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Abstract

Innovative development of IT technology has resulted in an explosive usage of
portable electronic devices and in modern life. Besides, obtaining green energy and
storing it have emerged as an important issue due to environmental problems. To
fulfill the crucial requirements of energy sources of these days, high-performance
batteries, which are essential for the wide range of electro-technology, from the
electronic devices to vehicles, have been researched.

Li-ion batteries are currently the most used energy storage device. Many anode
materials for Li-ion battery are actively studied to overcome the low capacity limit of
carbon material. SnO, is one of the most attractive candidate for anode materials with
high capacity, but it has volume expansion problem inducing pulverization of electrode
material during cycling. In this research, disordered carbon and reduced graphene
oxide are doubly coated to SnO, hollow spheres which consist of SnO, nanoparticles.
Conformal carbon and reduced graphene oxide coating provide SnO, hollow spheres
with electronic pathway and buffer effect to prevent electrical losses of electrode.

SnO, hollow spheres are simply synthesized by hydrothermal method and also
carbon coting is also modified by hydrothermal method. And then APTES surface
modification is applied on carbon coated SnO, hollow spheres to coat tightly with
graphene oxide through electrostatic interaction. Coated disordered carbon layer
provide an electronic pathway to inner space of hollow sphere through porous hollow
shell. Reduced graphene layer wrap several SnO, hollow spheres which provides
electronic path to the entire electrode. Effect of each coating material enhances the

battery performance of SnO, hollow spheres.

Keywords: Li-Ton Batteries, SnO, Hollow Spheres, Disordered Carbon, Reduced-
Graphene Oxide, Anode.
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Chapter 1. Overview of Li-lon Batteries
1.1. Introduction to Li-Ion Batteries

The lithium ion battery is a device that converts chemical energy into electrical
energy and it refers to secondary battery due to reusable property via the repeated
insertion and extraction of lithium ions to the electrode [1-3]. Because only Li"
moves between electrodes in the cell, it is called “rocking chair battery” [4]. The
lithium ion battery is composed of anode, cathode, electrolyte, and separator, which
divides each electrode both physically and electrically. The maximum amount of
generated work of lithium ion battery is equal to that of work obtained at equilibrium,
and is the same as the Gibbs free energy change of the cell for an electrochemical
reaction. The voltage of the circuit determined from the lithium chemical potentials

of each cell is shown in Fig. 1-2.

cathode anode

Ui — ML
ze

Voc = —

Therefore, Voc of a cell will more appropriately be related to the difference of the

anode

cathodey and anode (ufy*°%€), where z

lithium chemical potential between the cathode (u;;
and e are, respectively, the number of electrons transferred and electronic charge [5].
Cell voltage decrease gradually as lithium ions move from the anode to the
cathode spontaneously during discharging. While charging or discharging, the
electrolyte plays a role as an ion conductor carrying lithium ions between each
electrode. Also, the migration of electron toward an external circuit which is the
source of the electrical energy, should be enabled by blocking electron moving into

electrolyte. Applying a higher voltage than that of driving force of spontaneous
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reaction leads to a charging, in which ions and electrons moving in opposite directions.
On this account, the chemical energy can be compensated by charging process, and the
state of the cell is returned to be dischargeable [6-7].

Li-ion battery has been used widely as an energy source of portable electronic
devices, since Sony has successfully commercialized of the cells using graphite as an
anode and LiCoO, as a cathode. Considering the application to electric vehicles and
future energy demands, higher energy density, power quality, reliability, long cycle life,
and low prices will have to be achieved. In particular, a lot of progresses have been
attained to modify the properties of the electrode materials which are directly related to
the performance of the battery. Further development of simple and cheap synthesis

methods and the application of a variety of nano-materials are highly required [8-11].
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(Color) Comparison of the different battery technologies in terms of

volumetric and gravimetric energy density. From Ref. [1].

Chapter 1.



LUMO

HeLi)

Cathode
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Fig. 1-2.  (Color) Schematic energy diagram of a lithium cell at open circuit. i, and

Wi refer, respectively, to the lithium chemical potential in the anode and

cathode. E, refers to the band gap in the electrolyte.

