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ABSTRACT: Novel deflated carbon nanospheres encapsulating metallic tin cores
were successfully synthesized and decorated on 3-D layered carbon with wall-like
structures. The composite was synthesized by facile in situ carbonization of walnut
shell membranes and chemical vapor deposition (CVD) and can be used as negative
electrodes for sodium ion batteries. The in situ reduction of SnO2 particles to metallic
Sn particles could induce volumetric shrinkage of the particles due to the density
difference. The encapsulation of Sn particles by carbon nanospheres under CVD
conditions can form unique deflated Sn@C nanoparticles firmly attached on the
surface of the 3-D carbon derived from a typical agricultural waste. Particularly
interesting, all the carbon nanospheres are in deflated spherical shape, which could
provide extra space for volume expansion during charging in Na insertion into the
enclosed Sn. The as-prepared composite in the form of pieces of materials are ready
electrodes that can be directly assembled into batteries without any further treatment,
in contrast to the conventional multiple-step procedure in making electrodes. Preliminary results demonstrated the potential
application of the as-prepared deflated Sn@C nanospheres on 3-D carbon in future sodium ion batteries. Impressive high
Coulombic efficiencies were achieved at different currents in SIBs. It should be noted that we observed significant differences in
the electrochemical performances of the as-prepared deflated Sn@C nanospheres on 3-D carbon in reversible Na and Li storage.
Deflated carbon nanospheres would be broken during cycling in Na storage but were well preserved in Li storage. Those
observations suggest the importance of the ionic size of Li and Na and their effects on the electrode materials during charge−
discharge cycling.
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■ INTRODUCTION

Rechargeable batteries for energy storage have attracted much
attention in the past decades. Since the first commercialization
of rechargeable lithium-ion batteries (LIBs) by Sony in 1991,
LIBs have been considered the powerhouse for current
revolution of personal mobile electronic devices. LIBs are
playing increasing roles in the emerging market of electric
vehicles and energy storage for green grids. The Foreign Policy
magazine even published an article entitled “The Great Battery
Race” to highlight the worldwide interest in batteries.1 It is
expected that 100 gigawatt hours of LIBs are required to meet
the demands by 2018.2 The long-term “stock” goal of having 1
billion 40 kW h LIBs for electric vehicles will make it a
tremendous challenge for the global lithium reserves to meet
the requirement for lithium.3 There are two main issues
associated with LIBs for future applications: (1) high cost in the
short term and (2) limited lithium reserves in the long term. In
fact, the price of Li2CO3 was in a steep rise during the past
decade.4 With respect to large-scale stationary energy storage
systems for energy grids in sustainable energy networks of wind
and solar energy, next generation low-cost rechargeable
batteries must be developed. Sodium ion batteries (SIBs), as
potential LIB alternatives, are expected to be produced at a
lower cost than that of LIBs in the future.5−8 Mass-produced

SIBs with comparable performances as LIBs will have a
significant impact on the environment and society.4 Addition-
ally, due to the lower standard half-reaction potential of sodium
(2.714 V for Na/Na+) as compared to that of lithium (3.045 V
for Li/Li+), electrolyte degradation will be reduced, and a safe
electrolyte with low decomposition potential can be used in
SIBs to enhance safety.9 In other words, not only are SIBs low
cost, but they are also good candidates to replace LIBs as safer
rechargeable batteries.
The performances of the highly attractive reemerging SIBs

will be strongly dependent on electrode materials that are
developed.3,10−13 A number of electrode materials have been
explored.11 For example, cathode materials, such as carbon-
coated NaVPO4F, could deliver a reversible capacity of 98 mA
h g−1.14 Other options include Na0.44MnO2 particles that
delivered 65 mA h g−1,15 NaxCo[Fe(CN)6]0.902.9H2O that
delivered 135 mA h g−1,16 layered Na0.71CoO2 that delivered 80
mA h g−1,17 KFe(II)Fe(III)(CN)6 that delivered 100 mA h g−1,18

