclic voltammogramms of the nanosheets. Scan rate was 0.1 mV s™". The shift in the current peak positions is indicated with
arrows. () In situ Sn K edge XANES data of SnO,—carbon and SnO, nanosheets measured during the first cycle at a current density of 200 mA g™
and the voltage range of 0.01—3.0 V (vs Li*/Li). OCV indicates the XANES patterns measured just before starting the cycle.

reaction 1 is partially reversible and contributing to the capacity
of $n0,.°*"” Figure 3d shows three initial consecutive cyclic
voltammograms of the three nanosheets. The cyclic voltammo-
grams of SnO,—carbon hybrid cellular nanosheets have the
features from both carbon and SnO, nanosheets. However, the
anodic peaks at 0.53 and 1.23 V from SnO,—carbon nanosheets
are shifted to lower potentials compared to those from SnO,
nanosheets that are observed at 0.58 and 1.25 V, respectively.
The lower polarization suggests that the reaction of SnO, in the
hybrid nanosheets is different from that of pure SnO,. In order
to investigate the electrochemical reaction process of SnO, in
detail, the temporal change in the oxidation state of Sn during
cycling was investigated by in situ XANES measurements. As
shown in Figure 3e, the white line intensities of the signals from
SnO,—carbon hybrid nanosheets measured at the start and the
end of the cycling are quite similar. On the other hand, the
white line intensity from SnO, nanosheets becomes far weaker
after one cycle. Such difference in the white line intensity is
attributed to the different oxidation state of Sn in the
nanosheets. According to the linear combination fit analysis
using Sn metal, SnO, and SnO, as the standards, both the

11957

hybrid nanosheets and SnO, nanosheets contain only SnO,
before cycling (see Figure S8 in the Supporting Information for
the standard XANES data of Sn metal, SnO, and SnO,).
However, after one cycle, the ratio of Sn:SnO:Sn0O, was
changed to 0:45:55 for the hybrid nanosheets and 26:51:23 for
SnO, nanosheets, demonstrating that tin oxide in the hybrid
nanosheets can have better reversibility of the electrochemical
reactions. In particular, it seems that a considerable amount of
metallic Sn is oxidized to SnO, via reaction 1 during
delithiation of the hybrid nanosheets.

Structural Change of Hybrid Cellular Nanosheets by
Lithiation and Delithiation. Changes in the structure of
SnO,—carbon hybrid cellular nanosheets induced by cycling
were studied by extensive TEM analysis. As mentioned above,
insertion of lithium into SnO, leads to the formation of Li,Sn
(x < 4.4) embedded in Li,O matrix which is accompanied by a
large volume expansion of ~300%. TEM images in Figure 4a—c
show how the size and morphology of SnO, NPs in the
nanosheets change during lithiation and delithiation. When
fully lithiated (0.01 V vs Li*/Li), SnO, NPs are expanded,
almost completely filling the volume of the cell (Figure 4b).
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Figure 4. TEM analysis on the structural change of hybrid cellular nanosheets. Schematics of the morphology of SnO, NPs and SnO,-based active
material structure in the carbon cells (top), and TEM images of hybrid cellular nanosheets (bottom) before cycling (a), after lithiation (b), and after
delithiation (c). TEM images of hybrid cellular nanosheets after lithiation (d) and delithiation (e). TEM images of hybrid cellular nanosheets before
(f) and after (g) one cycle of lithiation and delithiation from the same location. Red-dotted line indicates the same position on the nanosheet. (h)
Dark-field scanning TEM image of hybrid cellular nanosheets after 20 cycles. (Inset) TEM image after 20 cycles. Dark-field scanning TEM image (i)
and EDX mapping of Sn Ly edge (j) after 20 cycles. EDX mapping was performed in the red-dotted square in i.

Short diffusion length

Figure S. Illustration of a SnO,—carbon hybrid cellular nanosheet and its features that contribute to the electrochemical performance.

Interestingly, delithiation does not restore the NPs with the
initial size and shape. Instead, SnO,-based active material is
coated inside the wall of the cell after delithiation (Figure 4c),
indicating that the active material has good affinity (low
interface energy) with the surface of the carbon wall. Also, this
morphology maximizes its interface area with carbon. This can
also be observed in large-area TEM images (Figure 4d and 4e).
The good affinity and large interface area of the active material
can explain the low polarization of the hybrid cellular
nanosheets observed in cyclic voltammetry in Figure 3d.
TEM images in Figure 4f and 4g were taken from the same
location of the nanosheets before and after the lithiation and

delithiation cycle. Comparing those two images, it is clearly
seen that the carbon cellular structure is hardly affected by the
large volume change of SnO,-based active material inside of the
cells. The spatial distribution of SnO,-based active material
after 20 cycles was measured by energy-dispersive X-ray
spectroscopy (EDX) mapping of Sn and dark-field TEM
(Figures 4h—j, see Figure S12 for large-area STEM image).
Both elemental mapping and dark-field images confirm that
SnO,-derived active material is well confined in the cells
without aggregation or leakage from the cells.

