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Effect of carbon coating on the electrochemical
properties of Co,SnO,4 for negative electrodes in
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Co,Sn0Oy particles were synthesized by a sonochemical method under different pH conditions, followed by
carbon coating by a hydrothermal method. The thermal stability and compound formation temperature
were identified through thermogravimetric analysis (TGA). The X-ray diffraction (XRD) pattern elucidated
the compound formation of Co,SnO,4 with cubic structure. Co,SnO4 encapsulated with carbon was
confirmed through the TEM and HRTEM analysis and the approximate thickness of carbon was around
20 nm. The pristine-Co,SnO,4 and carbon coated Co,SnO4 provided a discharge capacity of 777 mA h
gt and 780 mA h gt at the current density of 40 mA g~! with the capacity retention of 67% and 81%
respectively in the 20" cycle. The charge transfer resistance of carbon coated Co,SnQO4 was low when
compared to pristine Co,SnO,4 which lead to good reversibility of the material. The electrochemical
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1. Introduction

Rechargeable Li-ion batteries are emerging electrochemical
energy storage devices which are widely used in different
applications such as cell phones, laptops and digital cameras.
Commercially used Li-ion batteries consist of LiCoO, and
graphite as cathode and anode, respectively. Li-ion batteries
have several advantages such as high energy density, high
operating voltage, low self-discharge, light weight and no
memory effect. However, the use of Li-ion batteries in electric
vehicles, hybrid electric vehicles and plug in hybrid electric
vehicles is limited since it requires high power density, high
rate capability and good cycling performance. So, in order to
improve these kinds of properties, finding new electrode
material is necessary. Commercially used graphite has several
advantage such as low and flat working potential, long cycle life
and low cost. On the other hand, it reduces the battery perfor-
mance in terms of energy and power density due to the theo-
retical capacity of Graphite (372 mA h g~') and low Li-ion
transport rate (always less than 10~° cm? s™') respectively.! To
enhance the electrochemical performance of Li-ion batteries,
identifying potential negative electrode is mandatory, especially
the materials having high theoretical capacity and higher Li
diffusion rates. Currently, metals (Sn, Si, Sb and Ge), metal
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superior cycling stability and electronic conductivity.

oxides (SnO,, TiO,) and transition metal oxides, MOx (M = Zn,
Co, Ni, Mn) are focused as anode materials for Li-ion batteries
because of their higher energy densities. The alloy anodes
possess low operation potential vs. Li/Li", higher volumetric and
gravimetric energy densities due to its alloying and de-alloying
mechanism and good safety. However, this material shows poor
capacity retention due to its alloying/de-alloying process, which
causes a huge volume expansion and leads to deterioration of
active materials.>® The SnO, material shows similar electro-
chemical reactions as that of Sn after the first cycle, delivering a
high theoretical capacity of ~790 mA h g~ ' corresponding to the
Lis 4Sn. In the first cycle, Li bonds to the oxygen in SnO, to form
Li,O, after that Sn starts alloying with lithium and this alloying
and de-alloying process continuous for further repetitive
cycling. But SnO, shows a rapid capacity fading due to its
tremendous volume changes, up to 200-300% upon alloying
and de-alloying process, which initiates the pulverization of
electrodes and loss of electrical contact between the active
materials after repeated cycling.® The transition metal oxides
MO, (M = Mn, Co, Ni, Fe) exhibits high reversible capacities and
high energy densities because of the nature of conversion
reaction mechanism where more than one electron involves in
the electrochemical reaction. However, it suffers from poor
kinetics because of their inherent nature of low electrical
conductivity, poor capacity retention and unstable solid elec-
trolyte inter phase formation at high current densities that is
mainly because of the large volume changes during insertion/
de-insertion process.*

