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SCIENTIFIC REPLIRTS

Highly Conductive In-SnO,/RGO
Nano-Heterostructures with
Improved Lithium-lon Battery
e ee Performance

Published: 11 May 2016 . . . .
vplishe & Ying Liu'?, Alessandro Palmieril?, Junkai He**, Yongtao Meng>*, Nicole Beauregard'?,

Steven L. Suib®* & William E. Mustain%3

The increasing demand of emerging technologies for high energy density electrochemical storage has
led many researchers to look for alternative anode materials to graphite. The most promising conversion
and alloying materials do not yet possess acceptable cycle life or rate capability. In this work, we use

tin oxide, Sn0O,, as a representative anode material to explore the influence of graphene incorporation
and In-doping to increase the electronic conductivity and concomitantly improve capacity retention

and cycle life. It was found that the incorporation of In into SnO, reduces the charge transfer resistance
during cycling, prolonging life. It is also hypothesized that the increased conductivity allows the tin oxide
conversion and alloying reactions to both be reversible, leading to very high capacity near 1200 mAh/g.
Finally, the electrodes show excellent rate capability with a capacity of over 200mAh/g at 10C.

Tin oxide has been extensively explored recently as a high energy density alternative anode material to tradi-
tional graphite. Some work has focused on the reaction of tin with lithium to form various Li,Sn reversible alloys
with a theoretical capacity as high as 993 mAh/g, more than two and a half times that of graphite (372 mAh/g).
However, two key issues hindering the commercialization of tin oxide remain unsolved: poor conductivity reten-
tion and large volume expansion. It is known that the formation of Li,Sn alloys involves up to five different crys-
tallographic phases with x ranging from 0 to 4.4, resulting in volume changes as large as 260%. The coexisting
alloy phases, combined with uneven Li concentrations, can lead to the inhomogeneous volume expansions of tin
oxide and even anode cracking or pulverization, as well as the loss of electrical contact, which can be detrimental
to its long-term performance.

To circumvent these challenges, the use of a highly conductive matrix and nanostructured metal oxides can be
efficient methods to improve the cycling stability of metal oxides by suppressing their volume change and increas-
ing their electrical conductivity?-°. Graphene, with intrinsically excellent electrical conductivity and mechanical
flexibility, has been proposed as one of the most appealing carbon materials for this purpose. Graphene also has
the advantage of being non-dilutive because, unlike common carbon additive materials, it has the ability to store
charge’. A variety of metal oxides with different sizes and morphologies have been deposited on graphene as
anode materials for LIBs and have shown improved capacity, rate capability, and cycling stability®®. The ultrathin
flexible graphene layers can provide a support for anchoring well-dispersed nanoparticles (NPs), which can effec-
tively prevent global volume expansion/contraction and aggregation of NPs during the Li charge/discharge pro-
cess. They also work as a highly conductive matrix for efficient electron transport. Meanwhile, the anchoring of
NPs on graphene can effectively reduce the degree of restacking of graphene sheets and consequently keep their
high active surface area and to some extent can increase the lithium storage capacity and cyclic performance. It
is well-accepted that nanomaterials have advantages of good cycling performance and short path length for Li*
transport over their bulk counterparts. Therefore, it is believed that the composite of flexible and electrically
conductive graphene anchored with nanostructured SnO, particles can lead to LIBs with superior performance.
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Figure 1. (a) Powder XRD pattern of ITO/RGO composite, XPS spectrum of ITO/RGO composite, (b) broad
scan spectra, high resolution spectra of (¢) Sn 3d and (d) In 3d.

Though graphene is excellent for providing external electron transport pathways for SnO, another way to
modify material properties is to introduce dopants, like indium, into the SnO, structure for internal conductivity
improvement, because indium doped tin oxide (ITO) is known to have much higher conductivity compared
with semiconductor SnO, Herein, we report a facile strategy to synthesize such composite In-SnO, (ITO) NPs
anchored onto conducting graphene as an advanced anode material for high-performance LIBs. The ITO NPs
obtained are around 20 nm in size and are homogeneously anchored on the graphene sheets as spacers to keep
the neighboring sheets separated. This ITO/RGO nanocomposite displays superior LIB performance with large
reversible capacity, much higher than bare SnO, or In,0; (289 mAh/g), high Coulombic efficiency, excellent
cycling performance, and good rate capability-highlighting the potential importance of dopants and NP anchor-
ing on graphene sheets for achieving high-performance LIB anodes.

