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ABSTRACT: We report a novel architecture of SnO, nanorod-
planted graphite particles for an efficient Li ion storage material
that can be prepared by a simple catalyst-assisted hydrothermal
process. Rectangular-shaped SnO, nanorods are highly crystal-
line with a tetragonal rutile phase and distributed uniformly over
the surface of micrometer-sized graphite particles. In addition,
the size dimensions of grown SnO, nanorods can be controlled
by varying the synthesis conditions. The diameter can be
engineered to a sub-100 nm range, and the length can be
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controlled to up to several hundred nanometers. Significantly, the SnO, nanorod-planted graphite demonstrates an initial Li ion
storage capacity of about 1010 mAh g~ ' during the first cycle. Also, these SnO,—graphite composites show high Coulombic
efficiency and cycle stability in comparison with SnO, nanomaterials that are not combined with graphite. The enhanced
electrochemical properties of SnO, nanorod-planted graphite, as compared with bare SnO, materials, inspire better design of
composite materials with effective nanostructural configurations for advanced electrodes in lithium ion batteries.
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B INTRODUCTION

Various metal oxides, such as Co;0,"* CuO,>* NiO,>®
Fe;0,,”® and Sn0,,”' have been extensively exploited as alter-
native electrode materials in lithium ion batteries (LIBs) because
of their high energy density and relatively low cost. Among them
SnO,-based materials have attracted great interest as promising
substitutes for current commercial graphite anodes because of
their low cost, safety, and high theoretical lithium storage capa-
city (about 781 mAh g~ ') as compared to that of conventional
graphite (about 372 mAh g~ ').'"'* However, practical imple-
mentation of SnO, materials is still hindered by poor cyclability
originating from serious volume expansion (by approximately
250% or larger) during charge/discharge processes.'>'*

In this regard, two typical approaches have attempted to solve
this problem. One is to make SnO, materials into effective
nanostructures.'> "7 In particular, one-dimensional (1-D) SnO,
nanostructures, such as nanowires, nanotubes, and nanorods,
have been considered as powerful candidates.'®”* For example,
Park et al."® synthesized 1-D SnO, nanowires and obtained
higher lithium storage (about 1134 mAh g~ " for the first cycle)
and smaller capacity fading (1.45% per cycle). Wang and Lee*
reported 1-D SnO, nanorods with high initial capacity (about
1100 mAh g~ ') and stable capacity retention in a relatively low
potential window. Unfortunately, however, aggregation between
nanomaterials often occurs, which is an issue in the use of
nanostructured materials as electrodes.”” Furthermore, large
irreversible side reactions arising from the high surface area of
nanomaterials diminish their Coulombic efficiency and energy

v ACS Publications ©2011 american chemical Society

density.>*® To solve these issues, another strategy is proposed,
which is the synthesis of composites for the uniform dispersion of
SnO, nanoparticles into a buffering matrix.>”*® Because carbonac-
eous materials as buffers have high electrical conductivities, good
mechanical properties, and reversible capacity retentions, > '’
SnO, composites with carbonaceous materials may gain a con-
siderable advantage. To this end, Wang and Lee™ reported
SnO,—graphite composites that showed better capacity retentions
than bare nanoscale SnO,. As the SnO, nanoparticles are pinned
on the graphite surface, the agglomeration issue could be pre-
vented effectively, although it seems that the amount of loaded
SnO, is probably limited to the nanoparticle population over the
graphite surface. Therefore, if length-controllable SnO, nanorods
are distributed and supported on the graphite surface, this novel
construction could improve the electrode performance in the
following ways: (i) Proper spacing between grown SnO, nanorods
could enhance the wetting properties of electrolytes and accom-
modate deformation stress during charge/ discharge.ls’22 (i) Duc-
tile graphitic carbon as a buffer matrix could enhance electron
transfer and maintain the integrity of the electrode.">™"” (iii) The
composites could have stable cyclability at relatively high current
rates from an intense affinity®® between SnO, nanorods and
graphite caused by heat treatments.