In recent years spinel like structures are widely investigated
as anode materials for Li-ion batteries especially MC0,0,4,%”
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MMn,0,4,*° MFe,0,4,""" and M,SnO, (M = Zn, Co, Ni, Mn,
Ca)."”*® On the other hand, CoSnO; based compounds also
showed better performance than the ball-milled mixtures of
Co0/Sn0,.*”*8 Further, Co;0,@Sn0O,@C core shell nanorods
showed excellent cycling stability at a current density of 200 mA
h g '.* Overall, spinel based electrodes delivered good rate
capability and cycling stability due to its nature of storage
mechanism.*** As well as the Co,SnO, structure containing
excess Co content leads to better cycling stability than the
CoSnO; anodes.”® Therefore, we have chosen the spinel like
structure, Co,Sn0O, compounds which shows higher theoretical
capacity (1105 mA h g~ ') and exhibits both Li-ion insertion/de-
insertion and alloying/de-alloying mechanism while charging
and discharging.® This kind of mixed reaction mechanism may
be improving the energy density of the material. However, a
scarce amount of work is available for Co,SnO,, like those
synthesized by hydrothermal, sol-gel and co-precipitation
methods as anodes.*®**** Here, we have synthesized Co,SnO, by
sonochemical method and the compound formation is studied
with respect to change in concentration of LiOH. The electro-
chemical performance is analyzed for the optimized Co,SnO,
particles and further to improve the cycling stability and
coulombic efficiency of the active material, the core-shell
structure of C0,SnO,@C is prepared using hydrothermal
method, where glucose acts as a carbon source. The core-shell
structure has several advantages such as enhancement of elec-
tronic conductivity of the electrode material, protect the core
from the electrolyte, restrict the volume expansion during
cycling and maintain structural stability of the active material.”®

2. Experimental methods and
materials
2.1 Synthesis of Co,SnO, by sonochemical method

Co,Sn0, particles were prepared by sonochemical method. The
starting precursors are CoCl,-6H,0, SnCl,;-6H,O and LiOH
purchased from the Merck Specialties Private limited, Mumbai.
Stoichiometric amounts of 1.563 g of CoCl,-6H,0 and 1.166 g of
SnCl,-5H,0 were dissolved into 25 ml of water individually.
Then the CoCl,-6H,0 solution was subjected in to a sono-
chemical set up (Ultrasonic Cell Crusher, Frequency 22 kHz and
950W output power). Simultaneously, SnCl,-5H,0 solution was
added drop wise into CoCl,-6H,0 solution under sonication.
Subsequently, 1.863 g of LiOH was added drop wise in to the
above solution; the obtained precipitate was sonicated for 2
hours. The obtained gray color precipitate was centrifuged and
dried at 80 °C for 12 hours. The dried sample was ground for
15 minutes and then finally calcined at 950 °C for 5 hours to
obtain single phase green color Co,SnO, particles.

2.2 Synthesis of Co,Sn0,@C by hydrothermal method

The carbon coated Co,SnO, was prepared by using hydro-
thermal process and glucose act as a carbon source. The
prepared Co,SnO, (0.4 g) particles was dispersed into 0.25 M of
aqueous glucose solution. The above solution was transferred
into a 75 ml Teflon-lined stainless steel autoclave, sealed and
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maintained at 180 °C for 12 h. After the reaction got over, the
solid product was washed several times with distilled water and
ethanol to remove the organic products and the remaining ions
from the residue. The sample was dried at 80 °C for 12 h under
air atmosphere. Finally, for carbonization process the product
was heat treated at 500 °C under Ar atmosphere.

2.3 Electrode preparation and characterization techniques

Electrochemical characterizations of all the synthesized mate-
rials were performed using a CR2032 coin cell. The cell con-
sisted of synthesized material as working electrode and a
metallic lithium foil as counter electrode separated by a poly-
propylene separator with 1 M LiPFs dissolved in ethylene
carbonate-dimethyl carbonate (EC : DMC) 1 : 1 (v/v) as electro-
Iyte. The working electrodes were prepared with active material,
Ketzen black (KB) as conductive additive and teflonized acety-
lene black (TAB) as binder in the ratio of 72 : 14 : 14 (Wt%) using
ethanol as solvent. The resultant electrode film was pressed over
a stainless steel current collector, followed by drying at 160 °C
for 4 h before being used in the cell. The average loading of the
cells were maintained at ~5 mg cm™>.

X-Ray Diffraction analysis was characterized using XPERT-
PRO diffractometer with Cu-Ko (1.5406 A) source and step size
was fixed at 0.02°. TG/DTA was carried out using Pyris 1 TGA
model instrument with temperature range from 30 °C to 950 °C
at heating rate of 5 °C min~ " and nitrogen gas flow rate at
20.0 ml min~". Fourier transform infra-red spectroscopy (FTIR)
technique was carried out using Bruker Tensor 27 model with
wavenumber range of 400-4000 cm ™ '. Raman analysis was
performed on carbon coated sample using Renishaw invia
Raman microscope instrument using He-Ne laser (633 nm) as
excitation source in the wavenumber range of 600-2000 cm ™"
XPS analysis was carried out to analyze the oxidation state using
XPS, Krato Analytical, Ultra axis instrument. The morphological
features were analyzed using JEOL JEM 2100 High resolution
transmission electron microscope (HRTEM). Cyclic voltamme-
try (CV) and electrochemical impedance spectroscopy (EIS)
studies were carried out using an electrochemical work station
(SP-150, Biologic, France) at room temperature. The EIS spectra
were measured in the frequency range between 100 kHz and
100 mHz using an applied current amplitude of 100 pA, while
the CV was tested at a scan rate of 0.5 mV s ' between the
operating voltage of 0 V and 3.0 V with lithium being both a
counter and reference electrode. Galvanostatic charge-
discharge test was carried out with a battery tester (WBCS 3000,
Won-A-Tech, Korea) in the voltage range of 0-3 Vat 40 mA g~ .