From Ref. [2].
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1.2. Anode Material for Li-Ion Batteries: SnO,

Lithium metal has been used as an anode material from the infancy of lithium
secondary batteries. Even though lithium secondary batteries have advantage of high
capacity, lithium metal has major safety problem that is internal short circuit formation
caused by the dendritic growth of lithium during the repeated charging and discharging
processes [12-13]. To overcome this problem, carbon-based materials were
intensively studied as an anode material due to their unique properties [14]. For the
case of graphite with the most basic type of carbonaceous material, lithium ions can be
inserted continuously into its layered structure, with only about 10% of volume
expansion, which enable a good cycle property. Furthermore, average reaction
voltage of graphite is similar to that in lithium metal, therefore only slight loss of cell
voltage is accompanying when lithium metal anode is replaced by graphite. However,
the theoretical capacity of graphite anode is quite low (372 mAh/g) due to six carbons
react with only one lithium in graphite. To enhance capacity of anode materials for
lithium ion batteries, other materials (Si, Sn, Al, Ge, efc.) which form an alloy reaction
with more lithiums have been widely investigated by many researchers [16-18].

Among them, tin metal has shown large volume capacity similar to that of lithium
metal, and comparatively low operating voltage close to that of lithium metal anode.
Since tin metal reacts with 4.4 lithiums, the theoretical capacity of tin metal reaches
994 mAh/g which is a lot higher than capacity of graphite [20]. However, because of
the large volume expansion during cycling, cracks are formed by mechanical stress
after prolonged cycling. These fractures lead to the decrease of reversible capacity,
due to the dead materials detached from the electrodes and the generation of new SEI
layers on newly exposed surfaces.

Since Idota et. al. [22] has reported amorphous tin-based composite oxide as

anode, tin oxide have been received a lot of attention as an anode material due to their
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large capacity, environmental benignity, and lower price. The reaction mechanism of

the tin oxide goes through two steps as follows:

SnO,+ 4Li" + 4¢ — 2Li,0 + Sn
Sn + 4.4Li" + 4.4¢ < LissSnAfter Dahn et. al. [23] was firstly suggested the reaction

of tin oxide in 1997, the first reaction is a reduction process of tin oxide to tin metal,
which has been known as an irreversible reaction. The second reaction is typical tin
metal alloy reaction with lithium. In most cases, cells lose half of the capacity in the
initial reaction due to its irreversible reaction with lithium, thus the major reaction of
SnO, is the alloy reaction with lithium (Lig4Sn) in Fig. 1-3 [20-21]. But in recent
studies, there are reports that the reaction of tin oxide with nano-size and high
electronic conductivity environment could be fully reversible [28-29]. If all the
processes are reversible, the tin oxide reacts with total 8.4 number of lithium ions
which corresponds to 1491 mAh/g of theoretical capacity.

Huang’s group observed the lithiation process of tin oxide nanowire by in situ
TEM measurement in 2010 [24]. This revealed not only the total volume expansion
250 % during the lithiuation reaction with 90 % in longitudinal and 35 % in radial
direction, but also Sn nano-sized particles are embedded in amorphous Li,O matrix
during the initial reduction of tin oxide into tin metal. This amorphous Li,O matrix is
known to relieve the volume expansion of the Sn metal (Fig. 1-4). Nonetheless, Tin
oxide electrodes are not completely free from the capacity degradation due to volume
change as Sn nanoparticle become larger aggregating themselves [24], so various
studies, such as diverse nanostructures and carbon composites, have been proceeded in

order to solve this problem by many groups [28-30, 32-37].
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1.3. SnO; Nanostructure and Hollow Spheres

SnO, has a limitation for application to anode due to drastic capacity loss arising
from high volume expansion (~300 %) during charging and discharging. A variety of
nano-morphology and carbon-based composite have been conducted by many groups
to apply SnO; as an anode replacing the graphite [25-27]. Reducing the particle size
to nano-scale brought a decrease in the absolute volume expansion. At the point
when SnO, reaches a critical size, which is mechanical failure do not occur, electrode
is free to damage from the volume expansion during the cycling. Kim et al. examined
several sizes of SnO, nanoparticles (~3, ~4, and ~8 nm), and they found that ~3 nm of
SnO, nanoparticles render a reversible volume expansion of Sn nanoparticles [25].