In this research, we report a novel composite structure
fashioned of 1-D SnO, nanorods that are supported on graphite
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Scheme 1. Illustration of (a) Activated Graphite, (b) SnO,-
Seeded Graphite, and (c) SnO, Nanorod-Planted Graphite”
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“In step I, colloidal SnO, nanoparticles are seeded onto the surface of
activated graphite. In step II, SnO, nanorods are grown on the SnO,
seeded-graphite surface by a hydrothermal process. (d) Ilustration of
electrochemical reactions (i.e., charging process) over the SnO, nano-
rod-planted graphite during cycling. This shows enhancement of Li*
transport between SnO, nanorods with optimized spacing and electron
conduction between SnO, nanorods and graphite.

microspheres, in which the SnO, nanorod arrays uniformly stand
throughout the graphite surface and can be synthesized in a
controlled manner with respect to their diameter and length by a
simple hydrothermal process. Accordingly, in this work, we
prepared a series of SnO, nanorod-planted graphite with con-
trolled morphology in terms of the different diameters and
lengths of the SnO, nanorods. Note that this kind of nanostruc-
ture configuration has hardly been reported in battery electrodes.
More interestingly, the synthesized SnO, nanorod-planted
graphite shows excellent initial discharge capacity and high
Coulombic efficiency as compared to that of bare nanosized
SnO,. With their novel structural configuration, these SnO,
nanorod-planted graphite materials can become promising elec-
trode materials in overcoming the current limitations of LIB
performance.

B EXPERIMENTAL DETAILS

Preparation of SnO,-Seeded Graphite. Graphite powders
(Carbonix Co., average diameter = 20 um) were stirred in an acid
solution of HNO; (70%, Aldrich) and HCI (37%, Aldrich) (1:3 v/v) for
12 h to activate the graphite surface. The activated graphite powders
were then washed with distilled water (18.2 MQcm) and dried by the
vacuum freeze-drying method. The SnO, nanoparticles were seeded
onto the activated graphite surface by a simple hydrolysis process of
SnCl, with NaOH. In a typical synthesis, the activated graphite powders
(0.5 g) were dispersed in 4.1 mL of a 0.054 M aqueous SnCl,*SH,O
(98%, Aldrich) solution. A 0.106 M NaOH (99.99%, Aldrich) aqueous
solution (4.1 mL) was then added dropwise to this mixture under
vigorous stirring. Precipitated colloidal SnO, nanoparticles were pro-
duced and subsequently deposited onto the activated graphite surface
during stirring. After 12 h of magnetic stirring, the SnO,-seeded graphite
powders were rinsed several times with distilled water and ethanol,

followed by drying in a convection oven at 70 °C. The dried powders
were heat treated at 400 °C for 2 h under an argon atmosphere.

Growth of SnO, Nanorods on the SnO,-Seeded Graphite
Surface. First, a tin precursor solution was prepared in a Teflon inlet of
an autoclave by mixing 0.075 mol NaOH (99.99%, Aldrich) into S0 mL
of a 0.1 M aqueous SnCl, - SH,O (98%, Aldrich) solution. This solution
was magnetically stirred for 20 min under atmospheric conditions,
resulting in a transparent homogeneous solution. After adding the
previously prepared SnO,-seeded graphite (0.1 g) to this tin precursor
solution, the mixture was hydrothermally heated to 200 °C and
maintained at this temperature for 24—72 h. The average diameter
and length of the produced SnO, nanorods on the graphite ranged from
28 to 37 nm and from 123 to 352 nm, respectively, depending on the
growth time. The resulting material was rinsed thoroughly with distilled
water and ethanol and dried in a convection oven at 70 °C. Other
samples were also synthesized for different SnO, nanorod dimensions
by changing the solution concentration to 50 mL of a 0.2 M aqueous
SnCly - SH,O solution and 0.105 mol of NaOH. The average diameter
and length of the SnO, nanorods, in this case, could range from 62 to
84 nm and from 409 to 646 nm, respectively.

