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ABSTRACT: Li-rich layered oxides are the most attractive
cathodes for lithium-ion batteries due to their high capacity
(>250 mAh g−1). However, their application in electric
vehicles is hampered by low power density and poor cycle
life. To address these, layered Li2Ru0.75Ti0.25O3 (LRTO) was
synthesized and the influence of electroinactive Ti4+ on the
electrochemical performance of Li2RuO3 was investigated.
LRTO exhibited a reversible capacity of 240 mAh g−1 under
14.3 mA g−1 with 0.11 mol of Li loss after 100 cycles compared
to 0.22 mol of Li for Li2Ru0.75Sn0.25O3. More Li+ can be
extracted from LRTO (0.96 mol of Li) even after 250 cycles at
143 mA g−1 than Li2RuO3 (0.79 mol of Li). High reversible Li
extraction and long cycle life were attributed to structural stability of the LiM2 layer in the presence of Ti

4+, facilitating the lithium
diffusion kinetics. The versatility of the Li2MO3 structure may initiate exploration of Ti-based Li-rich layered oxides for vehicular
applications.
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■ INTRODUCTION

The rechargeable lithium-ion battery has dominated the
electronic industry owing to its high energy density and is
considered as the promising power sources for electric
vehicles.1 The current lithium-ion batteries still have insufficient
energy density for vehicular applications and need new
advancements in the performance, safety, and cost that requires
a deep understanding of the mechanisms of high capacity
intercalation electrodes and development of new efficient and
cost-effective materials.2 Several high capacity cathodes were
explored in commercial scale, explicitly olivine (LiFePO4),

3

spinels (LiNi0.5Mn1.5O4),
4 and layered oxides (LiCoO2,

5

LiCo0.33Ni0.33Mn0.33O2).
6 However, the attainable rechargeable

capacity of these cathodes approaches the limits of 120−200
mAh g−1, with the highest capacity obtained for the layered
oxides. In the search for new cathodes with enhanced capacity
(∼300 mAh g−1), layered oxides with excess lithium (known as
lithium-rich layered oxides) were reported and had received
greater interest due to their high energy density (1000 Wh
kg−1) and high capacities ≥ 280 mAh g−1 with wide operating
voltages of 3−4.6 V.7,8

These materials are typical solid solution described by two
different notations: xLi2MnO3·(1−x)LiMO2 (M = Mn, Ni, Co,
Fe, Cr, etc.),8 a solid solution of two layered structures, LiMO2

and Li2MnO3, or as a single component, Li[Li1/3Mn2/3−xMx]-
O2.

9 Although they have high capacity, they face many
challenges that include low initial Coulombic efficiency, poor
rate capability, voltage decay during cycling, and poor cycle life,
which are to be overcome to realize their utilization in
commercial lithium-ion batteries.8 The solid solution was
formed by the similarity in the structure of layered LiMO2
possessing a transition metal (M) layer (with MO6 symmetry)
in which lithium is occupying the sites in between the layers. If
1/3 of the M are replaced by Li from the layered LiMO2 phase,
forming a LiM2 layer, it replicates the Li2MO3 structure,
resulting in the Li(Li1/3M2/3)O2 phase.

10 The LiM2 layer forms
a honeycomb structure in which lithium ions are surrounded by
six transition metals.11 Li2MO3 materials crystallize in space
groups, namely, C2/c (M = Ru, Ti, Zr)12−14 or C2/m (M = Mn,
Sn, Ir, Rh)15−18 or P3112 (Pt)19 or R3m (Mo)20 monoclinic
cells, while the stacking of LiM2 layers is dependent on the
nature of the (M) transition metal,17 which may determine the
electrochemical performance of the electrode. The role of
stacking order of LiM2 layers in Li2MO3 structures on the
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electrochemical performances was unclear. Few groups have
claimed that the decrease in the stacking order/increase in the
stacking faults results in improving the discharge capacity due
to enhanced surface area caused by these defects/stacking
faults.21,22 However, these stacking faults, which are actually a
shift in the LiM2 layers from one layer to the other, would affect
the lithium insertion/extraction apart from the increase in
surface area. On the basis of thermodynamics, highly ordered
materials that are devoid of defects/stacking faults have the
lowest energy state, thereby reducing the activation energy
barrier for the lithium diffusion. Hence, structural rigidity with
higher stacking of transition metal layers would improve the
diffusion kinetics of lithium ions.
The core issues of Li-rich layered cathodes are the capacity