The TEM data discussed above reveal that the excellent
electrochemical performance of SnO,—carbon cellular nano-
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sheets is attributed to their unique hybrid structure (Figure ).
Because each cell has enough room for the volume change of
SnO, NPs, the carbon wall does not exert mechanical stress to
the SnO,-based active material confined in the cell even when
the active material is fully lithiated to the maximum volume
expansion. The cubic shape of the cells allows the higher
packing density as well as the larger interface area of the loaded
active material with carbon, compared to the spherical shape
with the same volume (see Figure S14 and the corresponding
text in Supporting Information). The well-ordered cellular
structure of the nanosheets is rigid enough to confine the active
material inside of the cell during cycling, keeping the
mechanical integrity of the electrode film. The Li-ion diffusion
length can be as short as 100 nm in the thickness direction of
the nanosheets. At the same time, facile electron transport is
possible through the carbon network of the nanosheets.
Consequently, the structure of the hybrid cellular nanosheets
is well optimized for the high-performance anodes in terms of
the specific capacity, cycling stability, and rate capability.

H CONCLUSION

We developed a practical synthetic method to prepare SnO,—
carbon hybrid cellular nanosheets that exhibit outstanding
electrochemical performance for nearly all key aspects of
lithium-ion battery electrodes. Carbon cellular nanosheets have
unique cubic cavity cells forming a well-ordered close-packed
array, and numerous electrochemically active materials can be
controllably immobilized in the carbon cells using various
methods including the “ship-in-a-bottle” method. Cellular
nanosheets loaded with SnO, NPs showed outstanding
electrochemical performance as lithium-ion battery anodes.
The specific capacity of SnO,—carbon hybrid nanosheets was
913.9 mAh ¢! on average with a retention of 97.0% during 300
cycles. Also, when the cycling current density was increased
from 200 to 3000 mA g, the reversible capacity was decreased
by only 20% from 941.3 to 745.5 mAh g '. This excellent
performance can be compared with that of other similar
structured hybrid nanostructures. For example, our previously
reported ferrite—carbon hybrid nanosheets, which were used to
prepare the carbon hybrid cellular nanosheets, exhibit a specific
capacity of 600 mAh g™' and 73% retention of initial capacity
after 50 cycles.>

According to cyclic voltammetry, in situ XANES, and TEM
analyses, such high performance is closely related to the cellular
structure of the hybrid nanosheets. The cubic cells provide
enough room to accommodate the large volume change of the
active material as well as the large interface area between the
loaded active material and the carbon wall. As a result, the
hybrid structure shows high reversibility of lithiation and
delithiation. In addition, well-ordered rigid cellular nanosheet
structure ensures the mechanical integrity and facile Li-ion and
electron transport.

In conclusion, we show that very effective hybrid nano-
structured electrode material can be prepared via a relatively
simple procedure. Because many different kinds of materials
can be immobilized in the carbon cellular nanosheets, the
resulting hybrid cellular nanosheets can be applied to various
areas including electrochemical devices and catalysis.

B EXPERIMENTAL SECTION

Materials. MnCl,-4H,0, FeCl;-6H,0, Na,SO,4, and SnCl, were
purchased from Sigma-Aldrich. Sodium oleate and tetraphenyltin were

purchased from TCI and Alfa-Aesar, respectively. All reagents were
used without further purification.

Preparation of Carbon Cellular Nanosheets. Iron—oleate and
manganese—oleate precursors were synthesized following a previously
reported method.>"** For the synthesis of carbon cellular nanosheets,
18.0 g (20 mmol) of iron—oleate and 6.2 g (10 mmol) of manganese—
oleate were mixed with 150 g of Na,SO, and the mixture was heated at
500 °C under argon flow (100 sccm) for S h. After heating, carbon
nanosheets embedded with manganese ferrite nanocubes were washed
with hot water for 2 h to remove Na,SO,, and the manganese ferrite
nanocubes were etched with hydrochloric acid. Carbon cellular
nanosheets were collected from the aqueous suspension by
centrifugation and thermally treated at 800 °C for 5 h to improve
the conductivity of carbon.

