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Spinel Co,TiO4 is synthesised using a polymeric precursor method and used as an efficient negative
electrode for Li-ion batteries. Precise full-profile Rietveld refinement proves the formation of a single-
phase cubic spinel structure with a lattice parameter of a = 8.4190(9) A, which corresponds to the
sample composition of Co,.05Tig9504. Subsequently, a carbon coating around Co,TiO4 is achieved
through a simple hydrothermal method. TGA analysis implies that Co,TiO4@C consists of 17 wt%
carbon, and the presence of D and G bands was confirmed through Raman analysis. Transmission
electron microscopy (TEM) is employed to probe the morphological features, as well as to confirm the
carbon coating on Co,TiO4. It shows non uniform shape particles with sizes in the range of 400-750
nm and that the thickness of the carbon coating is 10 nm. The superior electrochemical performance
of Co,TiO4@C is confirmed by a higher initial discharge—charge capacity (1283/418 mA h g™, high
diffusion coefficient (1.76 x 107 cm? s%/?) and lower Rt (after 50 cycles). This is attributed to the
increased electrical conductivity and the creation of new active sites due to the synergistic effect of
the carbon matrix on Co,TiO4, thereby making it a promising candidate for lithium ion battery
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1. Introduction

Nowadays, research work is moving to the next paradigm by
modifying either anode or cathode materials to achieve higher
energy and power densities of lithium ion batteries.'”
Currently, graphite or Li,TisO;, are used as anode materials
while lithium based layered (LiCoO,), olivine (LiFePO,) and
spinel (LiMn,0,) structured materials act as cathodes.*®
Graphite has several features including a high capacity (372 mA
h g') and flat working potential (0.2 V vs. Li*/Li). But several
demerits like the formation and growth of lithium dendrites at
lower potentials cause safety issues, while a lower diffusion
coefficient leads to poor rate capability.” On the other hand,
Li,Ti;O,, is considered as one of the alternative sources to
graphite anodes, which operates at a 1.5 V (vs. Li'/Li) working
potential. This restricts electrolyte decomposition and forma-
tion of lithium dendrites, thereby giving further assurances
such as safety along with zero strain during Li" intercalation/de-
intercalation, leading to good cycling stability and high rate
capability of the material.®* However, high working potentials
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and low theoretical capacities are the main issues for enhancing
the energy density of Li-ion batteries. Therefore, the commer-
cially introduced graphite and Li,TisO,, should be replaced by
alternative anode materials which are safe and have high energy
and power densities for application in electric vehicles.

In this perspective, much research work has been empha-
sized to find new titanium based anode materials. Recently, Lin
et al. studied TiNbgO;; and Ti,Nb;,0,, as novel anode materials
for Li ion batteries, which have a discharge capacity of 178 mA h
g ' and 90 mA h g™ " after 100 cycles at 5C rate.® Goodenough’s
group have investigated TiNb,O; as a new anode material with
a high voltage of 1.6 V vs. Li'/Li. It delivers a large reversible
capacity of 285 mA h g~ at 0.2C over 30 cycles with 98%
capacity retention without any SEI layer formation.' Ternary
titanium based complexes such Li,CoTi;Og and Li,ZnTi;Og are
anticipated to be good anode materials for Li ion batteries, with
a high specific capacity and good cycling stability."*> Hong
et al. recently proposed Zn,Ti;Og as a new anode material for
LIBs with excellent cycling stability and large capacity.”® These
results reveal that titanium based complex oxides are promising
anode materials because of their outstanding cycling stability
and high rate capability. Jiang et al. have analyzed the core-shell
structure of CoO-CoTiO; integrated hybrid nanotube arrays
(NTs) which have a capacity of 237 mAh g " at 4 A g~ " which is
high compared to bare CoO nanowires (210mAhg *at4Ag™ ).
The outer CoTiO; shell contributes less capacity, but
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accommodates the volume change and preserves the
morphology of the core-CoO particles during lithium insertion/
deinsertion.™

In the present study, a new electrode of Co,TiO, for Li-ion
batteries is proposed. The Co,TiO, has an inverse spinel
((Co™[Co**Ti**]0,) structure, in which Co®>" ions occupy tetra-
hedral sites and one half of the octahedral sites, whereas the
other half of the octahedral sites are occupied by Ti** ions.**”
Here, Co,TiO, particles are prepared using a polymeric
precursor method and the uniform core-shell structure of
Co,TiO,@C is obtained through an ex situ hydrothermal
method. The polymeric precursor method is one of the simplest
ways to produce Co,TiO, particles. The main advantages of the
polymeric precursor method are the low cost, good chemical
homogeneity at the molecular level, well controlled stoichiom-
etry, high crystallinity and phase purity at low temperatures.”***
On the other hand, other wet chemical methods such as co-
precipitation and hydrothermal methods lead to the forma-
tion of biphasic solid solutions and non-stoichiometric
compounds.’®" Electrochemical studies elucidate that Co,-
TiO4@C shows a high specific capacity of 205 mAh g~ " at 50 mA
g~ " over 50 cycles and when the current density was increased to
200 mA h g it still delivers a reversible capacity of 132 mA h
g~ with a capacity retention of 64%. The superior cycling
stability and rate capability are achieved through the interca-
lation behaviour of Co,TiO, and the enhancement of electronic
conductivity by means of the carbon shell.