Morphological efforts to accommodate the volume expansion of SnO, are also
conducted by many groups. Lou et al. [32] reported a one-pot synthesis of SnO,
hollow nanospheres in Fig. 1-5. The synthesis was performed in a mixed solvent of
ethanol and water using potassium stannate (K,SnOs) as the precursor and urea as an
additive. The hollow structured SnO, was formed during the Inside-out Ostwald
ripening process. SnO, hollow spheres demonstrated excellent electrochemical
performance. At a rate of 0.2 C, when charged to 2 V, a specific capacity of 1140
mAbh/g was observed after 30 cycles, which was higher than the theoretical value based
on tin alloyed and de-alloyed with a lithium in Fig. 1-6. [32]. Hollow structure shows
better cycle property compare to nanoparticle system, but still has a bad cyclability to

use as an anode.
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Fig. 1-5

(110) (101)  (200)

N\

500 nm

TEM image (a) selected area electron diffraction (SAED) pattern (inset),
and field-emission scanning electron microscopy (FESEM) image (c) of
core/shell-type SnO, hollow nanostructures synthesized at 150 C for 24 h.
(b) A magnified TEM image corresponding to the highlighted in (a). (d,e)
TEM images of SnO, hollow nanospheres synthesized under the same

condition. From Ref. [32].
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Fig. 1-6
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Cycling performance of SnO; hollow nanospheres in the current work (a);

SnO; hollow spheres (b); and pristine SnO, nanoparticles from reference
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1.4. Carbonaceous material modified SnO, anode

Furthermore, enhancing electrochemical properties, carbon-based materials are
added as a matrix or coating layer and these methods have been widely conducted by
many researchers [28-32]. Enhanced mechanical stress tolerances of the composites
with carbon help the SnO, achieve larger capacity and a better cycle life. Various
approaches have been explored to produce SnO,/C composite. The simplest way to
obtain carbon modified composite is using hydrothermal method with organic
precursors, such as glucose [33]. In case of SnO, hollow spheres, Lou et al. [34]
performed carbon coating on SnO; hollow spheres by the hydrothermal method in Fig.
1-7. The silica nanospheres were used as a template to make SnO, hollow spheres.
At current density of 625 mA/g, a capacity of 625 mAh/g can be obtained after more
than 100 cycles (voltage window is between 5 mV and 2 V).

Graphene has a very high surface area (theoretical value of 2620 m?/g), electronic
conductivity and good elasticity [38]. Graphene sheets distributed between the SnO,
nanoparticles can prevent their direct contact and thereby minimize the aggregation
and pulverization of the SnO, nanoparticles. Thus, Graphene wrapped SnO,
nanoparticles perform an enhanced lithium storage properties compared to the pure
SnO, nanoparticles are usually observed. Wang ef al. [39] prepared SnO,-graphene
nan-composite by ternary self-assembly approaches (Fig. 1-8). The nanocomposite
(60 wt. % SnO, and 40 wt. % graphene) showed a stable electrochemical cyclability.
At a low current of 10 mA/g, a reversible capacity of 520 mAh/g was maintained over
100 cycles between 0.02 and 1.5 V.
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Fig. 1-7

(a,b) FESEM and (c,d) TEM images of SnO,@carbon hollow spheres.
Arrows in ¢) and d) indicate carbon shells, b) corresponds to the area
indicated by a white rectangle in a). (e,f) Double-shelled SnO, hollow
spheres. From Ref. [33].
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Fig. 1-8.

Cross-sectional TEM images of a SnO,-graphene nanocomposite film.
Inset shows high-resolution TEM image in the nanocomposite film with
alternating layers of nanocrystalline SnO, and graphene materials. From

Ref, [39].
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Chapter 2.