and Na2FePO4F that exhibited high voltage of 3.5 V.6 In terms
of anode materials, the widely used graphite in LIBs, however,
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cannot reversibly store a significant amount of Na, typically less
than 5 mA h g−1 due to lack of Na intercalation.3,4,19,20 On the
other hand, disordered nongraphitic carbons can reversibly
store more Na as compared to graphite.3,4 Carbon nanowires
prepared by pyrolyzation of polyaniline demonstrated impres-
sive performance in Na storage.21 Nanocellular carbon foams
delivered 152 mA h g−1.22 Furthermore, metals, metal oxides,
and phosphorus have been investigated as anode materials as
well.23−32

In particular metallic Sn has been demonstrated to be a
promising anode material for SIBs.27−30,33−37 The theoretical
capacity of Sn, based on the alloying/dealloying mechanism, is
847 mA h g−1 (Na15Sn4). This is more than two times higher
than the carbon anode in LIBs, based on the intercalation/
deintercalation mechanism of 372 mA h g−1 (LiC6). However,
metallic Sn has a very poor cycling performance with dramatic
capacity loss in a few cycles due to the issue of pulverization.
The volumetric expansion due to electrochemical sodiation
could be as high as 420% (Na15Sn4).

38 To overcome this
problem, a number of strategies, such as alloying with Sb and
mixing with carbon, have been explored.27,28,31,34,39,40 It would
be ideal to encapsulate Sn in a confined volume with enough
space for volume expansion during Na insertion to avoid
pulverization. Generally, it is more convenient to prepare SnO2
nanoparticles than metallic Sn nanoparticles. Additionally,
SnO2 can be reduced to metallic Sn by hydrocarbon. On the
other hand, many biomasses can be easily carbonized by
hydrothermal methods or calcination under an inert atmos-
phere to achieve carbon with unique structures,41−43 which
could be suitable to support Sn nanoparticles.
Herein, we report a facile method for in situ (1)

carbonization of biomass of walnut shell membranes with
unique inherited 3-D structure under high temperature, (2)
carbothermic reduction of SnO2 to Sn nanoparticles by
chemical vapor deposition (CVD) of acetylene, and (3)
encapsulation of Sn particles by carbon nanospheres through
deposition of carbon from CVD. It is interesting to highlight
that all the carbon nanospheres encapsulating metallic Sn are in
a deflated spherical shape, which could provide additional space
for Sn to expand. The Sn@C deflated spheres are uniformly
and firmly attached on the layered carbon from carbonized
walnut shell membranes. As the final products are pieces of
materials, they are ready electrodes that can be directly
assembled into testing cells without any further treatment.
We observed significant differences in electrochemical perform-
ances of the as-prepared composite in the reversible storage of
Na and Li. Sn@C nanospheres would be broken in SIBs but
well preserved in LIBs even at higher current rates after 100
cycles.

■ EXPERIMENTAL SECTION
Materials Preparation. The raw walnut shell membranes were

mechanically peeled off from the inner side of the freshly opened dry
walnut shells. Pieces of walnut shell membranes were mixed with 0.1
mL SnCl4 in 30 mL water under stirring for 48 h. The solution turned
to milky in color indicating hydrolysis of SnCl4. The treated walnut
shell membranes were collected and washed by ethanol and dried in a
vacuum oven overnight to obtain membranes deposited with xerogel.
The samples were then put in a crucible and transferred to a tube
furnace for in situ thermal carbonization and CVD process. Typically,
the process was carried out at a temperature of 650 °C under a flow of
10% C2H2 balanced by 90% Ar at a rate of 30 standard cubic
centimeter per minute (sccm) for 3 h. The heating rate was set at 20
°C/min, and the tube furnace was purged with pure Ar for about 1 h

to eliminate oxygen inside. C2H2 gas was switched on only during the
CVD process, and the system was cooled under Ar.