3. Results and discussion
3.1 XRD analysis

XRD pattern of Co,SnO, particles prepared using different
concentration of LiOH is shown in Fig. 1. It is well known that
the formation of single phase is mainly depends upon the pH or
alkaline concentration of the precursor solution. Fig. 1(a) shows
the XRD pattern of 8 M LiOH (pH = 10) used C0,Sn0O,, where
two different phases of SnO, and Co,SnO, is observed.

This journal is © The Royal Society of Chemistry 2014
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Fig.1 XRD patterns of 950 °C calcined Co,SnO,4 prepared at different
concentration of LIOH. (a) 8 M, (b) 10 M, (c) 12 M, (d) 14 M, (e) 16 M.

However, the high intensity peaks are well matched with the
Co,Sn0, phase (JCPDS file no. 29-0514) and the rest of the peaks
matched with SnO, phase (JCPDS File no. 88-0287). Subse-
quently, more prominent Co,SnO, phase and suppressed
reflection of SnO, phase is observed for using 10 M and 12 M
LiOH solution (Fig. 1(b and c¢)). On the other hand, Fig. 1(d and e)
elucidates the formation of single phase Co,SnO, while using 14
M and 16 M of LiOH. The observed reflections at 17.70°, 29.13°,
34.32°, 35.91°, 41.71°, 51.76°, 55.11°, 60.49°, 71.50° and 72.40°
are indexed and well matched with the standard JCPDS file no.
29-0514. The sharp intensity peaks denoted high crystallinity of
Co,Sn0,. The calculated crystallite size, using Scherrer's equa-
tion, for the strong intensity peak (311) is 104 nm. Using CEL-
REF software, the lattice constant (a = 8.6298 A) and cell volume
(642.6832 A®) are calculated and are in good agreement with the
standard JCPDS file no. 29-0514.

From the above observations, the XRD pattern clearly indi-
cated that SnO, formation is more prominent at lower pH, than
that of Co,Sn0, since the Sn*" ions are easily hydrolyzed and
forms Sn(OH), precipitates at low pH (~3-4). So higher pH or
strong alkaline environment is necessary to form Co(OH),.
According to eqn (1), the hydrolysis constant of aqua complexes
determines the precipitation process that mainly depends upon
the charge and electronegativity of the cations.”

ZZ
pK, = 15.14 — 0.8816{7 +9.60 (X paating — 1.50)} 1)

where, Z is the charge of the ion, r is the ionic radius and Xpauling
is the Pauling electronegativity of the ion. Actually the precipi-
tation starts when only the solution pH approximately equals to
the hydrolysis constant of pK, values. The calculated pK, values
of the Co®" and Sn*" ions are —0.6 and 9.6, respectively,? which
means the Sn*" ions are strong acids compared to Co>* ions.
This may be due to the inductive effect of Sn*" ions. This highly
charged Sn** ion has large polarizing power and strongly pulls
the lone pair of electrons from the oxygen atom and weakens

This journal is © The Royal Society of Chemistry 2014
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the O-H bond.>® Due to large polarizing power of Sn** ions, the
electron density from the coordinated water molecules is
withdrawn to the empty p-orbital of Sn** cation and the solution
becomes more acidic. So in the presence of mild basic condition
Sn*" ions gets hydrolyzed and gives way for the Sn(OH),
formation according to the eqn (2) and (3),

[Sn(H,0)s]"" + H,O — [Sn(OH)(H,0)s** + H;0™  (2)

[Sn(OH)(H,0),]** + 30H ™% [S$n(OH),(H,0),] + 3H,0
(3)

[Co(H,0)J** + 20H" ™% [Co(OH),(H,0),] + 2H,O (4)