2. Experimental methods
Preparation of spinel Co,TiO, particles

Spinel-Co,TiO, is prepared using a polymeric precursor method
using citric acid as a chelating agent, while ethylene glycol acts
as a polyesterification agent. Stoichiometric values of cobalt
nitrate and titanium isopropoxide are used as the starting
materials. Firstly, titanium isopropoxide is dissolved in aqueous
citric acid solution and converted into a titanium citrate solu-
tion. The molar ratio of metal cations to citric acid was kept at
1:3.»* Subsequently, the cobalt nitrate solution is added to
the titanium citrate solution under magnetic stirring and stir-
red continuously for 1 h to attain a homogeneous solution. The
ethylene glycol is added to the solution in a 60 : 40 weight ratio
(ethylene glycol/citric acid). The above mixture is kept at 80 °C
to induce the citrate polymerization process, which produces
a transparent polymeric resin with slow evaporation of the water
molecules. Finally, an exothermic reaction takes place when the
polymeric resin was preheated at 300 °C for 1 h under an air
atmosphere. The preheated sample was ground well and further
calcined at different temperatures to attain phase pure Co,TiO,.

Preparation of spinel Co,TiO,@C particles

A simple and facile hydrothermal method was used to obtain
a uniform core-shell structure of carbon coated Co,TiO,.
Initially, 0.4 g of Co,TiO, particles are dispersed in 40 mL of
distilled water and ultrasonicated for 20 minutes. 0.8 g of
glucose is added to the above solution and the process is
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continued for a further 30 min. The final solution was trans-
ferred into a 75 mL Teflon-lined stainless steel autoclave, sealed
and maintained at 180 °C for 12 h. The hydrothermal set-up was
naturally cooled down to room temperature and the obtained
solid product was washed several times with distilled water and
ethanol to remove the organic products and remaining ion
residue. The sample was dried at 80 °C for 12 h under an air
atmosphere. Finally, carbonization was carried out at 500 °C
under an argon atmosphere.

Structural characterization and electrochemical
measurements

X-ray diffraction analysis was carried out using a D2 PHASER
desktop diffractometer with a Cu-K,, (1.54186 A) radiation source
with a step size of 0.02°. TGA analysis was carried out using
a Pyris 1 TGA model instrument with a temperature range from
30 °C to 900 °C at a heating rate of 5 °C min~"' and nitrogen gas
flow rate at 20.0 mL min~". Raman analysis was performed for
the carbon coated sample using a Renishaw invia Raman
microscope instrument using a He-Ne laser (633 nm) as the
excitation source in the frequency range of 100-3300 cm ™. XPS
analysis was carried out to analyze the oxidation state of our
samples using an XPS, Krato Analytical, Ultra axis instrument.
The morphological features were analyzed using a JEOL JEM 2100
high resolution transmission electron microscope (HRTEM).

Electrochemical characterizations of the synthesized
samples were performed using a CR2032 coin cell. The working
electrodes were prepared with active material, Ketzen Black (KB)
as a conductive additive and Teflonized acetylene black (TAB) as
a binder in the ratio of 75 : 15 : 10 (wt%) using ethanol as the
solvent. The resultant electrode film was pressed over a stain-
less steel current collector, followed by drying at 160 °C for 4 h
before being used in the cell. The average loading of the cells
was maintained at ~5 mg cm ™. The cell consists of the active
material as the working electrode and a metallic lithium foil as
the counter electrode, separated by a polypropylene separator
with 1 M LiPFs dissolved in ethylene carbonate/dimethyl
carbonate (EC: DMC) 1:1 (v/v) as the electrolyte. Cyclic vol-
tammetry (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 0.1 mV s~ ' between the
operating voltages of 0 V and 3.0 V vs. Li/Li'. A galvanostatic
charge/discharge test was carried out with a battery tester
(WBCS 3000, Won-A-Tech, Korea) in the voltage range of 0-3 V
under different current densities ranging from 50 mA g~ * to 500
mA g~ '. For the ex situ XRD analysis, multiple identical cells
were made and discharged/charged to different voltages and
maintained at that voltage for 3 h. They were then dismantled in
a glove box, the composite electrode containing Co,TiO,@C was
recovered and washed thoroughly with the solvent DEC to
remove the electrolyte. Then, they were dried at 80 °C in
a vacuum oven. For the ex situ XRD, the electrodes were
mounted along with Cu foil.
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3. Results and discussion