Disordered Carbon and Reduced Graphene Oxide Coating
on the SnO, Hollow Spheres

2.1. Introduction

As mentioned before, unique nanostructure and adoption of carbon coating have
huge advantages to design SnO, electrode. Ideally, the optimum amount of the
carbon content should be determined by considering the size and structure of SnO,.
Without its optimum amount of carbon content, many studies show high carbon
contents (above 50 wt. %) in their composite [1-6]. It seems the high amount of
carbon material in the electrode means the high electrical contact probability between
broken SnO; and current collector, sustaining its structural uniformity of electrode. A
rigid and uniform carbon coating makes anode electrode possible to remain initial
morphology for a long cycle with a good electronic path. But very high carbon
content decrease the cell performance because thick carbon layer which has lower
quality of sp’ domain hindering Li ion diffusivity [1]. Also, the high loading of
carbon materials lead low theoretical capacity which combination of carbon (graphite,
372 mAh/g) and SnO, (782 mAh/g) [8]. Therefore, lower carbon content is require to
obtain high theoretical capacity and also uniform carbon coating on unique nano-
morphology for longer cycle life.

Mullen et al. [9] showed graphene encapsulation on the metal oxide has lowered
carbon loading amount less than 10 wt. % and tight contact of graphene layer and
metal oxide has much higher capacity properties. In this study, we apply both
disordered carbon and reduced graphene oxide on the hollow spheres which consist of

10 nm-size tin oxide nanoparticles. Hydrothermal method is an easy way to modify
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each primary particle with carbon layer. But, SnO, reduced Sn metal above 550 C
through carbothermic reduction [7-8], it results the formation of disordered carbon was
formed, which is not enough to well organize sp’ domains well. Due to the limit of
carbonization temperature, graphene was adopted to provide entire cell with reasonable
electrical conductivity even at low carbonization temperature. Both disordered
carbon and graphene have seen the impact on improving tin oxide hollow sphere’s

cycle performance, with low carbon contents even less than 10 wt. %.
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2.2 Experimental Section

Preparation of RGO/C/ SnO, hollow spheres: A simple hydrothermal method
was adopted to synthesize SnO, hollow spheres using K,SnO; as a precursor and
ethanol/D-I water solution [9]. Mix anhydrous 18.75 ml of ethanol and 31.25 ml of D.
L. water (37.5 vol. %), and K,SnO;-3H,0 (240 mg) and Urea (300 mg) was then added
to solution. They were stirred under magnetic stirring for 30 min until the solution
becomes translucent. Solution is then transferred to a 100 ml Teflon-lined stainless
steel autoclave at 180 C, 24 h. After cooling to room temperature, the resulting
precipitates were washed a couple of time in D. I. water, followed by drying in oven
for 10 h.

Carbon coating was conducted through hydrothermal carbonization. SnO,
hollow spheres (200 mg) and anhydrous glucose (133 mg, 40 wt. %) were added into D.
I. water (25 ml). They were stirred for 1 h with 5 min sonication. And then,
solution is transferred to a 100 ml Teflon-lined stainless steel autoclave at 180 C for
4 h[7,10]. After cooling in room temperature, the resulting precipitates were washed
a couple of times in D. 1. water, followed by drying in oven for 10 h. As obtained
carbon coated sample was heat-treated under Ar atmosphere at 500 C for 3 h.

GO was synthesized from natural graphite flakes (325 mesh, Aldrich) by a
modified Hummers’ method [11]. The obtained SnO, hollow spheres (200 mg) were
dispersed into absolute ethanol (200 ml) via sonication.  After 2 ml of
aminopropyltrimethoxysilane (APTES) was poured into the above solution, and the
solution was stirred for 12 h to obtain APTES-modified SnO, hollow spheres [12].
The fabrication of graphene oxide coated SnO, hollow spheres was rendered by an
electrostatic interaction between positively charged APTES-modified SnO, and
negatively charged GO. For an assembly, the APTES-modified SnO, dispersion (1
mg/mL) was added into an aqueous graphene oxide solution (0.1 mg/mL) under
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magnetic stirring for 2 h with 5 min sonication. As obtained GO coated sample was
heat-treated under Ar atmosphere at 500 C for 3 h.