According to partial charge model,*® when the two atoms
present in the solution has different electronegativity, both the
atoms tend to equalize the electronegativity in the solution. So
based on the equalization principle, the deprotonation of water
molecules will takes place until the electronegativity of the
[Co(H,0)s]*" precursor solution is equal to the surrounding
water molecules. When pH increases by adding excess of LiOH,
it facilitates charge transfer to take place from the ‘c’ electrons
of coordinated water molecules to the empty d orbital of Co*"
ions, which reduces the positive charge of the aqua complex of
cobalt ions. The complete formation Co(OH),(H,0), (eqn (4))
occurred at strong alkaline environment when the electroneg-
ativity of the aqua complex of cobalt(u) ion is equal to the
electronegativity of the aqueous solution. This equilibrium
condition is called as the isoelectric point. In this equilibrium
condition, protons are delocalized in the hydrogen bonds on
the aqueous solution. So, the rate of hydrolysis of hydrated
cation mainly depends on the charge and electronegativity of
the metal cation.

3.2 TG/DTA analysis

The compound formation temperature, thermal decomposition
as well as the percentage of carbon in the Co,SnO,@C is iden-
tified through TG/TDA analysis. Fig. 2 shows the TGA curve of as
prepared Co,SnO, particles, which indicates six different weight
loss in the measured temperature range. The first weight loss
occurred from room temperature to 160 °C is due to evaporation
of physically adsorbed water molecules (eqn (5a) and 5b). The
observed second weight loss in the temperature range between
160 °C and 219 °C corresponds to the dehydroxylation of
hydrotalcite structure of cobalt hydroxide into brucite phase of
cobalt hydroxide, further confirmed from the exothermic peak
at 217 °C in DTA curve.** The dehydroxylation of brucite phase
of cobalt hydroxide converted into Co;0,4 (eqn (6)) at 219 °C to
270 °C (third weight loss) which is also well consistent with the
DTA curve and it clearly indicates the exothermic reaction of
cobalt hydroxide at 267 °C.** The obtained fourth weight loss
(280 °C to 700 °C), attributes to the phase changes from H,SnO3;
to tin oxide (eqn (7)).** This phase change was substantiated by
the DTA curve, where the exothermic peak at 650 °C corre-
sponds to the removal of water from the H,SnO;. Subsequently,
the Coz;0, phase transformed into CoO phase at 750 °C to 850
°C, (eqn (8)) and DTA also confirms the exothermic reaction at

RSC Adv., 2014, 4, 6407-6416 | 6409
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Fig.2 TG/DTA curve of Co,SnQO4 (a) and magnified image of Il and Il
region (inset) and TGA curve of Co,SnO4@C.

840 °C for the transition of CoO from Co;0,. Finally, there is no
weight loss occurred at above 850 °C, which assured the diffu-
sion of CoO and SnO, into their lattices to form Co,SnO,
particles at the temperature range of 850 °C to 900 °C according
to eqn (9). From the TG/DTA analysis, the compound formation
was confirmed at 900 °C, so calcination temperature was fixed at
950 °C in order to improve the crystallinity and prevent the
formation of impurities such as SnO, and CoO. Fig. 2 shows the
TGA curve of the carbon coated Co,SnO, sample. As mentioned
earlier, TGA can be used to identify the amount of carbon
present in Co,SnO,. The weight loss occurred around at 400 °C
to 700 °C which denotes the evaporation of carbon from the
surface of the active material. The TGA analysis confirms that
27 wt% of carbon is coated on the surface of the Co,SnO,
particle.

[Co(OH),(H,0)4] — Co(OH), + 4H,0 (5a)
[Sn(OH)4(H,0)¢] — H,SnO; + 7H,O (5b)
3Co(OH); — Co304 + 2H,0 + H, (6)
H,SnO3; — SnO, + H,0 (7)

Co0304 — 3Co0 + 1/20, (8)

2Co0 + SnO, — Co0,Sn0y4 9)

3.3 FT-IR analysis

The FT-IR spectra of Co,SnO, and Co,SnO,@C are given in
Fig. 3. Both the spectrum explains the functional group of
Co,Sn0, observed at the wavenumbers of 427 cm™?, 584 cm™*
and 669 cm™'. The sharp absorption peak at 427 cm ™" corre-
sponds to the stretching vibration of Co-O bond.** The broad
absorption band at 584 cm™ " and 669 cm ™' was assigned to the
asymmetric vibration of Sn-O-Sn bond.***® The broad and weak
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Fig. 3 FT-IR spectra of Co,SnO4 and Co,SnO4@C and Raman spec-
trum of Co,Sn0O4@C (inset).