The phase formation of Co,TiO, was analyzed using the X-ray
diffraction technique (XRD). Fig. 1 shows the XRD patterns of
the as prepared Co,TiO, (a) and the samples calcinated for 5 h
at 600 °C (b), 700 °C (c), 800 °C (d) and 900 °C (e). XRD exami-
nation revealed that the as-prepared sample shows a multi-
phase composition consisting of Co;0,4, CoTiO; and Co,TiO,
phases (JCPDS cards no. 78-1970, 77-1373 and 39-1410,
respectively). The samples calcinated at 600 °C and 700 °C show
similar phase compositions (Fig. 1(b) and (c)). The increase in
the relative intensities of the peaks of CoTiO; and Co3;0, phases
could be explained by improving the crystallinity of both these
phases as a consequence of the calcination for 5 h. Increasing
the calcination temperature up to 800 °C led to a remarkable
improvement of the phase composition of the Co,TiO, sample
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Fig. 1 XRD patterns of (a) as-prepared and (b—e) calcinated Co,TiO4
at different temperatures, 600 °C, 700 °C, 800 °C and 900 °C for 5 h,
respectively.
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(Fig. 1(d)). The reflections of parasitic CoTiO; and Co;0, phases
disappear completely, thus only traces of CoTiO; impurities
could be detected in the pattern. Further increasing the
temperature to 900 °C allows us to obtain a single phase
Co,TiO, specimen with a cubic spinel structure (Fig. 1(e)). All
observed diffraction maxima correspond to the JCPDS standard
data for Co,TiO, (file no. 39-1410). Corresponding Akl indices
are depicted in Fig. 1(e).

Full-profile Rietveld refinement entirely confirms the phase
purity and cubic spinel structure of the Co,TiO, sample. The
refinement procedure was performed in space group Fd3m
based on the structural model, in which the Co*" ions occupy
tetrahedral 8(a) and half of the octahedral 16(d) sites, whereas
the other half of the octahedral sites are occupied with Ti*"
species. Oxygen species are located in the general 32(e) sites
(Fig. 2c). Refinement of the lattice parameters and oxygen
coordinates, together with isotropic displacement parameters
of all atoms shows an excellent fit between the experimental and
calculated profiles (Fig. 2(a)) and led to the final atomic
parameters and residuals presented in Table 1.

Refinement of the site occupancy of the octahedral and
tetrahedral sites did not reveal detectable deviations from the
nominal Co,TiO, composition. However, the refined value of
the lattice parameter @ = 8.4190(9) A is somewhat smaller than
the literature data for Co,TiO, (a = 8.4348 A, JCPDS file 39-
1410). A possible reason for this may be due to the formation of
a C0,.,Ti; O, solid solution with a small Co excess. According

Table 1 Crystallographic data for Co,TiO4 (S.G. Fd3m, R, = 0.055,
R, = 0.131)

Lattice parameter ~ Atoms, sites X Y 4 Biso/eq., A?
a = 8.4190(9) A Col, 8a 1/8 1/8 1/8 0.7(2)
Co2¢, 16d 1/2 12 1/2  0.9(2)
0, 32¢ 0.2578(8) x  x  2.4(4)

¢ Oceupation: Co2 = 0.5(2)Co”" + 0.5(2)Ti*".
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Fig. 2

(a) Graphical results of the Rietveld refinement of the Co,TiO,4 structure. The experimental XRD pattern (blue circles) is shown in

comparison with the calculated pattern. The difference between the measured and calculated profiles is shown as a curve below the diagram.
The short vertical bars indicate the positions of diffraction maxima. (b) Compositional dependence of the lattice parameter in the Co,CoO4-
Co,TiO4 system and (c) view of the Co,TiO4 inverse spinel structure as a packing of Co/TiOg octahedra and CoO, tetrahedra.

69018 | RSC Adv., 2016, 6, 69016-69026

This journal is © The Royal Society of Chemistry 2016


http://dx.doi.org/10.1039/c6ra11251j

Published on 20 July 2016. Downloaded by Washington University in St. Louis on 26/07/2016 10:27:02.

Paper

to Yankin et al,** the boundary of Co,.,Ti; O, solid solution is
enriched in cobalt with decreasing temperatures. It should also
be noted that the unit-cell parameters of Co,TiO, could depend
on the sintering conditions, such as temperature and oxygen
pressure,'”** and can be caused by oxygen nonstoichiometry.
From the comparison of the lattice parameter obtained for the
Co,TiO, sample with the literature data of Co,TiO, and Co30,
(Co,C00,4) phases, the composition of the solid solution is
estimated to be Co0,.¢5Tig.0504 (Fig. 2(b)).