As obtained hydrothermally carbon coated SnO, hollow spheres (before 500 C
annealing) were modified by APTES as same concentration at GO coting to bare SnO,
hollow spheres. Carbon coated SnO, hollow spheres (200 mg) were dispersed into
absolute ethanol (200 ml) via sonication. After 2 ml of aminopropyltrimethoxysilane
(APTES) was poured into the above solution, and the solution was stirred for 12 h to
obtain APTES-modified carbon SnO, hollow spheres (before annealing at 500 ).
The fabrication of reduced graphene oxide coated C/SnO, hollow spheres was also
rendered by an electrostatic interaction between positively charged APTES-modified
C/SnO, and negatively charged GO. As same as the RGO/SnO, HS, the APTES-
modified C/SnQO, dispersion (1 mg/mL) was added into an aqueous graphene oxide
solution (0.1 mg/mL) under magnetic stirring for 2 h. As obtained GO and carbon
coated sample was heat-treated under Ar atmosphere at 500 C for 3 h.

Materials Characterization: The crystal structure and grain size of the SnO,
hollow spheres were characterized by x-ray diffraction (XRD, D8 Advance: Bruker).
The morphology was analyzed using a scanning electron microscopy (Merlin
Compact), and carbon concentration was measured using a CHNS analyzer (Flash EA
1112: Thermo Electron Corp.). The nitrogen adsorption and desorption isotherm were
obtained at 77K (Micromeritics ASAP 2010), and the specific surface area and the pore
size distribution were calculated by the Brunauer-Emmet-Teller(BET) and the Barre-
Joyner-Halenda(BJH) methods, respectively.

Electrochemical Measurement: For the electrochemical characterization, the
active materials were tested by using coin type half cell (2016 type) with a Li counter
electrode. The composition of the electrode was set to be the same for all of the
samples, which consisted of an active material, super P carbon black, and a
polyvinylidene fluoride (PVdF) binder with a weight ratio of 8:1:1, and the geometric

area of the electrode was 0.71 cm’. The electrolyte was prepared by mixing 1M
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LiPF6 in ethylene carbonate and diethylene carbonate (1/1 vol. %) (Panax Etec).
Electrochemical impedance spectra (EIS) and cyclic voltammetry were measured using
a potentiostat (CHI 608C: CH Instrumental Inc.). The EIS was obtained after Scycles
at 1C and the frequency range is from 1 mHz to 100 kHz with an AC amplitude of 5
mV at 0.6 V. The cells were cycled between 5 mV and 1.2 V after the first discharge
from the initial open-circuit voltage. The cycling tests were performed at 1 C (each
value are different due to carbon contents). The specific capacity was calculated based

on the amount of only SnO,, and the capacity of carbon was subtracted in this article.
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2.3. Result and Discussion

The synthetic processes for the RGO/C double-coated SnO, hollow sphere
(RGO/C/SnO, HS) are illustrated in Fig. 2-1. The hydrothermal method produced
~10-nm-size nanoparticles which consist of the porous hollow spheres. After carbon
coating on each SnO; hollow sphere by hydrothermal method, the carbon-coated SnO,
hollow sphere (C/SnO, HS) was wrapped by graphene oxide (GO) sheets by
electrostatic interaction between positively-charged C/SnO, HS and graphene oxide
interface prepared through the surface modification by APTES and negatively-
charged GO through pH control. Annealing process after GO wrapping gives rise to
the reduced graphene oxide (RGO), resulting three-dimensional network that renders
well-connected electron percolation among the C/SnO, HS.