loss, poor cycle life, and increased cell resistance upon cycling.
In an attempt to mitigate few of the above-mentioned issues,
few research groups focused to incorporate an electroinactive
element into Li-rich layered oxides and understand its role on
the electrochemical performance of these cathodes. Sathiya et
al.23 explored the effect of Sn doping on the electrochemical
properties of Li-rich layered oxides (Li2MO3, M = Ru) and
reported the enhanced cyclability and reduced voltage decay in
the presence of electrochemically inactive isovalent Sn4+ ions.
However, the cyclability and electrochemical propeties were
not much improved due to the stacking fault observed in the
transition metal (LiM2) layer of Li2M1−xSnxO3 (M = Ru), which
is a typical phenomenon observed in the Sn-based layered
oxides, Li2SnO3.

16 Hence, in pursuit of improving the
performance of Li-rich layered oxides, we report a
Li2Ru1−xTixO3 cathode with a single redox cation to explore
the influence of Ti4+ on the electrochemical properties that
include power density and cycle life. Ti doping is expected to
possibly favor the reversible lithium extraction with negligible
structural change and to improve the cyclability of the
electrode. Moreover, the Ti−O bond, which is stronger than
the Ru−O bond, tends to stabilize the crystal structure of

Li2RuO3 and thereby enhances its electrochemical performance,
as evidenced in layered-type LiM1−xTixO2 (M = Ni, Mn)
cathodes.24,25 Recently, Sathiya et al.26 have explored the Ti-
doped Li2RuO3 cathode for understanding the origin of voltage
decay at lower C rates (C/5 rate). However, the role of Ti on
the discharge capacity of Li2RuO3 at high C rates were not
explored with a wide potential window (2.0−4.8 V). In this
paper, we have investigated the influence of Ti doping on the
electrochemical performance of layered Li2MO3 oxides at
higher C rates, with the focus on structural stability of the
Li2MO3 structure. Single phase Li2Ru1−xMxO3 (M = Ti, Sn)
cathodes were synthesized, and their electrochemical perform-
ance were investigated. This study may result in the
fundamental understanding of the usage of electroinactive
Ti4+ species in the Li-rich layered oxides that may contribute to
the development of high capacity cathodes.

■ EXPERIMENTAL SECTION
Sample Preparation. Series of Li2Ru1−xTixO3 cathodes (x = 0,

0.10, 0.25, 0.40, 0.60, 0.80, and 1.00) and Li2Ru0.75Sn0.25O3 were
prepared by solid-state reaction. All chemical reagents used in the
experiments were analytical grade. Stoichiometric amounts of
Li(CH3COO)2 (99.9%, Sigma-Aldrich), RuO2 (99.9%, Kojundo
Chemicals) and TiO2 (99.5%, Sigma-Aldrich), or SnC2O4 (98%,
Sigma-Aldrich) were homogenized, using a mortar and pestle with a 10
wt % excess of the stoichiometric amount of Li(CH3COO)2 to
compensate for its volatilization at high temperature. The resultant
mixture was heated in an alumina crucible at 1100 °C for 12 h with the
heating rate of 2 °C min−1.

Structural and Morphology Analysis. The phase identification
of series of Li2Ru1−xTixO3 (x = 0 to 1.00) and Li2Ru0.75Sn0.25O3
cathodes were carried out using powder X-ray diffraction (XRD). The
diffraction intensity data were collected using a Philips X’Pert
diffractometer with Cu Kα radiation. Neutron powder diffraction
data were collected at room temperature using a high-resolution
powder diffractometer in the Hanaro Center of Korea Atomic Energy
Research Institute, Republic of Korea. Neutron powder diffraction data
were collected over an angle range of 0° ≤ 2θ ≤ 160° at λ = 1.8348 Å

Figure 1. Crystal structural representations of (a) layered Li2RuO3 and (b) its Ru octahedral site, and LiM2 layer depicting the transition metal
hexagonal framework of (b) Li2RuO3 and (c) Li2Ru0.75Ti0.25O3 with Ru, Ti, Li, and O atoms in red, black, green, and white, respectively.
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(neutron), with 4 h of collection time. The Rietveld refinement was
made with the General Structure Analysis System (GSAS) program.27