For the purpose of comparing with other nanostructures, SnO,
nanowires and nanoparticles were also separately synthesized. The
SnO, nanowires were synthesized over Au catalysts in a vapor—
liquid—solid growth mechanism through a chemical vapor deposition
process. These SnO, nanowires had a diameter around 80 nm and a
micrometer-scale length.>" The SnO, nanoparticles with diameters
around 100 nm were synthesized by a hydrothermal process of S0 mL
of a 0.01 M aqueous SnCl, - SH,O solution containing 6.7 mmol NaOH
at 200 °C for 24 h."*

Physicochemical Characterization and Electrochemical
Analysis. Scanning electron microscopy (SEM) measurements were
conducted with a JEOL JSM-7500F. The X-ray diffraction (XRD)
patterns were recorded on a powder sample with a Rigaku Rotalflex
RU-200B diffractometer using a Cu Kot (4 = 1.5418 A) source with a
Ni filter at 40 kV, 40 mA, and scan rate of 0.02° s~ '. Transmission
electron microscopy (TEM) and high-resolution TEM (HRTEM)
observations were carried out with JEOL JEM-2100 operated at
200 kV. The SnO, contents (wt %) were determined by thermogravi-
metric analysis (TGA; TA Instruments, TGA 2050) with a heating rate
of 10 °C min~ " in air.

The SnO, nanorod-planted graphite, carbon black, carboxyl methyl
cellulose, and styrene butadiene rubber (Carbonix Co.) were mixed in a
weight ratio of 80:10:5:5. The obtained slurry was pasted onto a pure
copper foil using the doctor blade method to prepare the electrode,
followed by drying in a vacaum oven at 145 °C for 3 h. The electrolyte
was 1 M LiPFg in a 1:1 v/v mixture of ethylene carbonate and diethyl
carbonate (Cheil Industries). Pure lithium foil was used as a counter
electrode. Cellgard 2400 was used as a separator film. The cell (CR2032
coin type) was assembled in an argon-filled glovebox, where the
concentrations of moisture and oxygen were maintained below 1 ppm.
Cyclic voltammograms (CVs) were performed at a scan rate of
0.05mV's™ " from 2.5 and 0.01 V with an AMETEK Solartron analytical
1400. The fabricated cells were also galvanostatically cycled at a rate of
72 mA g~ ' between 0.01 and 1.5 V on a WBCS 3000 battery tester
(WonA Tech). Electrochemical impedance spectroscopy (EIS) mea-
surements were recorded using the multi-impedance test system after
the first cycle. The frequency range was from 100 kHz to 10 mHz with
AC amplitude of S mV.

B RESULTS AND DISCUSSION

Scheme 1 presents the synthesis for SnO, nanorod formation
on a graphite surface together with a hypothetical description of
the electrochemical charging process over the prepared materials.

dx.doi.org/10.1021/am101169k |[ACS Appl. Mater. Interfaces 2011, 3, 828-835
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Figure 1. Typical SEM images of nanostructure evolution of the as-obtained SnO, nanorod-planted graphite materials (with cross-sectional images in

the insets) as a function of [Sn(OH)s]*~ concentration and reaction time.

In the first step, SnO, seed particles are coated on the activated
graphite surface by hydrolysis of tin(IV) chloride pentahydrate
(Scheme 1b). Note that uniformly dispersed SnO, nanoparticles
are observed on the graphite surface, and the particles make
intimate contact with graphite by heat treatments (Figure S1 of
the Supporting Information). This SnO, seed deposition is
crucial for the catalytic growth of SnO, nanorods because it is
less possible to grow nanorods without the SnO, seed layers. In
the second step, SnO, nanorods are vertically grown from the
SnO,-seeded graphite surface by a hydrothermal reaction in an
aqueous [Sn(OH)4]*>” solution (Scheme 1c). More important,
both the diameter and length of the SnO, nanorods can be
readily engineered by varying the solution concentration and
reaction time, as is demonstrated in Figure 1. The conceptual
electrochemical reactions for Li* insertion (ie., charging
process) over the SnO, nanorod-planted graphite are illustrated
in panel (d) of Scheme 1. In short, Li* migrates readily into the
interval spaces between the standing nanorods and then pene-
trates the SnO, nanorods (and/or graphite), which provide
relatively short diffusion lengths of Li" due to the structural
feature of the standing SnO, nanorods. Electrons may also be
transferred effectively in this structure as the highly conductive
graphite®” allows easy electron transport to occur through the
1-D SnO, nanorods. This kind of SnO,—graphite configuration
can significantly improve the performance of LIBs as follows: (i)
SnO, nanorods separately stand on the graphite support with
proper interspacing, enablin§ electrolyte permeability to increase
for faster Li'" migration."*** (ii) Because SnO, nanorods are
firmly bonded®>*’ (i.e,, planted) to the graphite surface, disin-
tegration of the SnO, nanorods from graphite could be pre-
vented. (iii) The high electric conductivity of graphite could
enhance electron transfer, and ductile graphite acts as a buffer
zone to mitiﬁate mechanical stress during charge/discharge
processes.'> 729 (iv) The decline of undesirable side reactions
involving electrolyte decomposition on the graphite surface®
could increase Coulombic efficiency as compared with that of a
bare SnO, electrode.