Fig. 3(a) shows the XRD pattern of the carbon coated Co,TiO,
particles, in which all the diffraction peaks coincide well with
the cubic crystal structure of spinel Co,TiO, (JCPDS card no. 39-
1410) phase without impurity phases. The broad diffraction
peaks appearing at 22° to 25° correspond to the (002) plane of
low crystalline amorphous carbon which was confirmed from
standard JCPDS card no. 89-8487. In order to find the weight
ratio of the outer carbon shell TGA was carried out in the
temperature range of 30 to 900 °C in an air atmosphere (Fig. 3b).
The steep loss around 420 to 580 °C is due to the decomposition
of outer shell carbon into carbon dioxide by reacting with
oxygen. This confirms the composition of the inner core active
material to be 83% and the outer carbon shell having 17 wt%.

The presence of the carbon coating on Co,TiO, is further
confirmed by Raman spectroscopy. Co,TiO, has an inverse
spinel structure with an Of, (Fd3m) space group, which consists
of 56 atoms (Z = 8) in the unit cell while the small Bravais lattice
has only 14 atoms (Z = 2). All of these give three acoustic and 39
optical modes (42 vibrational modes). According to group
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Fig. 3 (a) XRD pattern and (b) TGA curve of carbon coated Co,TiO4.
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theory analysis, it represents an irreducible representation of
phonon modes at the Brillouin zone centre,**

I'=Ag(R) + Eg (R) + Ty + 3Ta, (R) + 2A,, + 2E, + 5T, (IR) +
2T2u

Generally, an inverse spinel structure exhibits five Raman
active modes (A, + E + 3T,,), five infrared active modes (5T, )
and the remaining optical modes are silent modes (Tyg + 24,5, +
2E, + 2T,,). Fig. 4(a) shows the six phonon modes of Co,TiO, at
216, 259, 323, 374, 517 and 681 cm ™~ '. The phonon modes at 681
and 323 cm ™' are assigned to the Az and Ty, (2) symmetries
that correspond to the symmetric and asymmetric stretching of
O atoms with the metal ions in the AO, tetrahedron, and the
peak located at 216 cm™ ' represents the T,, (1) mode that
relates to the translation of the BOg octahedron against the A
cation.?® The phonon modes at 259 and 374 cm™ " are assigned
to the symmetries of E, and T,, (3), respectively, which corre-
spond to the symmetric and asymmetric bending motion of
oxygen in the AO, tetrahedron. The Raman mode at 517 cm ™" is
associated with the order-disorder of Co and Ti ions in the
octahedral and tetrahedral sites.>” The appearance of additional
Raman modes was due to the following factors: (i) lower crystal
symmetry in the crystal structure, (ii) formation of a solid
solution and (iii) the presence of vacancies, which are non-
predictable by the group theory.”® The observed Raman spec-
trum of Co,TiO, agreed well with the previous reports.” No
other peaks are observed relating to Coz0,, CoO and TiO,,
which elucidates the phase purity of sample. On the other hand,
the Raman spectrum of Co,TiO,@C shows phonon modes at
682.2 and 529 cm ™' (Fig. 4(b)) and the wave numbers are blue
shifted from the pristine sample, which may be due to the local
symmetry disorder and cation disorder of the cubic spinel
structure, as observed from previous reports.** Two new bands
arise at 1361 and 1597 cm ', which correspond to the A,
vibration mode of the D-band (disordered carbon) and E,,
vibration mode of the G-band (graphitic carbon) (inset:
enlarged view). The A, vibration is related to the vibration of
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Fig. 4 Raman spectra of (a) Co,TiO4 and (b) carbon coated Co,TiO4
(inset: enlarged view).
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dangling bonds in the plane edges of disordered carbon and the
E,, mode corresponds to the sp>bonded carbon atoms in a 2-
dimensional graphitic layer which implies that Co,TiO, parti-
cles are enfolded within a thin layer of carbon.***> The D: G
band ratio is one of the important factors which determines the
electronic conductivity of the active material.*®* The low D : G
band ratio (~0.77) assures that better electronic conductivity
facilitates to enhance the electrochemical properties of the
pristine material.

The species and chemical state of the elements in the carbon
coated Co,TiO, is analyzed using X-ray photoelectron spec-
troscopy. Fig. 5(a) shows the complete survey spectrum of the
Co,TiO,@C sample with the presence of Co, Ti, O and carbon
elements. The de-convoluted spectrum of cobalt is given in
Fig. 5(b), which indicates the presence of two main peaks at
781.37 and 797.25 eV and two satellite peaks at 786.53 and 803.3
eV. The peaks located at 781.37 and 797.25 eV correspond to the
binding energies of Co 2p3,, and Co 2p,,,, which are associated
with the Co>" component. The shakeup satellite peaks at 786.53
and 803.3 eV indicate the presence of the Co** element.?** In
Fig. 5(c), two spin-orbit splitting is observed at 458.6 and 464.5
eV corresponding to Ti 2ps, and Ti 2p,/,, which indicates the
presence of Ti in a +4 oxidation state.*® Fig. 5(d) shows the de-
convoluted O 1s spectrum of oxygen. The peak sitting at
530.75 eV refers to lattice oxygen sitting in the metal-oxygen
(Co-O and Ti-O) framework in the crystal structure, while the
peaks located at 531.91 and 533.91 eV suggest in physically
adsorbed molecules (OH~ and CO>") and lattice defects due to