Results

Figure 1 shows a typical powder X-ray diffraction (XRD) pattern for the synthesized ITO/RGO composite anode
material. Compared to pure ITO (Fig. S1, Supporting information), an additional low intensity, broad (100)
diffraction peak appeared at 20 =43.5°, which can be indexed to disorderedly stacked graphene sheets (Fig. S2),
though this broad peak is weaker than that of the as-prepared graphene. All of the other diffraction peaks can be
ascribed to a rutile SnO, structure (JCPDS 041-1445) with no secondary phases, indicating the effective incor-
poration of In into the SnO,. The 10 at% In in SnO, was confirmed by EDS. The XRD patterns suggest that the
composite consists of stacked RGO sheets and well-crystallized ITO. The XRD pattern of In,03/RGO (Fig. S3)
shows a bixbyite In,O; cubic structure (JCPDS 06-0416) and a similar characteristic (100) graphene peak!®.

X-ray photoelectron spectroscopy (XPS) was used to identify the oxidation and coordination states of the
surface In and Sn of the ITO/RGO composite. The general spectra was collected from 0-1100 eV region (Fig. 1b).
XPS identified O, F, C, Sn and In elements, and the In/Sn ratio was 0.045, almost half of the bulk composition,
which should be due to Sn surface segregation from the bulk ITO structure!!. The Sn high resolution XPS spectra
is shown in Fig. lc. The Sn spectra could only be deconvoluted into one doublet corresponding to SnO, (two
peaks) with binding energies of 486.2 eV and 495.4 eV for Sn 3d;,, and 3d;,, respectively'?. Similarly, only one
pair of peaks was obtained for the In 3d spectra of ITO/RGO, at 446.2 and 454.1 for In 3d;,, and 3d;,, which
corresponds to In,0Os.

SEM images of the as-prepared graphene (Figs 2a and S5a) showed a sheet-like structure. SEM and HRTEM
images of the as-prepared ITO/RGO composites (Fig. 2b and Fig. S5b,c) showed that the ITO nanocrystals were
homogeneously distributed on the graphene sheets, while most of the graphene sheets were packed and not
fully exfoliated. HRTEM images of the ITO/RGO (Fig. 2¢,d) show that the fully crystalized ITO nanocrystals
possessed a lattice spacing of 3.38 A between adjacent lattice planes, corresponding to the typical SnO, (110)
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crystal planes; in addition, ITO nanocrystals were firmly anchored on the surface of the graphene sheets, and the
presence of graphene plays an essential role for the homogeneous dispersion of ITO nanocrystals.

Figure 3a presents cyclic voltammograms (CV) of the first three cycles of the as-prepared ITO/RGO between
0.001 and 3V vs Li*/Li with a scan rate of 0.1 mV/s. In the first cycle, one large cathodic peak was observed at
0.75V, which corresponded to electrolyte decomposition and the formation of the SEI. Also overlapping the SEI
peak was the conversion of SnO, to metallic Sn and Li,O, as described in Equation (1)!3!%.

SnO, + 4Li" + 4e” — Sn + 2Li,O 1)

Another clear peak was observed around 0.19 V, corresponding to the formation of a Li, Sn alloy phase, Equation (2),
which leads to a theoretical capacity as high as 993 mAh/g.

Sn + xLi + xe «—— Li,Sn(0 < x < 4.4) (2)

If both the conversion reaction (Equation 1) and alloying reaction (Equation 2) were simultaneously active, the
maximum theoretical capacity would be 1773 mAh/g, though most studies have reported that the conversion
reaction is irreversible!>!6.