The XRD patterns of carbon-material modified samples are shown in Fig. 2-2.
All diffraction peaks are indexed to SnO, with the space group of P42/mnm (136)
(JCPDS #41-1445), and no secondary phases are detected. Peaks in diffraction
pattern are broadened and it is an indicative of SnO, nanocrystals. The average grain
size were estimated using Scherrer equation [13-16] with the FWHM (full width at half
maximum) (fitted using a double peak Lorentzian function, considering the effect of
Cu K and K;) corresponding to the (110), (101), (211) main peaks, and are tabulated
in Table 2-1. The grain sizes of the samples modified with carbon material are larger
than those of uncoated hollow spheres after calcination. Also, The graphene oxide

layer also could prohibit the grain growth of SnO, during annealing process.
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Fig. 2-1. (Color) The schematic image of synthetic processes for the RGO/C double-

coated SnO, hollow spheres.
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To compare the carbon contents, CHNS analysis is performed and the results are
shown in Table 2-1. Carbon contents between RGO modified sample and disordered
carbon modified sample are similar to each other and the double coated sample are
slightly higher than that of RGO or disordered carbon coated sample reasonably, but
the amount is 7.7 wt. % of carbon. Calculated theoretical capacity considering only
alloying reaction of Sn metal with Li of each samples are also in Table 2-1.

Several groups have been reported the carbon modified SnO, anode with high
weight percent of carbon [20-24]. It is the obvious result that the carbon modification
is the most well-known solution to alleviate the continuous capacity loss due to high
volume expansion during charging and discharging. But the high carbon loading
means the cell has a lower theoretical capacity as the carbon material has much lower
theoretical capacity compare to oxide material. Therefore, it should be considered to
find optimum carbon contents or minimum carbon amount. And some groups show
the optimum carbon contents in their system [27-28].  Our results has very low carbon

contents even though using both disordered carbon and reduced graphene oxide.
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Sample Grain size C Theoretical
(nm) (wt. %) capacity (mAh/g)

RGO/C/SnO; HS (500 T) 15.5+1.8nm 7.7 750.4
RGO/SnO; HS (500 TC) 14.6+1.9nm 4.86 762.0
C/Sn0O, HS (500 C) 14.3£1.6nm 5.36 760.0
SnO, HS (500 C) 19.8+1.3nm
SnO, HS 9.2+0.77nm 782

Table 2-1. The carbon composition of carbon modified SnO; hollow spheres measured
by CHNS elemental analysis, the grain size were estimated by x-ray

diffraction, and the calculated theoretical capacity of each samples.
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The scanning electron microscopy (SEM) images in Fig. 2-3 confirm that SnO,
hollow spheres are well synthesized with 300 ~500 nm diameter with 80 ~90 nm shell
thickness which consist of primary particle size is about 10 nm. The carbon coated
SnO; hollow spheres are well structured sphere morphology which is similar to that of
the bare sample.  Graphene oxide is well coated both RGO/SnO, HS and
RGO/C/SnO, HS. All carbon coated samples has primary particle size with about 15
nm after annealing at 500 C. Bare sample after annealing has primary particle size
with about 20 nm, it means that the carbon coating layer act as a blocking layer to
hinder the grain growth of SnO, nanoparticles during thermal reduction process.

The porous nanostructures of the SnO, hollow spheres are also confirmed by BET
and BJH method (Fig. 2-4), showing a typical #ype-IV meso-porous structure [29-30].
The hollow spheres has porosity of average pore size of 3.62 nm and BET surface area
of 66 m*/g. The typical isotherm curve of SnO, hollow spheres are shown in Fig.
From the BET analysis, pore size is large enough for the carbon source (glucose) in
solution to penetrate into the inner space of SnO, hollow spheres and it is thought to
fill the inner pore uniformly. Considering its primary particle size and carbon
contents, the carbon coating layer is about 0.56 nm from simple calculation (hard
carbon : ~1.5 g/em’, SnO,: ~15 nm size), indicating carbon coating is enough to
coating each nano-particles within the pores [31-32, 54]. Also, using BET surface
area, the calculated carbon layer is about 0.572 nm similar to simple calculation.
These porous nanostructure is beneficial for coating inside its space with electronic
path way to inner space and these carbon coating could act as a buffer layer to

minimize its aggregation during cycling.
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Fig. 2-3.