absorption band observed around 3426 cm ™ is ascribed to the
symmetric stretching vibration of -OH groups due to the pres-
ence of adsorbed moisture. Fig. 3 shows the carbon coated
Co,Sn0, sample which indicates a new absorption peak at
1578 cm ' and 1689 cm™ " ascribed to the stretching vibration
of C=C bond and stretching vibration of C=O0. This elucidates
the aromatization of glucose around the Co,SnO, sample con-
verting into carbon layer during the thermal treatment at an
inert atmosphere. Absorption peaks at 2852 cm™' and
2925 cm ' corroborates the symmetric and asymmetric
stretching vibration of C-H bond respectively.>”~**

Raman analysis was carried out to ensure the nature of
carbon coating on the surface of the active material. Fig. 3
(inset) shows the Raman spectra of carbon coated Co,SnO,
which clearly indicates the two broad peaks at 1330 cm ™" and
1605 cm™'. The broad peak at 1330 cm™ " (D-band) corresponds
to disorder induced along the c-axis of graphitic carbonaceous
material and 1605 cm " (G-band) reveals the vibration of sp?
hybridized carbon atoms in graphitic carbon.**' The D and G
band reveals the degree of crystallinity of the carbonaceous
materials.*” The calculated I,/I; ratio was 0.83 which indicates
the highly disorder nature of the carbon layer and high contri-
bution of sp® hybridized disordered carbon.

3.4 XPS analysis

The XPS analysis further elucidates the carbon coating, chem-
ical composition and oxidation state of Co,SnO,. Fig. 4(a) shows
the full scan profile of C-Co,Sn0O, in the region of 0-1000 eV.
The peaks at 780.0 eV, 795.4 eV, 485.0 eV, 493.5 €V, 530.9 eV and
283.3 eV corresponding to the characteristic peaks of Co 2p, Sn
3d, O 1s and C 1s respectively, which clearly indicates the
presence of cobalt, tin, oxygen and carbon atom in the prepared
sample that are free from the impurities. Fig. 4(b) shows the Co
2p region and it deconvoluted peaks, which represents the two
sharp peaks. The sharp peak at 780.0 eV and 7954 eV

This journal is © The Royal Society of Chemistry 2014
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corresponds to the binding energy of spin-orbit doublets of
2ps» and 2p4),. The binding energy separation of the spin-orbit
doublet is 15.4 eV which confirms the existence of Co** in the
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sample and the two satellite peaks at 785.5 eV and 788.7 eV is
associated with the Co®>" and Co®" respectively which is well
consistent with previous reports.>** Fig. 4(c) shows the Sn 3d
region, the binding energy at 485.0 eV and 493.5 eV is related to
the 3ds5,, and 3d;/, and the value of binding energy separation is
8.5 eV.* Fig. 4(b) and (c) reveals that the Cobalt exist in the 2+
and tin exist in the 4 + oxidation state in Co,SnO, sample.
Fig. 4(d) shows the O 2p region, the binding energy of 530.9 eV
is ascribed to the metal-oxygen bonds.*” Fig. 4(e) represents the
C 1s spectrum with sharp and high intensity peak at 283.3 eV
corroborating that the carbon is coated on the surface of the
Co,Sn0, sample during carbonization process.

3.5 TEM and HRTEM analysis

Fig. 5(a) shows the TEM image of the pristine Co,SnO, sample.
The TEM image indicates that the particle seems to be non
uniform in shape. The measured particle size was in the range
of 0.2 pm to 0.42 pm. Fig. 5(b and c) reveals the TEM images of
the Carbon coated Co,SnO, and magnified image of the carbon
coated sample which clearly shows a thick layer of carbon
coating on the surface of the Co,SnO, sample and thickness of
the carbon layer is 15 nm (Fig. 5d). Fig. 5(e) shows the HRTEM
image of the carbon coated Co,SnO, sample which indicates the
d-spacing value of 0.16 nm corresponding to the (511) plane of
cubic phase of C0,SnO, particles. Fig. 5(f) represents the SAED
pattern of carbon coated Co,SnO, sample.

The diffraction rings of the SAED pattern corroborates the
polycrystalline nature of the sample and measured d-spacing
values are 0.3219 nm, 0.2796 nm, 0.2093 nm, 0.1852 nm and
0.1622 nm and corresponding lattice planes are (220), (311),
(400), (422) and (511), respectively. The d-spacing values were in

(f)

(a00)
(220)
@11)

Fig. 5 TEM images of Co,SnOy4 (a), Co,SN04@C (b—e) and SAED pattern of Co,SnO4@C (f).

This journal is © The Royal Society of Chemistry 2014
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good agreement with the XRD results. SAED pattern of Co,S-
nO,@C (inset: Fig. 5(d)) shows the presence of hollow ring
pattern and indicated the presence of amorphous carbon layer
on the surface of Co,SnO, particle.