During the first positive scan, the peaks at 0.22'V, 0.51 V and 1.25V can be ascribed to the phase transition
from the Li,Sn alloy to metallic Sn, then SnO, and SEI decomposition, respectively'>'”. The second and third
cycle CV curves almost overlap, which indicate that ITO/RGO and SEI were generally stable after the initial
cycle. As shown in Fig. S6a, CV's of SnO,/RGO show similar peaks to ITO/RGO, while the peaks of In,0;/RGO
are considerably different (Fig. S6b). For the In,0;/RGO anode, there are two cathodic peaks at 0.61 and 0.45V,
corresponding to the reduction of In,0O; to metallic indium (Equation 3) and SEI formation, and the alloying of
indium with lithium'® (Equation 4),

6Li" + 6e” + In,0; — 3Li,O0 + 2In (3)

xLit + xe~ + In — Li,In(0 < x < 4.33) (4)

The three oxidative peaks located at 0.49, 0.65 and 1.35V can be ascribed to the de-alloying reactions of Li,In
alloys of various stoichiometry and the further formation of metallic phase indium and In,0O;. The peak at 1.35V
fades away quickly after the first cycle suggesting that the In,O; is irreversibly converted to In in the first cycle.
Figure 3¢ shows the cycling performance of ITO/RGO electrodes at 1C. The initial charge and discharge capac-
ities of the ITO/RGO were 1058 and 563 mAh/g, respectively, based on the total mass of the ITO/RGO material,
corresponding to a columbic efficiency (CE) of 53.3%. The 46.7% capacity loss of the ITO/RGO electrode can
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Figure 3. (a) Cyclic voltammograms of the ITO/graphene composite between 0.01 and 3V vs. Li*/Li at a scan
rate of 0.1 mV/s. (b) Galvanostatic charge/discharge profiles of the ITO/RGO cycled at 1, 10', 200" between
0.01 and 3V (vs. Li+/Li) at 1C current density. (c) Cycling performance of ITO/RGO, SnO,/RGO, In,0;/RGO
and RGO electrodes and Columbic efficiency of ITO/RGO electrode.

be mainly ascribed to the formation of the SEI. After the initial conditioning cycles, the CE increased to more
than 96%, and the charge/discharge curves after cycle 5 all overlap (Fig. 3b). The capacity gradually increased to
~1192 mAh/g after 600 cycles. In control experiments, the SnO,/RGO, In,0;/RGO, graphene were prepared and
tested as anodes. As shown in Fig. 3¢, both SnO,/RGO and In,0,;/RGO exhibited lower specific capacity than
that of ITO/RGO. After 600 cycles, the specific charge capacity of the SnO,/RGO was around 2/3 that for ITO/
RGO. Raw RGO, as expected, showed a stable, reversible capacity near 400 mAh/g, around % the capacity of ITO/
RGO. In,03/RGO completely lost its capacity after only 20 cycles, which was due to the irreversibility in forming
reduced metallic indium phases inside of the SnO,, as indicated by XPS and In,05/RGO CVs.

The constantly increasing capacity for RGO and ITO/RGO is likely due to the gradual exfoliation of graphene
nanosheets'*?’. Graphene exfoliation can improve the electronic conductivity throughout the active layer with
increased cycle number, which may allow the tin oxide matrix to undergo both conversion and alloying reactions
reversibly. Access to both mechanisms with increased cycle number is supported by the very high reversible
capacity after 600 cycles and the ability for ITO to break through the theoretical limit for the SnO, for either
reaction. This suggests that the metallic In phase formed during the cycling in within the ITO/RGO structure
is actually helpful for improved performance. The impact of the metallic indium will be discussed further later.

The ITO/RGO electrode also showed excellent rate performance at various rates between C/5 and 10C (Fig. 4).
ITO/RGO was able to maintain a stable reversible capacity over 10 cycles at each rate, and the capacity was recov-
ered when the rate was decreased. Additionally, the high rate performance was very good; at 10C, ITO/RGO still
showed a capacity over 200mAh/g.