SEM images of (a) Bare SnO, hollow spheres, (b) C/SnO, hollow spheres,
(c) RGO/SnO; hollow spheres, (d) RGO/C/SnO, hollow spheres.
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The Raman spectra of each samples are presented in Fig. 2-5. The Raman
spectra of RGO/C/SnO, hollow spheres reveals both features of D band (~ 1370 cm™)
and G band (~1600 cm), and the spectrum of RGO/C/SnO, hollow spheres lies
between the two samples, proving that the desired product is successfully modified by
both the reduced graphene oxide and hydrothermally-derived disordered carbon [33,
46]. The calculated 1/ ratio of RGO/C/SnO, HS, RGO/SnO, HS, C/SnO, HS are
respectively 0.86, 0.70, 0.68, and RGO/C/SnO, HS has an interval ratio value of
RGO/SnO, HS and C/SnO, HS as consider its carbon contents ratio.

It is controversial issue that the reduced graphene oxide has higher /I, ratio
than that of graphene oxide. The origin of /) of RGO comes from the defect site and
remained functional groups on the RGO surface when GO was reduced by thermal
energy. Several groups have showed various result of I/l ratio of reduced
graphene oxide[33-45]. Some results shown the [/ ratio rise after reducing
process [33-39], but others shown opposite result [40-43]. Besides, There are the
similar )/ ratio before and after reduction of graphene oxide [44-45]. In case of
disordered carbon, the small grain size of disordered carbon influence its /) its edge
length is higher than plane area of it [46]. It’s limitation of carbonization temperature

(~550 C) due to the carbothermal reduction of SnO, to Sn metal is about 550 C.
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The voltage profiles of RGO/C/SnO, HS, RGO/SnO, HS, C/SnO, HS, Bare SnO,
HS are presented in Fig.  All samples has a plateau under 1 V indicating the formation
of first formation of Li,O phase and Sn metal. After that, both alloy reaction of Sn
metal with Li and intercaltion of Li ion into carbon layer has begun. The initial
capacity loss after first cycle is came from SEI (Solid Electrolyte Interface) layer and
formation of lithia. ~After first cycle, the reaction of cell is only alloy reaction of Sn
metal embedded in the amorphous lithia with the voltage range is finished before
reduction reaction of Sn metal to SnO,.

Cyclic-voltammetry was conducted at voltage range 0.005 - 3 V. The full
reaction of carbon modified SnO, HS sample is in Fig. 2-6. Compare to Bare SnO,
HS and other carbon modified SnO, HS, all samples have the peak which indicate the
reduction reaction of Sn metal over 1.2 V. Slightly difference between the peak is
carbon modified sample are also second peak at near 2 V. So, the high conductivity
environment help the reduction reaction of Sn metal to SnO, with nanosized. Such
result of carbon composite was reported by several groups [8-13].

In this research, we are observed cell property at voltage under 1.2 V which means
only use alloy reaction of Sn metal. So, the theoretical capacity of the SnO, set 782
mAbh/g which is the reversible Sn metal reaction with Li. Each theoretical capacity
was calculated by weight percent of carbon (SnO, (reversible capacity) x SnO, wt. % +
Graphite x Carbon wt. %) in Table 2-1.
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To confirm the effects of each carbon coated samples, the electrochemical
performance of the bare SnO, HS, C/SnO, HS, RGO/SnO, HS, and RGO/C/SnO, HS
were galvanostatically cycled in the range of 0.005 - 1.2 V (vs. Li'/Li) ata 1 C (Fig. 2-
6). It seems that the bare SnO, hollow spheres suffer from a gradual capacity loss due
to the aggregation of nanoparticles and detached from carbon matrix induced by
volume expansion, and has only 50 mAh/g (after 100" cycles). Comparing the
carbon-modified composites, the capacity fading was more significant for the
RGO/SnO, HS compared to the carbon modified SnO, HS, yielding a discharge
capacity of 100 mAh/g at the 100" cycle. Because of the absent of inner space
coating, the inner part of the hollow spheres are vulnerable to pulverization and contact
with electronic path. C/SnO, HS has a stable cycle properties after 100 cycles, but its
capacity was lower than RGO modified C/SnO, HS due to low conductivity of
disordered carbon. The RGO/C/SnO, HS, on the other hand, show more stable cycle-
life performances, which indicates the disordered carbon layers effectively inhibit the
massive aggregations of each SnO, nanoparticles during cycling. Also, the higher
reversible capacity of the RGO/C/SnO, HS sample (ca. ~331.8 mAh/g after100 cycles)
than that of the C/SnO, HS comes from the network of tightly-wrapped-graphene on