Bond valence sums were calculated from the refined neutron
diffraction results, to investigate the structural stability of the
synthesized cathodes. The particle size and morphology were analyzed
by field emission-scanning electron microscopy (FE-SEM) and high-
resolution transmission electron microscopy (HR-TEM). The SEM
images were obtained using a Hitachi S-4700, and TEM were recorded
using an FEI Tecnai F20 at 200 kV, in the Korea Basic Science
Institute (KBSI), Gwangju, Republic of Korea.
Electrochemical Characterization. The electrochemical proper-

ties of Li2Ru1−xTixO3 (x = 0−1.00) and Li2Ru0.75Sn0.25O3 cathodes
were evaluated with lithium metal as the reference electrode. The two-
electrode electrochemical cells were fabricated by using a mixture of
active cathode material, conductive carbon (KETJEN black), and
PTFE binder with a weight ratio of 75:10:15%. This mixture was
pressed onto an aluminum mesh current collector and dried under
vacuum at 120 °C for 12 h before cell assembling. The electrolyte was
1 mol/L LiPF6 dissolved in a 1:1 mixture of ethylene carbonate (EC)
and dimethyl-carbonate (DMC). A 2032 coin type cell was fabricated,
which consists of a cathode and lithium metal anode separated by a
polymer membrane and glass fiber, inside the glovebox filled with
high-pure argon, and aged for 12 h before the electrochemical
measurements.
The charge−discharge measurements were carried out using a

NAGANO BTS-2004H battery charger between 2.0 and 4.8 V vs Li+/
Li. Cyclic voltammetry was measured with an Autolab electrochemical
workstation at a scan rate of 0.1 mV s−1 between 2 and 4.8 V vs Li+/Li.
The electrochemical impedance spectroscopy (EIS) tests were
performed using the Autolab electrochemical workstation with a
voltage of 10 mV amplitude over a frequency range of 106 to 10−2 Hz.
Computational Methods. The calculations were performed with

the end member, Li2RuO3, and then substituting Ru with transition
metals, namely, Ti and Sn. The transition metals modeled are in their
+4 state, which represents the chemical environment where oxygen
loss occurs. All calculations were performed using the Vienna Ab initio
Simulation Package (VASP).28 The generalized gradient approxima-
tion (GGA) with the Perdew and Wang (PW91) potential was chosen
to describe the exchange and correlation.29 The plane-wave energy
cutoff was set to 400 eV. A Monkhorst−Pack k-point mesh of 2 × 2 ×
2 was set for energy calculations, and a 4 × 4 × 4 mesh was set for
density of states (DOS) calculations. A 48-atom unit cell was fully

relaxed using conjugate gradient energy minimization until the total
energy changes were less than 1 × 10−5 eV. To correct the on-site
Coulombic and exchange interaction of the localized Ti and Ru d
electrons, we use the spin-polarized DFT+U approach. The effective
Hubbard parameters (Ueff = U − J) are 4 and 4.2 eV for Ru23 and Ti30

atoms, respectively.

■ RESULTS AND DISCUSSION

Structural Characterization of Cathodes. The crystal
structures of Li2RuO3 and Li2Ru0.75Ti0.25O3 were refined to
expore the effect of Ti4+ doping in the Li2RuO3 structure and
are depicted in Figure 1. The Li2RuO3 structure is composed of
transition metal layers separated by a lithium layer in which
oxygen forms the cubic close packing in the lattice. The
transition metal layer consists of a mixture of Li+ and Ru4+ ions
in a 1:2 ratio (LiRu2), and these ions occupy distorted
octahedral sites, as depicted in Figure 1a,b, and are expressed as
a Li(Li1/3Ru2/3)O2 layer, which is similar to the layered LiMO2
structure. The LiRu2 layers are composed of edge-sharing MO6
octahedra that are arranged in a two-dimensional hexagonal
network, in which lithium ions are surrounded by six RuO6 and
form honeycomb patterns, as shown in Figure 1c. Interestingly,
Ru4+ makes quadruple bonds with neighboring Ru4+ in the
honeycomb lattices of edge-shared RuO6 layers and the Ru−Ru
bonding in the layered oxide realizes good electronic and ionic
conductivity. The Ru-containing layers are highly ordered to
give a continuous hexagonal network of Ru4+ in alternate basal
planes. The stacking sequence in this compound is “ABAB”
along the c axis. The layered Li sites are nearly identical to the
α-NaFeO2 structure that might allow reversible lithium
extraction with fast electrode kinetics. In the Li2Ru0.75Ti0.25O3,
one in every four Ru4+ sites is replaced by Ti4+ (Figure 1d), in
which the metal−metal quadruple bonds exist in the honey-
comb lattice structure as similar to Li2RuO3. Ru and Ti form
Ru4+−Ti4+ quadruple bonds along with the Ru4+−Ru4+ metal−
metal bonds, thus, preventing any chance of drastic crystallo-
graphic change and thereby preserving the advantage of a
layered structure and the metal−metal bond.31 Three metal−