In order to understand the effect of indium incorporation on the electrochemical behavior of the composite
nanostructures, impedance measurements were carried out for the cell assembled with ITO/RGO and SnO,/RGO
as the anode before and after 600 cycles. The Nyquist plot of ITO/RGO and SnO,/RGO, as well as the correspond-
ing equivalent electrical circuit are shown in Fig. 5.

In the ITO/RGO Nyquist plot, the high frequency semicircle is related to the lithium-ion migration through
the SEI film covered on ITO/graphene. The intermediate-frequency semicircle is related to the charge transfer
through the electrode/electrolyte interface, and the steep sloping line at lower frequencies is related to solid-state
diffusion of the lithium-ion in the electrode.

In the equivalent electrical circuit, R1 represents the total resistance of electrolyte, electrode and separator.
R2 and CPE2 are the resistance and constant phase element of the SEI formed on the electrode. The middle fre-
quency region of the Nyquist plot corresponds to charge-transfer resistance R3 and capacitance CPE3. W1 is the
Warburg impedance element related to the diffusion of lithium ions into the bulk electrode. The corresponding
data are shown in Table 1. It is clear that compared with SnO,/RGO, which showed a 60% resistance increase over
600 cycles, the total resistance of ITO/RGO after 600 cycles is almost unchanged. The result confirms that the
formed metallic indium helped to preserve the high conductivity of the ITO/RGO electrode, thus significantly
enhancing performance during the cycling process.
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Figure 4. Rate capability of the ITO/RGO electrode.
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Figure 5. The (a) Nyquist plots and (b) corresponding equivalent electrical circuit of the ITO/RGO and SnO,/
RGO before and after 600 cycles, (i) ITO/RGO before, (ii) ITO/RGO after, (iii) SnO,/RGO before and (iv) SnO,/
RGO after.

SnO,/RGO before 11.21 27.47
SnO,/RGO after 10.96 44.4

ITO/RGO before 10.6 21.87
ITO/RGO after 11.1 21.71

Table 1. Impedance parameters (Q) of anodes before and after 600 cycles.

The XPS spectra of the ITO/RGO composite after 600 cycles are shown in Fig. 6. Both the surface In and Sn
were reduced after cycling, which suggests that the first reactions between SnO,, In,0O; and lithium are not totally
reversible, resulting in the generation of SnO and In. Compared with In, Sn showed a much better reversibility, as
proved by the high Sn*" to Sn?* ratio, no existence of metallic Sn, in Fig. 6b. An overwhelming portion of surface
In was In’, which further proves the existence of metallic In in ITO/RGO during cycling.

Discussion

From the EIS and cycling experiments, the most likely cause for the high capacity of ITO/RGO was the reduced
charge transfer resistance compared to SnO,/RGO as a function of cycle life. The metallic In nanoparticles
likely act either internally to increase the electronic conductivity of the active material; they may also act as
a metal-oxide bond breaking catalyst, though we did not find that adding indium significantly improved the
roundtrip thermodynamic efficiency during charge and discharge.

Another important consideration is the change in the ITO/RGO structure during cycling, which was inves-
tigated by IL-TEM?!. ITO/RGO was deposited onto a Cu TEM grid and imaged. After taking the initial TEM
images, the TEM grid was placed onto a Cu disk-type electrode and held into place using a Teflon cap. The ITO/
RGO coated electrode was then cycled twice and then imaged again. The structural time progression for the ITO/
RGO is shown in the Supporting Information, Fig. S7. It was clear that the ITO/RGO morphology changed dur-
ing cycling. The particles did not appear to agglomerate into larger clusters, but it seems that there is an extension
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Figure 6. XPS spectrum of ITO/RGO composite after 600 cycles, (a) general spectra, high resolution spectra of
(b) Sn 3d and (c) In 3d.

of the graphene matrix, probably due to the progressive exfoliation of the carbon layers. The change in the diffrac-
tion pattern (Fig. S7) clearly showed that there was a complete change in the material structure, from crystalline
to amorphous, which our group also saw in our previous work on NiO anodes?!.