View Article Online
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low coordination of adsorbed molecules on the surface of the
samples, respectively.’” The de-convoluted spectrum of C 1s is
shown in Fig. 5(e) which indicates the presence of functional
groups in the amorphous carbon. The observed high intensity
peaks at 284.6, 286.15 and 288.69 eV correspond to the sp*
hybridized carbon (C-C), carbonyl groups and carboxylate (O-
C=0) functional groups in the carbon.?®

The morphology of the pristine and carbon coated sample
was characterized by FE-SEM and HRTEM analysis. Fig. 6(a) and
(b) show the FESEM and HRTEM images of Co,TiO, particles
which show the non-uniform shape of the micrometer sized
particles with their sizes distributed in the range of 400 to 750
nm. Fig. 6(c) shows the HRTEM image of Co,TiO,@C particles
which clearly confirms the homogeneous presence of amor-
phous carbon around the particles and the thickness of the
carbon coating is approximately 10 nm.

The electrochemical properties of the material were studied
using various techniques including cyclic voltammetry (CV),
charge discharge (CD) analysis and electrochemical impedance
spectroscopy (EIS). Fig. 7(a) and (b) show the galvanostatic
charge-discharge curve of the pristine and carbon coated
Co,TiO, samples at a constant current density of 50 mA g~ . In
the first cycle, the discharge curve shows two regions, a plateau
followed by a sloping region. The plateau region appearing at
0.80 V vs. Li/Li" corresponds to the reduction of organic elec-
trolyte and the sloping region is attributed to the phase tran-
sition of the active material during the lithiation process. The
initial discharge capacity of 1204 mA h g~ ' was obtained due to
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Fig. 5 (a—e) XPS survey spectrum, Co 2p, Ti 3p, O 2p and C 1s regions of Co,TiO4@C.
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Fig. 6 (a) FESEM image of Co,TiO4 and (b and c) HRTEM images of Co,TiO4@C.

the insertion of 10 mole of lithium ions into the active mate-
rial.***® The observed 1°* discharge-charge capacities are 1204/
403 mA h g~' for Co,TiO, and 1283/418 mA h g~ ' for Co,-
TiO,@C with coulombic efficiencies of 33.47 and 32.57%,
respectively. The high irreversible capacity loss and low
coulombic efficiency in the first cycle is attributed to the
reduction of electrolyte and the formation of a SEI film.** In the
10™ cycle, feeble capacity fading is observed due to the unstable
formation of a solid electrolyte inter-phase film, and their
coulombic efficiency is linearly increased to 99 and 97% for
Co,TiO, and Co,TiO,@C, respectively. After 10 cycles, they

Li,Co,TiO,

(a)
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Fig. 7 (@ and b) Charge-discharge curves of Co,TiO4 and
COzTiO4@C.
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show stable discharge capacities of 138 and 205 mA h g™ *,
which elucidates the insertion of 1.14 and 1.73 mole of Li* ions
in the pristine and carbon coated Co,TiO, over 50 cycles. This
observation implies that the core-shell structure of Co,TiO,@C
exhibits an excellent electrochemical performance compared to
the pristine sample.

The cycling stability of pristine and carbon coated Co,TiO, at
a current density of 50 mA g~ ' is shown in Fig. 8(a). It shows
a high irreversible discharge capacity at the initial cycles fol-
lowed by a few cycles of feeble capacity fading. A stabilized
capacity of 137 and 205 mA h g~* for Co,TiO, and Co,TiO,@C
over 50 cycles was observed with capacity retentions of 37.39%
and 49.12% respectively. High capacity retention and good
reversibility are attained through the uniform encapsulation of
amorphous carbon on the Co,TiO, particles which increase the
electronic conductivity and transfer of lithium ions. And also it
deliberately shows a high specific capacity compared to recently
reported lithium ion insertion anode materials.*>** Yan et al.
recently reported that carbon coated Li TisO;, anodes deliver
a stable discharge capacity of 160.7 mA h g~ ' at a 0.1C rate after
20 cycles.” Yang et al. reported a single crystalline TiO, cube that
shows a reversible specific capacity of 203 mA h g™ " at a current
rate of 0.5C after 100 cycles.”® The rate capability of Co,TiO, and
Co,TiO,@C was carried out for different current densities in the
potential window of 0.01-3.0 V as shown in Fig. 8(b). As the
current density linearly increased from 50, 100, 200, 300, 400 and
500 mA g~ ', the discharge capacity values of Co,TiO, were found
to decrease linearly from 235, 159, 90, 70, 57 and 48 mA h g~ .
Meanwhile the corresponding discharge capacities of Co,-
TiO,@C were found to be 261, 196, 132, 95,75 and 64 mAh g~ ",
which is better than that of the pristine material. Again, when
the current density was reverted back to 50 mA h g~ the pristine
and carbon coated samples maintain reversible capacities of 198
and 217 mA h g7, respectively, which clearly explains the good
rate capability of the Co,TiO,@C material. The good electro-
chemical performance of Co,TiO,@C can be explained as
follows: (i) the direct contact between the pristine Co,TiO, and
the electrolyte during the cycling process leads to agglomeration
of particles and volume change that destroys the structural
integrity, which leads to poor electronic conductivity. On the
other hand, the protective shield of the carbon layer around the
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Fig. 8 (a) Cycling stability and (b) rate capability curves of Co,TiO4 and
COzTiO4@C4