Figure 1 shows SEM images of SnO, nanorod-planted gra-
phite materials prepared here with different diameters and
lengths of the SnO, nanorods. The SnO, nanorods are rectan-
gular in shape and are densely distributed throughout the
graphite surface. The growth of SnO, nanorods occurs according

to the following reactions>>>3
Sn*" +40H™ — Sn(OH), (1)
Sn(OH), +20H — [$n(OH),J* (2)
[Sn(OH),*” — SnO, + 2H,0 +20H (3)

The produced Sn(OH), in eq 1 is dissolved by the presence of
excess OH ™ anions to form the [Sn(OH)4]*~ complex in eq 2.
These [Sn(OH)s]*>” complex species are subsequently con-
verted into SnO, by a hydrothermal process according to eq 3.
To obtain rectangular SnO, nanorods, the [Sn(OH)s]*~ con-
centration and molar ratio of SnCl,-SH,O to NaOH play a
crucial role>* We have observed that an appropriate [Sn-
(OH)4]*~ concentration is above 0.05 M for SnO, nanorod
growth, and a suitable molar ratio of SnCl,-SH,O to NaOH is
around 1:10.5—1:24 for the successful synthesis of SnO, nano-
rod-planted graphite. We have investigated the effects of the
[Sn(OH)4]*" concentration and reaction time on the morphol-
ogy of synthesized SnO, nanorod-planted graphite, as shown in
Figure 1 (The samples are denoted as S1, S2, S3, S4, SS, and S6
under the specified synthesis condition.). It is important to note
that the average diameter of prepared SnO, nanorods was
engineered from 28 to 84 nm, and the length could be controlled
from 123 to 646 nm. With a larger [Sn(OH)s]*~ concentration,
larger diameter and longer nanorods were obtained. When the
[Sn(OH)4]>” concentration was below 0.1 M, for example, 0.05
M, the SnO, nanorods were not produced after 24 h but were
produced after 48 h (Figure S2 of the Supporting Information).

The XRD patterns (Figure 2a) indicate that the SnO,
nanorods consist of the tetragonal rutile phase (a = 4.755 A,
¢=3.184 A), which was confirmed by a comparison with standard
values (a =4.738 A, c = 3.187 A, JCPDS 41-1445). The graphite
includes hexagonal (a =2.47 A, c=6.79 A, JCPDS 75-1621) and
rhombohedral phases (a = 3.635 A, JCPDS 75-2078). There is no
notable peak shift or intensity variation induced by secondary
phases or impurities. With increasing SnO, nanorod sizes, the
peak intensity ratio of SnO, to graphite increases, implying that
the weight fraction of SnO, increases as the diffraction intensity is
proportional to the weight fractions in the composites.*>*® More
important, the relative intensity of the (002) crystal plane of
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Figure 2. (a) XRD patterns of SnO, nanorod-planted graphite synthe-
sized under different conditions. (b) TEM and (c) HRTEM image of
separated SnO, nanorods. The inset in panel (c) is a corresponding fast
Fourier transform pattern of the HRTEM image.
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Figure 3. TGA curves of the SnO, nanorod-planted graphite synthe-
sized under different conditions. The measurements were performed
from room temperature to 900 °C at a heating rate of 10 °C min” " in air.
No weight loss was observed in the SnO, nanoparticles, but almost all of
the graphite mass was lost.