Metal oxides are promising due to their high capacity, relatively low cost and ease of synthesis??. However,
mitigating capacity fade during charge-discharge resulting from agglomeration and conductivity loss is still a big
issue. In this work, we developed a facile method to synthesize a composite of electrically conductive graphene
anchored with ITO nanoparticles as an advanced anode material for high performance lithium-ion batteries. The
ITO particles were homogeneously anchored onto graphene as spacers to keep the neighboring graphene sheets
separated. Also, the strong interaction between ITO and graphene can efficiently prevent volume expansion/
contraction and aggregation of ITO during the Li charge/discharge process. Moreover, metallic In was found to
form and stay in the ITO/RGO structure, and combined with graphene to preserve the high conductivity of this
anode material. Thus, ITO/RGO exhibits a large reversible capacity, excellent cyclability and good rate capability,
and could be a promising candidate anode for next-generation lithium-ion batteries.

Methods

Synthesis of ITO/RGO, SnO,/RGO and In,0;/RGO hybrids.  Graphite oxide was synthesized from
graphite powder by a modified Hummers’  method. The prepared graphite oxide (20 mg) was exfoliated in distilled
water (10 mL) by sonication for 60 min to form a homogeneous suspension. To prepare ITO/RGO, SnCl,-2H,0
(400 mg, Sigma-Aldrich, 98%) and InCl; (44 mg, Sigma-Aldrich, 98%) were dissolved in 200 ml HCI solution
(0.02 M, Sigma-Aldrich, 37%). The graphite oxide suspension and SnCl,-HClI solution were mixed under vig-
orous stirring while adding 500 mg urea (Sigma-Aldrich, 98%) to form a uniform solution. The resulting solu-
tion was ultrasonicated for 30 min, then refluxed at 120 °C for 6 h. When cooled to room temperature, the solid
products were washed with distilled water 6 times to remove the byproducts, followed by drying at 100 °C under
vacuum overnight. The powders were further heat-treated in a tube furnace at 500 °C for 2h under Ar flow with
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a heating rate of 2°C min~". SnO,/RGO and In,0;/RGO were prepared in the same way without the presence of
indium and tin additions, respectively.

Synthesis of raw SnO,, In,0; and ITO. SnO,, In,0; and ITO were also prepared in order to compare
their performance to their RGO-supported counterparts. The synthesis of these materials were identical to the
RGO samples simply without the presence of graphene.

Structural characterization. The bulk structure of the synthesized materials was determined by X-ray
Diffraction (XRD) with a Bruker D8 advance diffractometer system. Thermogravimetric analysis (TGA) was
carried out on a Netzsch STA 449 F3 Jupiter simultaneous thermal analyzer. The ratio of the ITO and RGO was
determined by TGA measured from 30 to 800 °C at a heating rate of 10 °C/min in air. High resolution trans-
mission electron microscopy (HRTEM) samples were prepared by ultrasonically dispersing the anode materials
in ethanol and drying them on Holey carbon/copper grids. These samples were observed under a JEOL 2010
FasTEM with 200kV thermionic electron source. Energy-dispersive X-ray spectroscopy (EDS) was used to esti-
mate the concentration of In atoms in the ITO crystals. X-ray photoelectron spectroscopy (XPS) analysis was
performed using a PHI multiprobe system with twin anode XPS using unmonochromatized Al K% radiation
(1486.6 V) operated at 250 W and 15kV. The pressure in the analysis chamber was always ~10~% Torr or less.
The full survey was taken at 100 eV pass energy with a scan rate of 1 eV/s and the high resolution scans were
conducted at a 20 eV pass energy with a scan rate of 0.1 eV/s. The spectra were calibrated with respect to graphitic
C 1sat 284.6eV. The background was determined using the Shirley-type background correction and the curves
were fitted with Gaussian/Lorentzian product functions.