Co,TiO, restricts the growth of secondary agglomeration and
improves the electronic conductivity between the particles. (ii)
The carbon matrix also acts as a buffer layer that can accom-
modate the volume change and keep the structural integrity of
the electrode material for long cycles. The core shell structure
increases the electroactive sites thereby making more channels
for electrolyte accessibility and lithium insertion/extraction
minimizing the ionic resistance.** So all these properties
collectively contribute to the enhanced electrochemical perfor-
mance of the Co,TiO,@C particles.

The electrochemical oxidation/reduction reaction and phase
transition during the charging/discharging process are identi-
fied through CV analysis in the voltage range of 3.0-0.01 V vs. Li/
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Li" as shown in Fig. 9(a) and (b). The Co,TiO, and Co,TiO,@C
show similar kinds of electrochemical reaction but Co,TiO,@C
covers a high current area and well defined redox peak ascribed
to a better electrochemical performance than Co,TiO,. In the
first cycle (Fig. 9(b)), three distinct cathodic peaks are observed
at 1.30, 0.58 and 0.02 V vs. Li/Li". The small reduction peak at
1.30 Vis attributed to the insertion of a small amount of lithium
ions into the spinel-Co,TiO, crystal structure.*® The sharp
reduction peak observed at 0.58 V is attributed to the solid
electrolyte interface (SEI) film formation, which is built up on
the surface of the electrode material caused by electrolyte
decomposition which leads to high irreversible capacity loss in
the first few cycles. Co,TiO4 was reduced into Co, TiO, and Li,O
followed by a phase transition from TiO, to Li,TiO, as described
in eqn (1) and (2).**** The reduction peak at 0.01 V corresponds
to lithium insertion into the conducting agent and binder
additives.”” After the first cycle the cathodic/anodic peak gets
stabilized at 1.55/1.65V, 1.23/2.10 V, 0.83/1.29 V and 0.01/0.78 V
as shown in Fig. 9(c). The redox pairs located at 1.55/1.65 V and
1.23/2.10 V are due to the lithium ion insertion/extraction from
the TiO, (B) and conversion reaction (reduction/oxidation) of
cobalt oxide according to eqn (3).****® An unknown redox pair
appearing at 0.83/1.29 V cannot be justified clearly because it is
not related to the reduction/oxidation reaction of Ti**/Ti** and
Co>*/Co°. However, the redox potential merely coincides with
the conversion reaction of the Li,CO; component as compared
to earlier reports.*”** Li,CO; mainly originates from the elec-
trolyte decomposition of organic solvents during the discharg-
ing process, which forms the SEI layer along with inorganic
species such as Li,0O, LiF and Li,CO;. The Li,O and LiF forma-
tion and decomposition was electrochemically favorable for the
conversion reaction of transition metal oxide anodes, but the
decomposition into Li,COj; is not clear yet.>* According to Su
et al., the discharge process of transition metal oxides (MOy)
yields a nanosized transition metal along with the formation of
Li,O. The yielded nanosized transition metal acts as an excel-
lent electro-catalyst, which easily reduces the Li,CO;3; through
a catalytic conversion reaction mechanism.* According to eqn
(1), the yielded Co° nanoparticles facilitate the -catalytic
conversion reaction of the Li,CO; species. In the catalytic
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Fig. 9 (a and b) CV curves of Co,TiO4 and Co,TiO4@C, and (c) 3™ cycle of Co,TiO4@C.
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conversion reaction, Li,CO; (C*) is reduced into lower valence
C*" and C° followed by the formation of Li,O with Li*/electron
transfer according to eqn (4) and this process causes the
decomposition of the SEI layer during the cycling process.'* The
redox pair located at 0.01/0.78 V corresponds to the Li-ion
insertion and extraction into/from the carbon black and
binder. The electrochemical reaction mechanism has been
described with the aid of CV analysis and previous reports as
follows, 549