Materials Characterization. Powder X-ray diffraction (XRD) was
carried out with a Rigaku Smartlab X-ray diffractometer using Cu Kα
radiation (λ = 0.15418 nm). The morphologies of the products were
characterized by a field emission/scanning electron microscopy (JSM-
6510LV SEM and JSM-7600 FESEM equipped with X-ray energy-
dispersive spectrometer (EDS)), and by transmission electron
microscopy (JEOL 2010 TEM) with an accelerating voltage of 200 kV.

Electrochemical Measurements. Pieces of the as-prepared
composite were directly assembled into Swagelok-type cells without
any treatment. The piece of composite as the working electrode was
coupled with a metallic sodium foil as the counter electrode, 1 M
solution of NaClO4 in a 50:50 v/v mixture of ethylene carbonate (EC)
and diethyl carbonate (DEC) as the electrolyte, and a polypropylene
membrane (Celgard 3501) as the separator. They were charged and
discharged galvanostatically at room temperature in the voltage
window of 0.005−2 V at different rates on a MTI BST8-WA battery
tester.

■ RESULTS AND DISCUSSION
The schematic of the experimental procedure illustrating the
changes in compositions in each step is shown in Figure 1. As a

typical biomass, walnut shell membranes were selected from a
side discovery on the carbonization of walnut shells. We
realized that the walnut shell membrane just close to the inner
section of the endocarp has a unique 3-D porous structure at
microscale and could be collected by peeling off pieces of
materials (Figure 2 and Figure S1, Supporting Information). In
the first step, walnut shell membranes were coated with SnO2
nanoparticles obtained from heating coated xerogel from the
hydrolysis of SnCl4. The hydrolysis of SnCl4 into SnO2
nanoparticles is well documented.44 The surface of the 3-D

Figure 1. Schematic of experimental procedure showing the changes
in material composion in each step. The zoom-in illustration of the
unique Sn@C deflated sphere is shown on the upper right side. A
typical FESEM image of such a deflated nanosphere is shown on the
lower right side.
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walnut shell membrane, similar to other biomass, is covered
with −OH or CO groups and therefore is hydrophilic.
This hydrophilic surface and 3-D structure facilitate the coating
of SnO2 nanoparticles on the surface. In the second step, the
decomposing of acetylene under CVD conditions could reduce
SnO2 nanoparticles to metallic Sn and in situ form a carbon
shell to encapsulate the metallic Sn particles forming Sn@C
nanospheres.
Acetylene plays multiple roles here: (1) as a reducing agent

to reduce SnO2 to metallic Sn, (2) as a carbon source to coat
Sn with a carbon sheath, and (3) as a protecting gas to avoid
oxidization of the walnut shell membrane under high
temperature. The reduction of SnO2 to metallic Sn by acetylene
is well documented.45−47 The 3-D structure of the walnut shell
membrane provides channels for acetylene gas to diffuse
through the materials and allows CVD to occur locally. At the
same time, the walnut shell membrane is carbonized under high
temperature, similar to carbonization of other biomass under an
inert atmosphere.48 Due to the density difference between
SnO2 and metallic Sn, the carbon spheres will be deflated as a
result of volume shrinking when the enclosed SnO2 nano-
particle was reduced to Sn. Consequently, unique deflated Sn@
C nanospheres-decorated 3-D carbon structures are formed as
shown in the enlarged particle in Figure 1.
The successful reduction of SnO2 to metallic Sn is evidenced

by XRD (Figure 3). The XRD pattern (black) of the pristine
carbonized walnut shell membrane has no distinguishable peaks
indicating that the carbon converted from the biomass is mainly
nongraphitized carbon due to carbonization at low temperature
(650 °C). After CVD treatment, sharp diffraction peaks are
observed (blue) that can be assigned to β-metallic Sn with a
tetragonal structure (JCPDS card no. 04-0673). Meanwhile,
weak peaks of SnO2 are still visible that could be attributed to
the incomplete reduction of SnO2 nanoparticles or a trace
amount of SnO2 that could be trapped inside the 3-D structure
and might not be exposed for CVD. TGA analysis shows that
the metallic tin is about 8.3% by weight in the composite
(Figure S2, Supporting Information). We are in the process of
optimizing and increasing the amount of tin loaded, and the
results will be published once available.
The distribution of deflated Sn@C nanospheres on the 3-D