Anode Fabrication and Coin Cell Fabrication. Anodes were fabricated by preparing inks containing 80
wt% active material, 10 wt% carbon black (Vulcan XC-72R, Cabot) as the conducting agent, and 10 wt% binder,
made by dispersing polyvinylidene fluoride (PVDE, Kynar blend) in N-methylpyrrolidone (NMP, Acros, 99.5%
Extra Dry). The inks were homogenized through repeated and successive sonication and stirring, coated onto a
copper foil (Alfa Aesar, 99.999%), dried at 100 °C under vacuum for 12 h, then pressed at 15001bs for 5 min. For all
electrodes fabricated in this study, the active loading was 0.2-0.8 mg active material/cm?. Coin cells were assem-
bled to test the electrochemical properties of anodes in a half-cell configuration. Coin cells (2 cm in diameter,
Hohsen Corp.) were assembled in an argon-filled glovebox (Labconco) with the anodes as the working electrode,
lithium metal (Alfa Aesar, 99.9%) as both the counter and reference electrode, Celgard 2320 tri-layer PP/PE/PP
as the separator, and a mixture of 1 M lithium hexafluorophosphate (LiPF4, Acros 98%) in (1:1:1 vol) ethylene
carbonate (EC, Acros 99+%):dimethyl carbonate (DMC, Acros 98+%):diethyl carbonate (DEC, Acros 99%) as
the electrolyte.

Electrochemical Testing.  All charge-discharge C-rate calculations were based on the SnO, conversion
reaction theoretical capacity of 780 mAh/g. Charge-discharge measurements were carried out at various C-rates
between 0.001 and 3V (vs. Li*/Li) using an Arbin MSTAT battery test system. Cyclic Voltammograms (CV) were
collected at a scan rate of 0.1 mV/s over the same voltage windows as the charge/discharge cycles. Electrochemical
Impedance Spectroscopy (EIS) was conducted between 100 kHz-50 mHz with a 5mV amplitude at the coin cell
open circuit voltage, using an Autolab PGSTAT302N Potentiostat (Eco Chemie).

Identical-Location TEM. The identical-location transmission electron microscopy (IL-TEM) samples were
prepared by spraying the ITO/RGO ink containing 10% PVDF binder on a 3 mm diameter copper TEM finder
grid (Ted Pella, Inc., 100 mesh). The grid was then dried on a hot plate at 210 °C for 3 min. TEM images of the
ITO/RGO at the same position of the TEM finder grid were collected using a novel experimental setup detailed
in our previous paper?!. Briefly, after taking the TEM images of the fresh ITO/RGO, the copper grid was placed
in a custom-built Teflon-shrouded copper electrode with a Teflon cap. Pressure was applied by the hollow cap to
ensure the contact between grid and Cu electrode. The hollow structure of the cap facilitated the electrolyte access
to the working electrode. To complete the electrochemical cell, a strip of Celgard was sandwiched between a piece
of lithium metal and the working electrode. The entire assembly was submerged into a EC:DMC:DEC (1:1:1)
electrolyte. The CV's were collected between 0.001-3V at 0.1 mV/s, then the electrode/TEM grid setup was taken
out and dried without rinsing and imaged.

References

1. Connor, P. A. & Irvine, J. T. S. Novel tin oxide spinel-based anodes for Li-ion batteries. J. Power Sources 97-98, 223-225 (2001).

2. Arico, A. S. et al. Nanostructured materials for advanced energy conversion and storage devices. Nat. Mater. 4, 366-377 (2005).

3. Huang, X. et al. Facile and controllable one-pot synthesis of an ordered nanostructure of Co(OH), nanosheets and their modification
by oxidation for high-performance lithium-ion batteries. J. Mater. Chem. 22, 3764-3769 (2012).

4. Ma, D. et al. Three-dimensionally ordered macroporous FeF; and its in situ homogenous polymerization coating for high energy and
power density lithium ion batteries. Energy Environ. Sci. 5, 8538-8542 (2012).

5. Kim, M. G. & Cho, J. Reversible and High-Capacity Nanostructured Electrode Materials for Li-Ion Batteries. Adv. Funct. Mater. 19,
1497-1514 (2009).

6. Reddy, M. V., Subba Rao, G. V. & Chowdari, B. V. R. Nano-(V,,Sb,,Sn)O,: a high capacity, high rate anode material for Li-ion
batteries. J. Mater. Chem. 21, 10003-10011 (2011).