3.6 Electrochemical studies

Electrochemical properties of Co,SnO, and carbon coated
Co,Sn0, particles are analyzed through cyclic voltammogram
and galvanostatic charge-discharge curve. Cyclic voltammo-
gram is a very useful technique that gives the relevant infor-
mation about oxidation, reduction process and phase
transformations during intercalation and de-intercalation
process of Li" ions Fig. 6 shows the cyclic voltammogram of
Co0,Sn0, and Co,Sn0O,@C sample in the potential window of
0-3.0 V at a scan rate of 0.5 mV s . In the first discharge
process, a sharp reduction peak at 0.65 V or cathodic current is
ascribed to the complex reaction taking place at electrode/
electrolyte interface or electrolyte decomposition (LiPFs — LiF
+ PF5) and many other side reactions that can occur. This leads
to the formation of passive solid electrolyte inter-phase film
(SEI) on the surface of the active materials and decomposition
of Co,SnO, particles leads to the formation of amorphous Li,O
matrix,*** which is indicated in eqn (10) and three anodic
peaks were observed at 0.6 V, 1.4 V and 2.1 V which is ascribed
to the de-alloying process of Li, 4,Sn, oxidation of metallic Sn to
form SnO, and oxidation of Co to form CoO, respectively which
is shown in eqn (11)—(13).%%°

Co,Sn0, + 8Li* + e~ — 2Co + Sn + 4Li,O (10)
Sn + 4.4Li + 4.4e~ © Lis,Sn (11)
Sn + 2Li,O < SnO,+ 4Li + de™ (12)
Co + Li,0 < CoO + 2Li* + 2¢~ (13)
3
21V
2 Dedlithiation t
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Fig. 6 Cyclic voltammogram of Co,SnOy at scan rate of 0.5 mV s~ %,
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Fig. 7 Charge-discharge curve of Co,SnO4 and Co,SnO4@C.

Fig. 7 shows the charge-discharge curve of the Co,SnO, and
C0,Sn0,@C in the potential window of 0 V-3.00 V at a current
density of 40 mA g~ *. The discharge profile shows four plateau
regions at 1.2V, 0.9V, 0.5 V and 0.3 V. The drastic voltage drop
observed from the OCV and followed by short plateau region at
1.2 V corresponds to the lithium ion insertion® into the
Co,Sn0, lattices and large plateau region around 0.9 V is
associated with the reduction and irreversible reaction of
Co,Sn0, along with the formation of lithium oxide matrix. The
small plateau and sloping region at 0.5 V indicates the irre-
versible reaction of the active materials with the electrolyte. The
discharge plateau below 0.3 V is ascribed to the Li-Sn inter-
metallic phase formation. During charging process three
plateau region were observed at 0.5 V, 1.3 V and 2.0 V which is
ascribed to the lithium extraction from the Li, ,Sn, Sn oxidation
and cobalt re-oxidation, respectively.’> The results obtained
from charge-discharge studies were well consistent with the CV
results. The first discharge capacity of Co,SnO, and Co,S-
n0,4@C is calculated to be 1854 mA h ¢! and 1868 mA h g™ *
respectively. The first discharge capacity of 1854 mA h g™*
corresponds to the consumption of 20 moles of Li as repre-
sented in eqn (10)-(13). The first discharge capacity is higher
than theoretical capacity of 1105 mA h g~ " which is calculated
from the consumption of 12.4 moles of Li in the reversible
reaction ascribed to eqn (11)-(13). The large irreversible
capacity observed due to decomposition of electrolyte, active
material and the formation of solid electrolyte interphase and
possible interfacial lithium storage due to charge separation at
the metal-Li,O phase boundary corresponds to eqn (10).%** The
first charging capacity is 1097 mA h g~* and corresponds to a
coulombic efficiency of 59%.

In second cycle, the charge and discharge capacities are
1102 mA h ¢~ " and 1155 mA h g~" which results in enhancing
coulombic efficiency at around 95% due to corresponding
reversible reaction of alloying/de-alloying of Sn, oxidation and
reduction of metallic Cobalt and Sn. In the second cycle, the
charge and discharge capacities of carbon coated sample are
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944 mA h g " and 959 mA h g ' and its coulombic efficiency is
98% due to reversible reaction of eqn (11)-(13). The carbon
coated Co,SnO, sample shows a low discharge capacity when
compared to that of pristine Co,SnO,. The reason behind this
behavior is that carbon has theoretical capacity of 372 mAh g~
and so the mass percentage of carbon content reduces the
theoretical capacity of the active material. Theoretical capacity
of the Carbon coated Co,SnO, sample was calculated as.,**

Ctheoretical = Ccozsnoa (mass percentage of Co,SnO,) + carbon
(mass percentage of carbon) = (1105 mA h g ' x 73%) +
(372 mA h g X 27%) Ciheoreticat = 907 mA h g™ 1.