structures is uniform through all the accessible surface of the 3-
D walnut shell membrane, as evidenced by the low-
magnification FESEM image (Figure 4a). Due to the 3-D
porous structure, the walnut shell membrane provides multiple

sites for Sn@C nanoparticles to attach. The zoom-in view more
clearly shows that the Sn@C nanoparticles are deposited on
both sides of the layered carbon of the carbonized 3-D biomass
and distributed evenly (Figure 4b). The particles are attached
on the layered carbon firmly. Even for those parts of tilted or
standing layered carbon, the Sn@C nanospheres are attached.
In fact, mechanical vibration and repeatedly applying vacuum
during sample preparation did not affect the attachment.
Attempts to isolate deflated Sn@C nanospheres by brief
ultrasonication for TEM characterization were not successful,
which further indicates good attachment. The mechanical
robustness could be attributed the C−C bonds formed between
carbon deposited on the surface of layered carbon and the
carbon sheath wrapping the Sn particles. The carbon could be
deposited from the locally catalytically decomposed acetylene,
which can enhance the integration between the particle and the
substrate. A few typical Sn@C nanoparticles are shown in
Figure 4c. They are in the size of 100−1000 nm. It is
particularly interesting to highlight that all Sn@C nanoparticles
are unique in the way that each particle regardless of its size is
nonspherical or deflated spherical in morphology. The different
appearance in terms of degree of deflation observed is due to
the different sitting orientations. Four nanoparticles aggregated
on the surface of the carbonized walnut shell membrane more
clearly illustrate the deflation in each particle and their different

Figure 2. SEM images of a walnut membrane carbonized at 650 °C for 3 h in Ar: (a) low magnification overall view and (b) zoom-in view showing
the detailed 3-D layered structures.

Figure 3. XRD characterization of the (black) pristine carbonized
walnut shell membrane and (blue) Sn@C deflated nanosphere on 3-D
carbon formed by in situ walnut membrane carbonization, SnO2
carbon thermal reduction to metallic Sn, and encapsulation forming
Sn@C nanoparticles. All main peaks can be assigned to metallic Sn.
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orientations from the surface of the layered carbon as observed
by high-magnification FESEM (Figure 4d).
The effects of experimental parameters on the products were

also explored. When the CVD temperature was set at 800 °C
instead of 650 °C, similar Sn@C nanoparticles were formed on
the layered carbon from walnut shell membranes (Figure S4a
and b, Supporting Information). It is interesting to note that
the size distribution is broad, and particles of a few micrometers
were observed. When both the amount of SnO2 nanoparticles
coating and CVD flow rate were increased, Sn@C nanospheres
were distributed on the 3-D carbon at a much high density.
Additionally, Sn@C nanospheres with multiple points of
deflation were observed as highlighted by the red boxes in

Figure S4c and d of the Supporting Information. The multiple
points of deflation in the Sn@C nanosphere on 3-D carbon are
observed in samples prepared from precursor solutions of
different concentrations of SnCl4 as well (Figure S5, Supporting
Information). Those observations suggest that it would be
possible to tune the degree of deflation on the carbon
nanospheres and density of distribution by adjusting exper-
imental conditions, which is our ongoing effort.
The carbon sheath and enclosed metallic Sn nanoparticles

are further characterized by elemental mapping analysis (Figure
5) and TEM (Figure 6). The SEM images of a few typical Sn@
C nanospheres on walnut shell membrane-based carbon
selected for elemental mapping analysis is shown in Figure

Figure 4. FESEM characterization of the Sn@C deflated nanosphere on 3-D carbon formed by in situ carbonization of walnut membranes and CVD
reduction of SnO2: (a) low-magnification overall view, (b) zoom-in view showing distribution of the deflated Sn@C nanospheres on both sides of
the layered carbon, (c) zoom-in view of a few representative Sn@C nanospheres on the surface of the walnut membrane-based carbon clearly
showing the deflated shapes, and (d) high-magnification view of a few aggregated Sn@C nanospheres with deflated carbon spheres.