SnO, also increases from S1 to S6, which means that the
preferential growth direction of the SnO, nanorods is along
the (001) direction. TEM and HRTEM images (Figure 2b, c)
confirm the high crystallinity of the SnO, nanorods. The fast
Fourier transform pattern (inset of Figure 2) taken from a section
of a SnO, nanorod also reveals the single-crystal characteristics of
the SnO, nanorods. The spacing of 3.35 A between adjacent
planes corresponds to the distance between two (110) planes of
the rutile SnO, phase. The SnO, nanorod is enclosed by the
(110) crystal facets, and the (001) plane is perpendicular to the
nanorod axis, indicating that the growth was accelerated in the
[001] direction.®” This (001) preferential growth direction is also
reflected in the high diffraction intensity of the (002) peaks in
panel (a) of Figure 2.

The SnO, contents (wt %) in the obtained SnO, nanorod-
planted graphite were quantitatively measured by TGA under an
air atmosphere. The temperature was scanned from room tem-
perature to 900 °C at a heating rate of 10 °C min™ . While no
weight change was observed in the SnO, alone, a weight change
of 98.8% in graphite was observed between 600 and 900 °C.
From these TGA measurements, the SnO, contents of as-pre-
pared SnO, nanorod-planted graphite were able to be measured:
50.1, 66.0, 71.0, 79.9, 85.1, and 88.3 wt % for S1 to S6, respec-
tively, as shown in Figure 3.

The electrochemical properties of SnO, nanorod-planted
graphite were investigated by CVs, galvanostatic charge/dis-
charge, and EIS measurements. Figure 4 shows the CVs of
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Figure 4. CVs of SnO, nanorod-planted graphite (S1) between 2.5 and
0.01 V at a scan rate of 0.05 mV's .

sample SI at a scan rate of 0.05 mV s~ ' in the potential range of
2.5—0.01 V. The behavior of the CVs represents electrochemical
reactions caused from both graphite and SnO, during cycling.***’
The following equations describe such electrochemical reactions
with Li" ions over SnO, and graphite in LIBs*’

4Li" +4e” + SnO, — 2Li,O + Sn (4)
xLi* +xe” +Sn <> Li,Sn (0 < x < 4.4) ()
Li" +e + Cs < LiCg (6)

The CVs show a strong cathodic peak around 0.75 V that
occurs from the reduction of SnO, (to Sn and Li,O) and the
formation of a solid electrolyte interphase (SEI) layer during the
first discharge cycle, like eq 4. Moreover, relatively weak peaks are
observed between about 0.7 and 0.2 V, which are related to the
formation of Li,Sn according to eq S. The peaks near 0 V are
ascribed to Li intercalation into graphite to form LiC4 by eq 6.*'
In the anodic curve, the peaks at 0.2 and 0.5 V can be attributed to
Li deintercalation from LiCs and Li dealloying from LiSn,
respectively. This result suggests that the charge/discharge of
the composites is a stepwise process: first, Li alloys with Sn, and
then Li is inserted into graphite for cathodic processes, while Li
deintercalation from LiCs occurs first and then dealloying of
Li,Sn for anodic reactions. Although the electrochemical reac-
tion of eq 4 is known to be irreversible, it can be partially
reversible when the Li,O exists in form of a nanosized
structure.'>** Accordingly, the cathodic peak at around 1.25 V
is attributed by the formation of nanosized Li, O, and the anodic
peak at around 1.8 V appears from the decomposition of Li,O
after subsequent cycles.' ”** Remarkably, there is an obvious
increase in current density in the CV loops as the cycle increases,
which indicates that there might be an activation process during
the initial charge/discharge cycles.**** Because the lithiation/
delithiation processes cause structural modifications of electro-
active materials, the activation process could be related to a
reconstruction of the internal crystal structure of the SnO,
nanorod-planted graphite. Consequently, the activation char-
acteristics™ are established by the Li" transfer rate or LiCg and
Liy4Sn formation rates. In this regard, the kinetic barriers
eventually lead to gradual activation during each cycle, and the
current density increases continuously until degradation dom-
inates activation. As the activation process overwhelms degrada-
tion during the initial five cycles, the performance deterioration
of the SnO, nanorod-planted graphite could be less severe as
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Figure 5. (a) Voltage profiles of SnO, nanorod-planted graphite (S1) at a current density of 72 mA g~ ' between 0.01 and 1.5 V. The inset shows an
SEM image of SnO, nanorod arrays after cycling 25 times. (b) Capacity cycle number curves of as-obtained SnO, nanorod-planted graphite (S1). The
inset shows the differential capacity versus voltage plot. (c) Relations of the capacity fade and Coulombic efficiency with the nanorod length of SnO,
nanorod-planted graphite samples S1—S6. (d) Relations of the SnO, contents and first discharge capacity over the different nanorod length of SnO,
nanorod-planted graphite samples S1—S6. Here, the error limits of all the samples were determined statistically from the galvanostatic charge/discharge