Fig. (8) shows the discharge capacity versus cycle number of
Co,Sn0, and Co,SnO,@C material at a current density of 40 mA
g~ ". The pristine-Co,Sn0O, sample shows a drastic discharge
capacity loss from 1155 mA h g~ ' to 777 mA h g~ " after 20 cycles
with capacity retention of 67% and it exhibits poor capacity
retention with repetitive cycling. But poor capacity retention is a
general characteristics for metal oxides because during charging/
discharging and alloying/de-alloying processes, volume expansion
takes place which leads to the deterioration of the active material
and improper electrical conduction between the active materials.”
In case of carbon coated Co,SnO, sample, a discharge capacity loss
from 959 mA h ¢~ to 742 mA h g~ with capacity retention of 77%
after 30 cycles shows the better reversible capacity. Qi et al. previ-
ously reported the different thickness of the carbon coating on
Co,Sn0, particle on the application of Li-ion anode material and
thickness of the carbon layer is 2-3 nm and 5-10 nm which shows
the capacitance value of 550 mA h g~ ' and 625 mA h g~ at current
density of 100 mA g~ ' respectively.? But in our case, TEM image
reveals that 10-15 nm range thickness of the carbon is coated on
the active material which gives the better cycling performance and
good reversible capacity when compared with previously reported
carbon coated Co,SnO, sample and the value is 780 mA h g’1 at
current density of 40 mA g~ ". Our result substantiated the previous
result and it is concluded that thickness of the carbon layer mainly
determines the superior behavior of the material. During initial
five cycles, the cycling stability decreases because of partial
formation and decomposition of SEI film on the active material
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Fig. 8 Cycling stability and Coulombic efficiency of Co,SnO,4 (20
cycles) and Co,Sn0O4@C (30 cycles) at current density of 40 mA g 2.
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which reduces the coulombic efficiency of the material. After few
cycles, the stable SEI film persist on the active material surface
which act as a passivating layer and also restricts the direct inter-
action between the electrode and electrolyte and it facilitates the
improvement of coulombic efficiency and cycling stability of the
material. The cycling stability curve evidences that carbon coated
Co,Sn0, sample delivers good capacity retention compared to that
of pristine Co,SnO, sample and thereby elucidates that carbon
coating on the surface of the active material prevents the
agglomeration of the active material and maintain their structural
stability. At the same time, carbon coating keeps the electrical
conduction between the active material as well as it acts as a
buffering matrix during charging and discharging process.*

EIS is a technique that is used to analyze the electrode
kinetic process as well as impedance of the cell. Impedance
analysis shows the contribution of electrolyte resistance,
surface film resistance and solid state diffusion of Li ions
through the bulk of the active material. EIS analysis was carried
out using fresh cell at open circuit voltage condition. Fig. 9(a)
shows the Nyquist plot drawn between the real and imaginary
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Fig. 9 (a) The EIS spectra of Co,SnO,4 and Co,Sn0O4@C and their
corresponding equivalent circuits (inset) and (b) Randles plot of
Co,Sn0O4 and Co,SnO4@C.
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Table 1 Fitting values of EIS spectra

o Dpis X 10714
Sample Name R, (@) Resfrer)y () CPE (F) (Qs™ ) (em*s™7)

Co0,Sn0, 4.9 68.3 83.3 5.65 1.97
Co0,SnO,@C 4.7 56.4 62.8 5.09 2.43

part of the resistance measured at frequency range of 100 kHz to
100 mHz. The Nyquist plot shows three regions. (i) A high
frequency region (above 20 kHz), which is contributed by the
ionic conduction through the electrolyte and it shows the pure
resistive behavior because of Z,, part close to zero and there is
no contribution of constant phase elements. (ii) Middle
frequency region or semicircle (10 kHz to 10 Hz) indicates the
charge transfer process through the solid electrolyte interphase
film. (iii) The low frequency region (below 10 Hz) corresponds to
the diffusion of Li" ions to the active material and semi infinite
diffusion element due to the presence of the metallic current
collector interface which blocks the diffusion of Li* ions.*