Figure 5. Elemental mapping analysis of the Sn@C deflated nanosphere on 3-D carbon: (a) SEM image of a few representative Sn@C nanospheres
on layered carbon, (b) carbon, and (c) tin elemental distribution in the correspond SEM image in panel a. Experimental conditions: 800 °C and 10%
C2H2/90% Ar at a flow rate of 65 sccm for 3h.
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5a, where both the Sn@C nanoparticles and the layered carbon
from walnut shell membrane were analyzed. The corresponding
carbon distribution (Figure 5b) suggested that the main carbon
content is from 3-D structure of carbonized walnut shell
membrane. The thin carbon shell from the Sn@C nanosphere
forming a curved boundary line is still weakly observed. This
elemental distribution pattern suggests that the carbon shell is
formed on the surface of the nanoparticles. The corresponding
tin elemental distribution (Figure 5c) clearly duplicates the
outlines of the nanospheres observed in SEM image (Figure
5a). This provides solid evidence that the Sn nanoparticle is
wrapped by a carbon sheath. Nanospheres in different samples
prepared under different conditions discussed previously were
confirmed be to Sn@C sheath−core structure.
A low-magnification TEM image (Figure 6a) clearly reveals a

typical nonspherical Sn@C nanosphere decorated on layered
carbon from a carbonized walnut shell membrane. A high-
magnification TEM image of another typical nonspherical Sn@
C nanosphere shows that there is an obvious color contrast
between the dark central particle and light coating shell (Figure
6b). This provides more evidence of a deflated Sn@C core−
sheath nanospherical structure. The structure is more clearly
revealed by the zoom-in high-magnification view (Figure 6c).
Additional TEM characterizations of the Sn@C nanospheres
clearly show the space between the carbon sheath and the tin
core and the nonspherical shape (Figure S3a, Supporting
Information). The HRTEM image shows the carbon sheath is
polycrystalline with short-range graphene layers aligned outside
of the metallic tin core, and SAED determined that the core is
crystalline metallic Sn (Figure S3b, Supporting Information).
The thickness of the carbon shell is about 9−12 nm. The
polycrystalline features in the carbon sheaths were observed in
other Sn-assisted catalytic decompositions of acetylene-
by.45−47,49,50 The relative intensity of D and G bands (ID/IG)
from Raman spectra, corresponding to the degree of disordered
carbon, is typically in the range between 0.85 and 1.3.50,51 The
low degree of graphitization of the carbon sheath could be due
to the low temperature of 650 °C used in CVD.45−47 Under
TEM survey, all the deflated Sn@C nanospheres were attached
on the layered carbon from the walnut shell membrane, again
exhibiting mechanical robustness of the attachment observed.
The formation mechanism of the unique feature of the

deflated nanospheres is proposed and illustrated in Figure 7. In

the first step, under CVD conditions, acetylene could reduce
the SnO2 nanoparticle to metallic Sn starting from the surface
of the solid SnO2 nanoparticle generating a SnO2@Sn particle.
The melting point of SnO2 of 1630 °C is much higher than the
CVD temperature of 650 °C, while metallic Sn has a low
melting point of 232 °C. The metallic Sn could simultaneously
assist the catalytic decomposition of acetylene and have carbon
from acetylene to deposit on the surface of the particle. Due to
the low solubility of carbon in tin, the saturated carbon atoms
would diffuse to the surface of the SnO2@Sn nanoparticle
forming a carbon shell. The solid SnO2 nanoparticle provides a
template to form a spherical carbon sheath without collapsing
initially. Given the density difference between SnO2 and Sn at
6.95 and 7.37 g/cm3, respectively, the volume of the core
particle would shrink upon complete reduction of SnO2 to Sn
inside the enclosed carbon sphere. The contraction stress
exerted on the carbon sheath from the shrinkage of the core
could lead to a deflated carbon sphere. Our current ongoing
effort is to gain better understanding of the mechanism
involved.
The as-prepared composite of deflated Sn@C nanospheres