measurements.

compared to the cases with SnO, nanowires alone. (See the
detailed descriptions in the Experimental Details and Figure S3
of the Supporting Information).

Panel (a) of Figure S shows the voltage profiles of SnO,
nanorod-planted graphite (S1), which was cycled at a current
density of 72 mA g ' in the potential range of 0.01—1.5 V
(versus Li/Li") up to 25 cycles. It is surprising to observe that
SnO, nanorod-planted graphite delivers a very high initial
discharge capacity of about 1010 mAh g ', and this capacity
value is between that of SnO, and graphite. This higher capacity
could be attributed to the 1-D SnO,, which provides efficient
electron transport and large interfacial area, thus improving
kinetic properties.">** In addition, stable capacity retention after
the first cycle represents homogeneous dispersion of electro-
active composites in the electrode film without aggregation. Note
that the SnO, nanorod-planted graphite composite electrode
shows higher initial Coulombic efficiency (59.2%) than the
theoretical value (52%) for the SnO, electrode under full Li
alloying/dealloying.* It is also higher than many other reports of
SnO,-based materials, whose Coulombic efficiencies typically
range from 40 to 50%.">*” The initial irreversible capacity loss is
mainly originated from electrolyte decomposition on electro-
active materials. As irreversible side reactions are suppressed on
carbon compared with other materials, such as Si, Fe,O5 and
C030,4,"*** Sn0, nanorod-graphite composites could have a
higher Coulombic efficiency. After the first discharge process, the
SEI films covering the surface of SnO, nanorod-planted graphite
hinder the electrolyte from being further decomposed. As a
result, the Coulombic efficiency increases to 94.2% in the second
cycle. The inset SEM image shows the preserved SnO, nanorod
arrays on the graphite core after 25 cycles. In spite of volume

variations, nanorod arrays maintained their structural integrity,
which indicates that the loss of electrical contact with the SnO,
nanorods has declined. Panel (b) of Figure S displays the
galvanostatic cycling profiles of a SnO, nanorod-planted graphite
(S1) electrode, which exhibits enhanced cycling performance
and maintains a reversible capacity over 25 cycles.

The average capacity fading of SnO, nanorod-planted gra-
phite is observed to be 0.85% per cycle after the second cycle,
showing good capacity retention as shown in panel (c) of
Figure 5. It is much smaller than the previously reported values
of SnO, nanoparticles, nanowires, and nanorods, when they were
used alone in the anode system.">*>*” The elasticity of carbon is
larger than that of Sn0,;>° therefore, the elastic graphite with
interspacing between nanorods can accommodate strain energy
effectively when SnO, nanorods and graphite react with Li*. For
this reason, SnO, nanorod-planted graphite shows a good
cyclability. Nonetheless, when the composites have excessively
dense SnO, nanorod arrays, such as SS or S6, the performance is
worse compared with composites having sparsely grown SnO,
nanorod arrays, like S1. Limited space between nanorods might
lead to poor performance, which is related to a lack of electrolyte
permeability and strain relaxation. Panel (d) of Figure S shows that
the first discharge capacity increases as the SnO, nanorod length
increases. The SnO, contents inferred from the theoretical
capacity values (2Li,O and Li,4Sn: 1494 mAh g_1 ; LiCg:
372 mAh g~ ') at the first discharge capacity are in accordance
with the previous TGA measurements, implying that both SnO,
nanorods and graphite contribute to the total capacity of the
electrode (See Table S1 of the Supporting Information for details).