7. Wang, Z. et al. In Situ Fabrication of Porous Graphene Electrodes for High-Performance Energy Storage. ACS Nano 7, 2422-2430
(2013).

8. Zou, Y. & Wang, Y. NiO nanosheets grown on graphene nanosheets as superior anode materials for Li-ion batteries. Nanoscale 3,
2615-2620 (2011).

9. Wang, H. et al. Ni(OH), Nanoplates Grown on Graphene as Advanced Electrochemical Pseudocapacitor Materials. J. Am. Chem.
Soc. 132, 7472-7477 (2010).

SCIENTIFICREPORTS | 6:25860 | DOI: 10.1038/srep25860 7



www.nature.com/scientificreports/

10. Zhou, X. et al. A robust composite of SnO, hollow nanospheres enwrapped by graphene as a high-capacity anode material for
lithium-ion batteries. J. Mater. Chem. 22, 17456-17459 (2012).

11. Liu, Y. & Mustain, W. E. High Stability, High Activity Pt/ITO Oxygen Reduction Electrocatalysts. J. Am. Chem. Soc. 135, 530-533
(2013).

12. Wang, X. et al. N-Doped Graphene-SnO, Sandwich Paper for High-Performance Lithium-Ion Batteries. Adv. Funct. Mater. 22,
2682-2690 (2012).

13. Zhang, H.-X. et al. Cross-Stacked Carbon Nanotube Sheets Uniformly Loaded with SnO, Nanoparticles: A Novel Binder-Free and
High-Capacity Anode Material for Lithium-Ion Batteries. Adv. Mater. 21, 2299-2304 (2009).

14. Chen, Z. et al. In Situ Generation of Few-Layer Graphene Coatings on SnO,-SiC Core-Shell Nanoparticles for High-Performance
Lithium-Ion Storage. Adv. Energy Mater. 2, 95-102 (2012).

15. Bonino, C. A. et al. Electrospun Carbon-Tin Oxide Composite Nanofibers for Use as Lithium Ion Battery Anodes. ACS Appl. Mater.
Interfaces 3,2534-2542 (2011).

16. Courtney, I. A. & Dahn, J. R. Electrochemical and In Situ X-Ray Diffraction Studies of the Reaction of Lithium with Tin Oxide
Composites. J. Electrochem. Soc. 144, 2045-2052 (1997).

17. Demir-Cakan, R. et al. Facile One-Pot Synthesis of Mesoporous SnO, Microspheres via Nanoparticles Assembly and Lithium
Storage Properties. Chem. Mater. 20, 1227-1229 (2008).

18. Yang, H. et al. Tin indium oxide/graphene nanosheet nanocomposite as an anode material for lithium ion batteries with enhanced
lithium storage capacity and rate capability. Electrochim. Acta 91, 275-281 (2013).

19. Yoo, E. et al. Large Reversible Li Storage of Graphene Nanosheet Families for Use in Rechargeable Lithium Ion Batteries. Nano Lett.
8,2277-2282 (2008).

20. Zhou, G. et al. Graphene-Wrapped Fe;O, Anode Material with Improved Reversible Capacity and Cyclic Stability for Lithium Ion
Batteries. Chem. Mater. 22, 5306-5313 (2010).

21. Spinner, N., Zhang, L. & Mustain, W. E. Investigation of metal oxide anode degradation in lithium-ion batteries via identical-
location TEM. J. Mater. Chem. A 2, 1627-1630 (2014).

22. Wang, Y. et al. Designed hybrid nanostructure with catalytic effect: beyond the theoretical capacity of SnO, anode material for
lithium ion batteries. Sci. Rep. 5, 9164 (2016).

Acknowledgements

This work was made possible through partial funding of the effort for W.E.M. and A.P. The authors would also
like to acknowledge Peter Menard and Garry Barnes at the UConn Center for Clean Energy Engineering (C2E2)
for assistance with equipment setup and training. This work also made use of TEM facilities at the UConn
Institute of Materials Science.