on 3-D carbonized walnut shell membranes was evaluated for
reversible Na storage preliminarily (Figure 8). The first cycle
discharge (Na insertion) capacity is about 260 mAh/g, and the
first cycle charge (Na extraction) is about 163 mAh/g (Figure
8a). The first cycle irreversible capacity loss of 97 mAh/g could
be attributed to the decomposition of the electrolyte to form a
solid electrolyte interphase (SEI).31,40 The plateau around 0.9
V in the first cycle discharge profile could be attributed to SEI

Figure 6. TEM images of deflated Sn@C nanospheres-decorated layered carbon: (a) low-magnification view of the light contrast layered carbon
from the carbonized walnut membrane and dark contrast Sn@C nanosphere, (b) representative Sn@C nanosphere with a carbon shell and metallic
Sn core more clearly visible with sharp contrast under TEM, and (c) high-magnification TEM of a section in panel b showing that the thickness of
the carbon shell is about 9 nm.

Figure 7. Illustration shows the plausible formation mechanism of the
unique deflated nanosphere. Step 1: SnO2 nanoparticle/aggregate was
partially reduced forming a SnO2@Sn@C particle with carbon
deposition and encapsulation on the surface of initially. Step 2:
Carbon shell shrinks after complete reduction of SnO2 to metallic Sn
with a volume reduction of the core forming a deflated Sn@C
nanosphere.

ACS Sustainable Chemistry & Engineering Research Article

dx.doi.org/10.1021/sc500543u | ACS Sustainable Chem. Eng. 2015, 3, 63−7067



formation. The subsequent plateaus around 0.5, 0.35, 0.15, and
0.1 V appeared upon further Na insertion, which could be
assigned to the formation of NaSn5, NaSn, Na9Sn4, and
Na15Sn4, respectively.31 The first cycle charge profile also
exhibits multiple stage-like plateaus around 0.12, 0.25, 0.5, and
0.75 V, which could be assigned to the desodiation of Na15Sn4,
Na9Sn4, NaSn, and NaSn5, respectively.

31 To better interpret
the date, the corresponding dQ/dV vs V was also plotted
(Figure S6, Supporting Information). For the control without
Sn at all, the dQ/dV vs V plots did not show any redox peaks
associated with alloying and dealloying Sn and Na (Figure S6a
in Supporting Information). The possible electrochemical
reactions involved in different state of charge are31,52

+ + →+ −5Sn Na e NaSn5 (1)

+ + →+ −3NaSn 2Na 2e 5NaSn5 3 (2)

+ + → ‐+ −NaSn 2Na 2e 3a NaSn3 (3)

+ + →+ −4NaSn 5Na 5e Na Sn9 4 (4)

+ + →+ −Na Sn 6Na 6e Na Sn9 4 15 4 (5)

The plateaus also become weak from the second cycle
onward. This dramatically reduce capacity from the first cycle
to second cycle has not been observed in LIBs (Figure S7,
Supporting Information), which will guarantee further studies.
The cycling performance of the carbonization of walnut
membranes with unique deflated Sn@C nanospheres in
reversible sodium ion storage under the current rates of 10,
20, 40, 80, and 10 mA/g for 20 cycles each is shown in Figure
8b. Impressive high Coulombic efficiencies were achieved at

different current rates, although the capacity drop was dramatic
when the current rates increased. The capacity was not
significant when the current rate was set at 80 mA/g. This
observation could be attributed to slow solid-state diffusion
kinetics with the large Na ionic size. Our current effort is to a
develop rattle structure, where the tin core only takes a quarter
of the space provided by the carbon nanospheres. One possible
way to reduce the size of the core to a quarter is by controlled
etching. In such a way, the additional space provided by the
carbon shell will be enough to accommodate the 420%
volumetric expansion of the reduced-sized tin core.
To better understand the mechanism of capacity fading, the