Co,TiO, + 4Li* + 4¢~ — 2Co + TiO, + 2Li,O (1)
TiO, + xLi* + xe~ — Li, TiO, (2)

LIXT102 + ZCO + 2L120 Ad
2C00 + TiO, + (4 + x)Li" + (4 + x)e~ (3)

LizCO3 + SLIJr + 5¢ < 05L12C2 + 3L120 (4)

The ex situ XRD pattern of Co,TiO, was analyzed after the
first charge-discharge cycle as shown in Fig. 10. It is well known

Discharge

Intensity (a. u)

20 (degree)

Fig.10 The ex situ XRD pattern after the first discharging and charging
process.
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that during the first discharge reaction from the OCV to 0.01 V,
the crystal structure of the starting material is destroyed fol-
lowed by the reduction of metal ions into metal nanoparticles,
as demonstrated in previous reports.*® In order to confirm the
above mechanism in the case of Co,TiO4, ex situ XRD was
conducted on multiple cells after the initial charge and
discharge process, as described in the experimental section.
The XRD pattern after the initial discharge of the electrode to
0.01 V indicates the absence of Co,TiO, diffraction peaks and
new kinds of phases like Li,COs3, Li,O, Li,C,, Co and Li, TiO,
appeared. These new phases assured that during the first
discharge process, the Co,TiO, crystal structure decomposed
into metallic Co and Li,TiO,, as well as the electrolyte decom-
position facilitating the formation of Li,CO; and Li,O. Again,
the metallic Co acts as a catalyst which reduces the Li,CO; into
Li,C, and Li,O. When the electrode was charged up to 3.0 V, the
Li,TiO,, Li,O and Li,C, peaks get subsequently suppressed.
TiO, and CoO phases have occurred during the charging
process. Thus, the ex situ XRD data after the charging-
discharging process of the Co,TiO, electrode is well supported
by the CV results.*®*

The diffusion coefficient is one of the important factors for
analyzing the electrode kinetics and rate determining step
during the intercalation process, which was measured through
CV analysis. Fig. 11(a) and (b) show the CV curves of the pristine
and carbon coated Co,TiO, at different scan rates from 0.1 to
0.5 mV s~ . It clearly shows that the anodic and cathodic peak
currents tend to increase with increasing scan rate. The shifted
anodic/cathodic peak towards low/high potential indicates that
the irreversible reaction is more favourable for increasing scan
rate. At a higher scan rate the lithium ions are not completely
inserted/extracted into/from the electrode material due to the
short time interval of the scan rate, which causes the irrevers-
ible behaviour.* The peak current (I,,) is directly proportional to
the square root of the scan rate (v*/?) (Fig. 11(c)). The curve
deliberately shows a linear relationship between the peak
current and scan rate suggesting a diffusion controlled process
of lithium ions. The diffusion coefficient was calculated using
Randles-Sevcik eqn (5),>*%°

2 3.0
@ () (c) o Co,TiO,
14 2 25 * Co,Ti0@C
_— 1 7 —~
_ 0 <, < 201
< £ 0 £
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Fig. 11 (a and b) CV curves of Co,TiO4 and Co,TiO4@C at different scan rates and (c) peak current (/o) versus square root of scan rate (v
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Ip — 0.4463n3/2F3/2C0AR71/2TI/ZDLil/ZVIIZ (5)

where, n is the number of electrons transferred during the
electrochemical reaction, F is the Faraday constant (96 486 C),
C, is the molar concentration of Li* ions (mol cm™?), A is the
area of the electrode (cm?), R is the gas constant (8.314 J mol *
K", T is the temperature (K) and D is the diffusion coefficient
(em?s™"). The calculated diffusion coefficient of Co,TiO, is 2.55
x 10" em? s~ and Co,TiO,@C is 1.76 x 10~ *°® em? s ™!, which
elucidates that the higher diffusion coefficient of Co,TiO,@C is
more favourable for electronic and ionic transport within the
active material. This facilitates the high rate capability of the
electrode material.

The role of the carbon coating on the active material and
electrode kinetics was examined through electrochemical
impedance spectroscopy (EIS). Fig. 12(a) and (b) show the
impedance spectra of Co,TiO, and Co,TiO,@C, before and after
cycles measured in the frequency range of 100 kHz to 10 mHz at
open circuit voltage. The EIS spectra is fitted with two equiva-
lent circuits before and after cycles, it consists of solution
resistance (Rs) at high frequency, solid electrolyte interface film
resistance (Rsg;) at high to medium frequency, charge transfer
resistance (R.) between the electrode/electrolyte interface at
medium frequency, CPE1 and CPE2 are the constant phase
elements and the slanting line at the low frequency region is
known as Warburg impedance which is associated with the
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Fig. 12 (a and b) EIS spectra of before and after cycles, and (c and d)
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square root of frequency of before and after cycles, respectively.