Author Contributions

Y.L. designed experiment and analyzed data. Y.L., A.P, J.H., YM. and N.B. carried out the material synthesis and
characterization. Y.L., A.P. and N.B. performed the electrochemical measurement. S.L.S. and W.E.M. supervised
the project. Y.L. and W.E.M. contributed to the writing and editing.

Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep

Competing financial interests: The authors declare no competing financial interests.

How to cite this article: Liu, Y. et al. Highly Conductive In-SnO,/RGO Nano-Heterostructures with Improved
Lithium-Ion Battery Performance. Sci. Rep. 6, 25860; doi: 10.1038/srep25860 (2016).

This work is licensed under a Creative Commons Attribution 4.0 International License. The images

B o1 other third party material in this article are included in the article’s Creative Commons license,
unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license,
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this
license, visit http://creativecommons.org/licenses/by/4.0/

SCIENTIFIC REPORTS | 6:25860 | DOI: 10.1038/srep25860 8


http://www.nature.com/srep
http://creativecommons.org/licenses/by/4.0/

	University of South Carolina
	Scholar Commons
	Summer 5-11-2016

	Highly Conductive In-SnO2/RGO Nano-Heterostructures with Improved Lithium-Ion Battery Performance
	Ying Liu
	Alessandro Palmieri
	Junkai He
	Yongtao Meng
	Nicole Beauregard
	See next page for additional authors
	Publication Info
	Author(s)


	Highly Conductive In-SnO2/RGO Nano-Heterostructures with Improved Lithium-Ion Battery Performance

	Results

	Discussion

	Methods

	Synthesis of ITO/RGO, SnO2/RGO and In2O3/RGO hybrids. 
	Synthesis of raw SnO2, In2O3 and ITO. 
	Structural characterization. 
	Anode Fabrication and Coin Cell Fabrication. 
	Electrochemical Testing. 
	Identical-Location TEM. 

	Acknowledgements
	Author Contributions
	﻿Figure 1﻿﻿.﻿﻿ ﻿ (a) Powder XRD pattern of ITO/RGO composite, XPS spectrum of ITO/RGO composite, (b) broad scan spectra, high resolution spectra of (c) Sn 3d and (d) In 3d.
	﻿Figure 2﻿﻿.﻿﻿ ﻿ (a) SEM image of graphene.
	﻿Figure 3﻿﻿.﻿﻿ ﻿ (a) Cyclic voltammograms of the ITO/graphene composite between 0.
	﻿Figure 4﻿﻿.﻿﻿ ﻿ Rate capability of the ITO/RGO electrode.
	﻿Figure 5﻿﻿.﻿﻿ ﻿ The (a) Nyquist plots and (b) corresponding equivalent electrical circuit of the ITO/RGO and SnO2/RGO before and after 600 cycles, (i) ITO/RGO before, (ii) ITO/RGO after, (iii) SnO2/RGO before and (iv) SnO2/RGO after.
	﻿Figure 6﻿﻿.﻿﻿ ﻿ XPS spectrum of ITO/RGO composite after 600 cycles, (a) general spectra, high resolution spectra of (b) Sn 3d and (c) In 3d.
	﻿Table 1﻿﻿. ﻿  Impedance parameters (Ω) of anodes before and after 600 cycles.



 
    
       
          application/pdf
          
             
                Highly Conductive In-SnO2/RGO Nano-Heterostructures with Improved Lithium-Ion Battery Performance
            
         
          
             
                srep ,  (2016). doi:10.1038/srep25860
            
         
          
             
                Ying Liu
                Alessandro Palmieri
                Junkai He
                Yongtao Meng
                Nicole Beauregard
                Steven L. Suib
                William E. Mustain
            
         
          doi:10.1038/srep25860
          
             
                Nature Publishing Group
            
         
          
             
                © 2016 Nature Publishing Group
            
         
      
       
          
      
       
          © 2016 Macmillan Publishers Limited
          10.1038/srep25860
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep25860
            
         
      
       
          
          
          
             
                doi:10.1038/srep25860
            
         
          
             
                srep ,  (2016). doi:10.1038/srep25860
            
         
          
          
      
       
       
          True
      
   