composite electrode was evaluated after 100 cycles of SIB test.
The low-magnification FESEM image of the electrode after the
test (Figure 8c) suggests that the 3-D layered structures from
walnut shell membranes were well preserved and could still
affectively support the particles as before the cycling test.
However, high-magnification FESEM (Figure 8d) showed that
most of the nanospheres were broken with only the damaged
carbon sheaths left, and many nanoparticles were peeled off
from the layered carbon left multiple holes on the surface
visible. There are still occasionally well-preserved particles, but
the majority of the particles were damaged or peeled off. The
observation could be used to explain the dramatic capacity drop
discussed previously. Generally, less and less active Sn materials
were available for reversible Na storage upon cycling leading to
the capacity fading. It is also interesting to highlight that the
observations after 100 cycles of the test also revealed two pieces
of important information: (1) The carbon spheres were indeed
well attached on the surface of the layered carbon. In fact, the
carbon spheres were partially immersed into the near surface.
This could be used to explain the mechanical robustness of the

Figure 8. Preliminary evaluation of the unique deflated Sn@C nanospheres on 3-D layered carbon from biomass as a piece of material for reversible
sodium ion storage: (a) first three cycle charge/discharge profiles and (b) cycling performance of 100 cycles under the current densities of 10, 20, 40,
80, and 10 mA/g and the Coulombic efficiency. FESEM images of the electrode after 100 cycles of test in sodium ion storage at (c) low-
magnification overall view and (d) high-magnification showing broken carbon spheres.

ACS Sustainable Chemistry & Engineering Research Article

dx.doi.org/10.1021/sc500543u | ACS Sustainable Chem. Eng. 2015, 3, 63−7068



attachment. (2) The broken carbon sheaths suggest that
electrochemical sodium ion insertion could be adopted as
“scissors” to cut nanospheres at large scale. The second part is
being actively explored in our group currently.53 In comparison,
no broken nanospheres were observed in the same composite
after being cycled in LIBs (Figure S8, Supporting Information).
As one may note, we have selected higher currents in our
testing of LIBs as compared to SIBs. The difference was mainly
determined by our understanding of the ionic radii of Na+ and
Li+ at 59 and 102 pm, respectively.54 The actual ionic radii are
also dependent the ionic coordinations. Compared to lithium
ions, the sodium ions have much slower solid-state diffusion
kinetics, and the Na-insertion/extraction reactions have much
poorer reaction kinetics than that of Li-insertion/extraction
reactions.55 Therefore, to fully assess the sodium storage
capacity of the active materials, the testing current is typically
set at a much smaller number than that used in lithium ion
batteries. The difference could be attributed to less volume
variation involved in LIBs as compared to SIBs. Consequently,
the better stability of the Sn@C composite electrode in LIBs
than that of SIBs could be the reason for superior electro-
chemical performances of the former.

■ CONCLUSIONS

The novel preparation of deflated Sn@C nanospheres on 3-D
layered carbon from carbonized walnut shell membranes is
reported. The in situ reduction of SnO2 to metallic Sn and the
encapsulation of Sn particles by carbon spheres under CVD
conditions can form stable deflated Sn@C nanospheres on the
surface of layered carbon. It is interesting to highlight that all
the carbon spheres encapsulating Sn particles are deflated,
which could provide extra space for Sn to expand. The Sn@C
deflated spheres are uniformly distributed on the 3-D structure
of the carbonized walnut shell membranes, and the composite
as a piece of material is a ready electrode that can be directly
assembled into testing cells without any further treatment.
Impressive high Coulombic efficiencies were achieved at
different rates in SIBs. We observed significant differences in
electrochemical performances of the as-prepared composite in
reversible storage of Na and Li. Sn@C nanospheres would be
broken in SIBs but well preserved in LIBs. This observation
suggests the importance of the ionic size of Li and Na and the
effect on the electrode materials during cycling. Different from
application requirements in LIBs, SIBs will require extra space
for Sn to expand inside the hollow carbon nanospheres, or
rattle structure, in order to maintain a good cycling perform-
ance, which is our on-gong effort.
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