The experimental EIS spectra was fitted with an equivalent
electrical circuit model and it is shown in inset Fig. 9(a) which
consist of various circuit elements in series connection con-
sisting of Ry, Rsfrc//CPEy, Ri//Cy and W,,. Here, R is the elec-
trolyte resistance, Rsf:cq) is the surface film and charge transfer
resistance, CPE is the constant phase elements which is due to
roughness and inhomogeneity of the electrode, Ry is the polar-
ization resistance, C is the intercalation capacitance and Wy, is
the Warburg impedance. EIS fitting values are shown in table 1
which indicates that electrolyte resistance (R) is almost same,
but different values of R determines the performance of the
active material. The Rsficr) values of Co,SnO,4 and Co,Sn0,@C
are 68.3 Q and 56.4 Q, respectively. Generally electrochemical
performance of the active material mainly depends on the
thickness of the SEI film and grain-grain boundary condition.>®
In the present case, thickness of the SEI film determines the
electrochemical activity of the sample. At middle frequency
region, Co,SnO, sample shows the higher R:c values as
compared to carbon coated Co,SnO, sample.

The higher Rgg; value is attributed to the formation of thick SEI
film on the surface of the active material because pristine
Co,Sn0,, often exposed to the electrolyte, results in continual
formation of very thick SEI films. This impedes the charge
transfer and diffusion process of Li" ions and it consumes the Li"
ions during intercalation and de-intercalation process that leads
to capacity fading and low Coulombic efficiency.® On the other
hand, carbon coated Co,SnO, shows the low Rgg; value indicating
the lesser thickness of the SEI film formed as compared to pristine
one. Since carbon coating is to prevent the direct electrode-elec-
trolyte interaction, it restricts the continuous rupturing and
reformation of SEI film and thereby makes a stable SEI film
formation on the surface of the carbon. The stable formation of
SEI film reduces the thickness of the SEI film and shows the lower
charge transfer resistance between electrode-electrolyte interfaces
which increases the coulombic efficiency of the active material.*
And also lower charge transfer resistance of carbon coated
Co,Sn0, sample could enhance the kinetics of the material.**
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EIS is also used to evaluate the diffusion coefficient of Li*
ions on the active material. The diffusion coefficient calculated
by the following eqn (14),

Dyi+ = RPT* 24 n*F* C?o? (14)

where, n is the number of electrons per molecules during oxida-
tion, A is the surface area of the active material, D is the diffusion
coefficient of lithium ion, R is the gas constant, T is the absolute
temperature, F is the Faraday constant, C is the concentration of
lithium ion and o is the coefficient of the Warburg impedance. ‘o’
value is calculated from the slope of the linear plot between the
real part of the impedance (Z') and inverse square root of the
frequency (v~ %) at low frequency region or Warburg region (1-
0.1 Hz) which is shown in Fig. 9(b). Since the diffusion of Li* ions
taking place in the active material can be calculated from the data
obtained at low frequency region at a phase angle of 45° to the real
axis. The coefficient of Warburg impedance (o) is related to
Warburg factor and is given by eqn (15),

Zw = Rs + Rct to 0)71/2 (15)

The calculated value of diffusion coefficient of Li* ions is
1.97 x 10" em® s and 2.43 x 10" em” s™' corresponding
to the Co,Sn0O, and carbon coated Co,SnO, sample. The diffu-
sion coefficient is lower for pristine Co,SnO, and increases after
coating on the carbon to the pristine Co,SnO,4. The higher
diffusion coefficient of Core-shell structure increases the elec-
trode kinetics of the Li" ions. From this result, we have
concluded that, carbon coating is one of the important strate-
gies to enhance lithium ion diffusion by increasing the elec-
tronic conductivity of the material.

4. Conclusion

In summary, Co,SnO, particles were successfully synthesized by a
sonochemical method and carbon coated Co,SnO, particles were
achieved using glucose as a carbon source. The compound
formation temperature and pH dependence of compound forma-
tion were identified through TGA/DTA and XRD analysis, respec-
tively. TGA analysis showed that 27 wt% of the carbon is coated on
the pristine Co,SnO, sample. HRTEM analysis confirms the
encapsulation of carbon around the Co,SnO, particles and the
coating thickness was measured to be 15 nm. The electrochemical
performance suggests the carbon encapsulated Co,SnO, particle
shows an excellent cycling stability with the capacity retention of
81% after 20 cycles. From EIS analysis, the reduced charge-transfer
resistance obtained for carbon encapsulated Co,SnO, suggested
that the enhanced electrochemical performance can be attributed
to the improved electrical conductivity.
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