We further investigated the rate performances with the
samples S1, S3, and S5. As shown in Figure 6, the cell was cycled

832 dx.doi.org/10.1021/am101169k |ACS Appl. Mater. Interfaces 2011, 3, 828-835



ACS Applied Materials & Interfaces

RESEARCH ARTICLE

00F =
~ 1500 Tl
o)) 5 80
o 1200} g :
g o0 %
< 2 w) S '
€ 900} 8 1 oss &
~ ®© 20
o0 E 085
b ‘a0 S 0060005 0.0 0.15 020 025 030 035
-G 600 r 0.0_0_9\]@: \ Discharge current density (A g™)
® AR oo @2:0.0
o L : [l N :
2 300 | | Me0as.
o 0 72mA g‘1§144 mA g'15216 mA g1i288 mA gt 72mAg
H L H 1 L

5 10 15 20 25
Cycle number
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0.01 and 1.5 V of SnO, nanorod-planted graphite (S1, S3, and SS). The
inset shows the normalized capacity at each step by the average capacity
values under 0.72 mA g~ " current density of the first step.

from a current density of 72 with a stepwise increment of 72 up to
288mAg ' Even atahigh current density of 288 mA g~ ', the S1
is still able to deliver a substantial amount of capacity of 257.7
mAh g~ '. For the S3 and S5 cases, the delivered capacity was
249.3 and 248.2 mAh g™, respectively. Interestingly, when the
current density was reduced back from 288 to 72 mA g~ ', 81.7%
of the initial capacity was recovered again for S1. To elucidate the
origins of the improved performance of SnO, nanorod-planted
graphite, we also compared the rate capability of individual SnO,
nanowires and nanoparticles under identical test conditions. The
synthesized SnO, nanowires have diameters of around 80 nm
and micrometer-sized length, and SnO, nanoparticles have
diameters of about 100 nm. The SnO, nanowires and nanopar-
ticles deliver discharge capacities of 242.5 and 192.9 mAh gfl,
respectively, at a current density of 288 mA g ', and the
recovered capacity ratios are 58.8 and 34.4%, respectively
(Figure S4 of the Supporting Information). It is noted that the
normalized capacity of SnO, nanowires (81.8%) is higher than
that of SnO, nanorod-planted graphite (S1, 79.5%) at a low
current density of 144 mA g ! but the capacity retention of SnO,
nanorod-planted graphite (S1, 46.2%) is improved significantly
compared to that of the SnO, nanowires (34.5%) at a high current
density of 288 mA g~ (Figure $4 of the Supporting Information).
Therefore, as the current rate increased, capacity fading of SnO,
nanorod-planted graphite decreased compared to that of the
SnO, nanowires. Excellent rate performance is demonstrated for
SnO, nanorod-planted graphite (S1, S3, and SS) compared with
SnO, nanoparticles and nanowires, showing stable capacity reten-
tion and a higher recovered capacity ratio. This remarkable en-
hancement is a clear demonstration that 1-D SnO, combined with
graphite can improve the rate capability of SnO,-based electrodes.