View Article Online

Paper

diffusion of lithium ions into the active material.*"*® The EIS
fitting results are shown in Table 2. It can be seen that the R of
pristine Co,TiO, is 58.82 Q and of Co,TiO,@C is 38.36 Q, which
elucidates that the carbon coating improves the electronic
conductivity of the pristine materials. After cycling, a new
semicircle appears at higher frequency which is associated with
the solid electrolyte film resistance (Rgg;), which occurs through
electrolyte decomposition that makes a passivation layer on the
surface of the active material. The change in the Rgg; values of
Co,TiO, (14.64 Q) and Co,TiO,@C (12.14 Q) electrodes can be
correlated with the thickness of the SEI layer since the carbon
layer restricts the electrolyte decomposition on the electrodes
during the cycling process, which leads to a thin SEI layer
formation.** The R values get reduced to 12.81 and 6.98 Q for
Co,TiO, and Co,TiO,@C electrodes after the cycling process
due to the activation process or phase change, which alter the
electronic conductivity of the electrode material.”” Still, the
Co,TiO,@C electrode shows a low R.. compared to the pristine
material. Hence, the carbon layer coated on the active material
enhances the electronic conductivity and lithium ion diffusion
of the electrode material. The diffusion coefficient of the
lithium ions was also calculated from the EIS analysis by using
the following equation,***®

Dy; = RPTP R A F C*6? (6)

where, o, is the Warburg factor, R is the gas constant, A is the
area of the electrode, F is the Faraday constant, C is the
concentration of lithium ions in the electrode material and 7 is
the number of electrons involved in the reaction. The Warburg
factor (o) is obtained from the slope of the linear plot between
the real part of impedance (Z’) and the inverse square root of the
frequency (Fig. 12(c) and (d)) at low frequency regions using the
following relation,>

Z' = Rs+ Ry + a0 7)

The initial diffusion coefficient values of Co,TiO, and Co,-
TiO,@C were found to be 1.38 x 10~ " and 6.66 x 10> cm?
s~', whereas after cycling they were 7.95 x 10~** and 1.22 x
10** ecm? s, respectively. The above result implies that the
carbon coated Co,TiO, has a higher diffusion coefficient than
the pristine electrode, which supports the good rate capability
of the electrode material. However, the calculated diffusion
coefficient from CV and EIS analysis are deviated from each
other. A similar kind of results are observed in earlier
reports.®®> Xie et al. found that the diffusion coefficient

Table 2 Electrode kinetic parameters using fitting the EIS spectra through equivalent circuit model

Sample Rs (Q) Rsgr (Q) R (Q) CPE1 (F) CPE2 (F) W (Q) 0w (Q 5712 Dy (em®s™h)
Co,TiO, before cycle 5.13 — 58.82 54.32 x 10°° — 17.89 11.45 1.38 x 10713
Co,TiO4@C before cycle 5.12 — 38.36 37.40 x 10°° — 12.63 5.21 6.66 x 103
Co,TiO, after cycle 6.26 14.64 12.81 32.44 x 10°° 64.42 x 10 3.42 4.92 7.95 x 103
Co,TiO,@C after cycle 6.72 12.14 6.98 38.21 x 107° 10.69 x 1072 2.56 3.85 1.22 x 10°*?
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calculated from CV analysis was merely considered as an
apparent value. EIS analysis is not providing reliable diffusion
coefficient because of the following difficulties. In EIS, the
diffusion coefficient is calculated from the slanting line at 45°
which is related to lithium ion diffusion in the active material.
But in most cases the Warburg region deviates from 45° or
disappears and also it depends on the Z' and Z” which are very
sensitive to the cell construction thereby leading to unreliable
diffusion coefficient values.®® So a new kind of manipulation is
needed to estimate the accurate diffusion coefficient of the
electrode material.

4. Conclusions

Spinel Co,TiO, particles were successfully synthesized using
a polymeric precursor method. Structural analysis was carried
out through Rietveld refinement which confirms the formation
of spinel structure Co,5Tip 950, particles. FE-SEM analysis
shows a non uniform shape with micrometer sized particles and
an HRTEM image reveals that amorphous carbon is coated on
the particles with a thickness of 10 nm. CV and ex situ XRD
analysis reveals the electrochemical oxidation/reduction reac-
tion of Co,TiO,. As a negative electrodes for lithium ion
batteries, Co,TiO,@C particles show a stable specific capacity of
205 mA h g~ * over 50 cycles along with enhanced rate capability.
The higher diffusion coefficient value (1.76 x 10~ *° cm? s~ *2) of
the carbon coated Co,TiO,, compared to the pristine material,
elucidates the role of the uniform carbon shell which effectively
accommodates volume strain and enhances the conductivity of
the electrode material. So the above results elucidate that Co,-
TiO,@C is an efficient negative electrode material for Li-ion
battery applications.
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