C/Sn0O; HS, enhancing the electronic percolation within the hollow spheres.
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Fig. 2-7.  (Color) The charge- and discharge- capacity retention of (a) Bare SnO,
hollow spheres, (b) C/SnO, hollow spheres, (c) RGO/SnO, hollow spheres,
(d) RGO/C/SnO; hollow spheres (0.005 - 1.2 V).
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Fig. 2-8. (Color) Cycle-life performance of (a) Bare SnO, hollow spheres, (b)
C/SnO, hollow spheres, (¢) RGO/SnO, hollow spheres, (d) RGO/C/SnO,
hollow spheres at 1C (0.005 - 1.2 V).
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The rate capability of samples are in Fig 2-9. Reduced graphene oxide modified
samples are much higher rate properties than disordered carbon modified sample. It
is related to conductivity of sample, higher conductivity is able to much high rate
properties with similar lithium ion movement though pores of samples.

Cell properties are related to an electrochemical reaction depends on charge
transfer. Electrochemical impedance spectra of each samples are measured at the open
potential of 0.6 V at the fifth discharge cycle. Compare the Nyquist plot in Fig. 2-10,
all samples show one semicircle in the high frequency region and a straight slope
(~45°) in the low frequency region. The diameter of semicircle reveals the
impedances associated with the charge-transfer resistance (R.), which is important
factors in electrochemical reaction [50-51]. Charge transfer resistance (R.) of both
RGO/C/SnO;, HS and RGO/SnO, HS is much smaller than that of C/SnO, HS and Bare
SnO, HS, thus suggesting that RGO coating possesses lower contact and charge
transfer resistance. It means the highly conductive 2-D graphene layer can facilitate
electron transfer from each SnO, hollow spheres within the overall electrode [52, 54].
Double coated samples also has meso-pores which makes Li ion in the electrolyte can

rapid diffusion, thus enhancing of electron conduction and ion transfer [53].
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Fig. 2-9. (Color) Rate capability of (a) Bare SnO, hollow spheres, (b) C/SnO, hollow
spheres, (¢) RGO/SnO, hollow spheres, (d) RGO/C/SnO, hollow spheres at
1-5 C (0.005-1.2 V).

40 Chapter 2



150 T T T T T T T a T

120 - /7. /‘ -

7" (Q cm)

Fig. 2-10. (Color) Impedance Spectroscopy of (a) Bare SnO, hollow spheres, (b)
C/Sn0O, hollow spheres, (c) RGO/SnO, hollow spheres, (d) RGO/C/SnO,

hollow spheres at 0.6 V after 5 cycles.
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2.4 Conclusions

In this work, we have proposed the RGO/C/SnO, hollow spheres as an anode
material with excellent electrochemical properties. The hollow spheres are facilely
modified through distinct carbon-based coating steps via conformal carbon coating,
GO wrapping, and thermal reduction. The ~15-nm-sized RGO/C/SnO, hollow nano-
composites with ~400-nm exhibited superior electrochemical performance including
remarkable cycle life, high reversible capacity, and excellent rate capability even at 1 C.
The enhanced electrochemical performance arose from the combination of unique
properties of the meso-pores act as a coating site to relieve the volume expansion
during cycling, conformal carbon layer on each nanoparticle surface buffers volume
changes, and conductive RGO sheets connect the hollow spheres to each other. This
work introduced the double coating strategy and it can extend the synthesis of other
previous novel coating methods.

This research show very high capacity even at 1 C and the cut-off voltage up to
1.2 V as low as comparing other research of SnO,. The carbon content are also very
low (~ 7.7 wt. %), so, the cyclability of the double coated SnO, hollow spheres are
well optimized in this coating conditions. This means the hydrothermally carbon
coating and further graphene modification is successfully adopted in porous SnO,

hollow morphology.
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