To further understand the underlying reasons for the ad-
vanced cyclability of SnO, nanorod-planted graphite, EIS mea-
surements were performed after the first cycle. The Nyquist plots
of S1, S3, and S5 are presented in Figure 7. The Nyquist plots
consist of partially overlapped semicircles at hifgh-to-medium
frequencies and a straight line at low frequencies.”” >> The high-
frequency semicircle is related to the resistance of the SEI layer
(Rggr) from the passivation reaction between the electrode
surface and the electrolyte.’' The medium-frequency semicircle
corresponds to charge transfer resistance (R..) at the interface
between electroactive materials and the electrolyte, and the low-
frequency straight line is the Warburg impedance (Wy) due to
Li" diffusion in the electrode material. From the Nyquist plots,

0.3f - s1 /
—-0-83 .
/

Z' (Qm?g™)

Figure 7. Nyquist plots of SnO, nanorod-planted graphite (S1, S3, and
SS) measured at the open circuit voltage of 1.5 V.

the diameter of the semicircle increases as the size dimensions of
SnO, nanorods increase. These results may be related to their
surface area, as the amount of electrolyte decomposition is
proportional to the electrode—electrolyte contact areas.>' > It
is also observed that the first (Rg;) and second semicircles (R)
of SnO, nanorod-planted graphite are much smaller than those
of SnO, nanowires and nanoparticles (Figure SS of the Support-
ing Information). A considerable reduction in the sum of Rgg;
and R, from 2.38 for SnO, nanowires and 1.19 for nanoparticles
to 026 Qm> g ' for SnO, nanorod-planted graphite (SI)
indicates enhanced electrical conductivity arising from compo-
sites of 1-D SnO, with graphite. It also shows that SnO, nanorod-
planted graphite has higher Li* transfer rates from thinner SEI
films compared to those of SnO, nanowires and nanoparticles.
Accordingly, SnO, nanorod-planted graphite shows enhanced
rate performance and cycle stability compared to SnO, nano-
wires and nanoparticles at rather high current rates.

The results so far show that SnO, nanorod-planted graphite
has alarger capacity than graphite, and higher Coulombic efficiency
and rate capability in comparison with SnO,-based materials. The
excellent performance of SnO, nanorod-planted graphite could be
based on its unique structure, and thus, the benefits of this novel
architecture could be as follow: (i) Poor cyclability of SnO,-based
materials is due to significant volume variations during charge/
discharge, which results in pulverization of electrodes. The verti-
cally standing 1-D SnO, nanorods and elastic graphite are believed
to reduce the mechanical stress caused by rapid volume changes
and, thus, alleviate electrode degradation. (ii) A high affinity
between SnO, nanorods and graphite can create homogeneous
electrical interconnections in electrode films. Consequently, it
prevents the aggregation or separation of SnO, nanorods during
charge/discharge, and good capacity retention can be obtained.
(iii) Graphite support improves the conductivity of the electrode,
which could enhance electron transfer and decrease ohmic losses.
(iv) The theoretical Coulombic efficiency of SnO,-based materials
is 52% due to the irreversible Li,O formation under full Li alloying/
dealloying. As a result of the stable SEI formation on graphite, the
Coulombic efficiency of SnO, nanorod-planted graphite is higher
than that of SnO,-based materials, which corresponds to increase in
energy density. This novel composite configurations, therefore,
could hold promise of stable cyclability and excellent rate capabil-
ities in SnO,-based anode materials.

B CONCLUSIONS

In conclusion, we have reported a novel anode material
architecture based on SnO, nanorod-planted graphite by a
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simple hydrothermal method in which the SnO, nanorods were
uniformly distributed on the surface of graphite particles. The
dimensions of SnO, nanorod-planted graphite were tuned
successfully by adjusting the synthesis solution concentration
and reaction time. When the SnO, nanorod-planted graphite was
used as an anode in LIBs, it displayed high initial capacity (1010
mAh g_l) and Coulombic efficiency (59.2%) compared with the
theoretical values of graphite (372 mAh g~ ') and SnO, (52%),
respectively. Remarkably, this novel anode material had a better
rate capability than the SnO, nanowires and nanoparticles at
relatively high current rates. The enhanced electrochemical
properties may originate from the effectiveness of the novel
nanostructure of SnO, nanorod-planted graphite. In other
words, the grown SnO, nanorods with appropriate interspacing
could prevent aggregation of the electroactive material and
enhance the Li" transfer rate during cycling. The graphite, as a
buffer matrix, has high electric conductivity, which can improve
electron transport and the Coulombic efficiency of SnO,-based
materials.
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