Synthesis of SnO,—Carbon Cellular Nanosheets and SnO,
Nanosheets. In the vapor deposition method, 100 mg of carbon
cellular nanosheets and 800 mg of tetraphenyltin were mixed with a
mortar and pestle. The mixture was heated at 350 °C for 3 h under
vacuum. As-synthesized SnO,—carbon nanosheets were used without
additional purification. SnO, nanosheets were prepared by annealing
SnO,—carbon hybrid cellular nanosheets at 500 °C for 5 h under air.

Characterization. TEM analysis was performed using a JEOL
JEM-2100F (Jeol). STEM and EDS mapping images were obtained
with a Tecnai F20 (FEI) equipped with an EDAX Tecnai 136-5
detector. SEM analysis was carried out on a SUPRA SSVP FE-SEM
(Carl Zeiss). XPS measurement was done by a Sigma Probe
instrument (ThermoFisher Scientific) with Al Ka (1486.8 eV) as
the X-ray source. The pass energy is 100 eV for wide scan and 20 eV
for narrow scan. XPS data analysis was performed using Avantage
software. X-ray diffraction was measured by a D/Max-3C diffrac-
tometer (Rigaku) equipped with a rotating anode and a Cu Ka
radiation source (4 = 0.15418 nm), nitrogen isotherm by a 3FLEX
surface characterization analyzer (Micromeritics), Raman spectrum by
a T64000 spectrometer (Horiba scientific) with an excitation
wavelength of 514 nm, and TGA by a Q5000 IR thermogravimetric
analyzer (TA Instruments). Small-angle X-ray scattering (SAXS) data
was measured in the 4C beamline of Pohang Light Source (PLS-II,
South Korea).

Electrochemical Characterization. Working electrodes were
prepared by coating copper foil with a slurry made of active material,
super P, and polyvinylidene fluoride (70:15:1S wt %) in n-methyl-2-
pyrrolidinone solvent and drying in a vacuum oven. After cooling, the
electrode film on the foil was compressed with a press roller to
improve the packing of active material. A 2016-type coin cell was
assembled in an argon-filled glovebox. The electrolyte was 1.0 M LiPFq
dissolved in ethylene carbonate and diethyl carbonate with a 1:1
volume ratio. The coin cells were galvanostatically charged and
discharged in the voltage range of 0.01-3.0 V (vs Li*/Li) with a
WBCS3000 cycler (WanA Tech). Cyclic voltammetry was measured
using the same instrument. The coin cell tests were carried out at 25
°C. Electrochemical impedance spectroscopy measurements were
obtained with an ac signal amplitude of S mV over the frequency range
from 100 kHz to 10 mHz. In order to observe the TEM images before
and after the electrochemical test, a 2032-type coin cell was assembled
using a TEM grid loaded with SnO,—carbon hybrid cellular
nanosheets as the working electrode (Figure S13). The TEM grid
was removed from the cell after the electrochemical test and washed
with diethyl carbonate. After drying the TEM grid, TEM images after
the electrochemical test were obtained.

In Situ XANES Measurement. X-ray absorption spectroscopy was
measured at the 8C nanoprobe XAFS beamline (BL8C) of PLS-II in
the 3.0 GeV storage ring with a ring current of 300 mA. The beam
source was a tapered in-vacuum undulator, and a Si(111) double-
crystal monochromator was used. A secondary source aperture was
used to adjust the beam size to be 0.3 mm (v) X 1 mm (k) in front of
the ionization chambers. A high voltage of 3000 V was applied to the
ionization chambers which were filled with a mixture gas of N, and Ar
to measure X-ray intensity. Modified 2032-type coin cells were used
for in situ XANES experiments. The coin cell was positioned so that
the incident angle of the X-ray beam with respect to the surface of the

DOI: 10.1021/jacs.5b03673
J. Am. Chem. Soc. 2015, 137, 11954—11961


http://pubs.acs.org/doi/suppl/10.1021/jacs.5b03673/suppl_file/ja5b03673_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.5b03673/suppl_file/ja5b03673_si_001.pdf
http://dx.doi.org/10.1021/jacs.5b03673

Journal of the American Chemical Society

electrode is 45°. A passivated implanted planar silicon (PIPS) detector
was mounted at the sample stage at a 90° position with respect to the
incident beam. Sn K edge signal was measured using metallic Sn foil as
a reference, and each scan took about 23 min. Data processing and
analysis were performed using ATHENA of the IFEFFIT XAS data
analysis suite.
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