Figure 2. (a) XRD patterns of Li2Ru0.75Sn0.25O3 and Li2Ru0.75Ti0.25O3 indexed with standard Li2RuO3 with ICDD No. 84-1608 and space group: C2/
c. (b) Neutron diffraction Rietveld refinement patterns of Li2RuO3 and Li2Ru0.75Ti0.25O3 with black dots representing the observed profile, and the
line represents the fitted profile and difference profile (at the bottom).
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metal quadraple bonds exist in Li2Ru0.75Ti0.25O3, out of which
two bonds correspond to Ru−Ru bonds, which are longer than
the Ru−Ru bonds of Li2RuO3, while Ru−Ti (2.96 Å) is shorter
than the Ru−Ru (3.06 Å) bonds in Li2RuO3 due to the higher
electropositive nature of Ti than Ru, forming stronger Ru−Ti
quadruple bonds in Li2Ru0.75Ti0.25O3 as derived from the
neutron diffraction results.
X-ray diffraction (XRD) patterns of Li2Ru0.75Ti0.25O3 and

Li2Ru0.75Sn0.25O3 obtained by the solid-state synthesis at 1100
°C are depicted in Figure 2a. The XRD patterns of
Li2Ru1−xTixO3 cathodes with x = 0.10, 0.25, 0.40, 0.60, 0.80,
and 1.00 are shown in Figure S1 of the Supporting Information.
The diffraction patterns of all the cathodes were identified as
the monoclinic Li2RuO3 structure of JCPDS no. 84-1608 with
space group C2/c, as reported in previous literature.12 No
additional peaks are observed, revealing the high purity of the
material, even though single step heating at 1100 °C was
employed. The diffraction peaks were shifted toward higher
Bragg’s angle for Li2Ru0.75Ti0.25O3, which can be attributed to
the smaller ionic radii of Ti4+ with 0.605 Å compared to Sn4+

and Ru4+ with ionic radii of 0.690 and 0.620 Å at the octahedral
site, respectively.32 The XRD peaks between Bragg’s angles of
20° and 23° represent superlattice peaks that describe the
stacking of the ordered transition metal layer along the
monoclinic c axis of layered oxides.33−35 These peaks are of
specific importance to the local (nearest cation neighbor)
environment of the lithium ion, since the peak intensities are
attributed to the ordering of lithium, ruthenium, and other
transition metal ions present in the transition metal layers.
Structural Rigidity of Li2Ru0.75M0.25O3 (M = Ti, Sn)

Electrodes. Figure 2b shows the Rietveld refinement results of
the neutron diffraction of Li2RuO3 and Li2Ru0.75Ti0.25O3. The
refinement of Li2RuO3 and Li2Ru0.75Ti0.25O3 was performed
using a monoclinic structure with C2/c space group. The
calculated unit cell parameters of Li2RuO3 and Li2Ru0.75Ti0.25O3
are listed in Table 1, and their refined structural parameters are

listed in Table S1 of the Supporting Information. The observed
decrease in the unit cell parameters (“b” and “c”) with the
addition of Ti is a direct consequence of the smaller radii of
Ti4+ (0.605 Å) as compared with those of Ru4+ (0.620 Å) with
six coordination.32 The stacking is slightly altered for
Li2Ru0.75Ti0.25O3, where the “a” axis value was increased
compared to pristine Li2RuO3. Ti-doped Li2RuO3 revealed

higher stacking of the LiM2 layers with lower full-width at half-
maximum superlattice peaks compared to Sn samples. To
ensure the structural rigidity of synthesized cathodes, bond
valence sums (BVSs) were calculated for the individual metals
and are depicted in Table 2. BVS calculations provide a reliable

method of assigning formal oxidation states of an atom in a
material from the bond parameters, which are correlated to the
rigidity of the crystal structure.36,37 Ru4+ in Li2RuO3 was
bonded with BVS less than +4 (∼3.43), while Ru4+/Ti4+ in
Li2Ru0.75Ti0.25O3 was also under-bonded with 3.81. However,
the Ti4+ doping in Li2RuO3 realizes in optimizing the bonding
network and approaches BVS close to ideal valence of +4
(∼3.81). This would stabilize the crystal structure with high
rigidity and improves the structural integrity of the Li2MO3
structures and can improve the electrochemical performance by
facilitating electron transport and lithium diffusion kinetics.35,38

Lithium extraction is more facile from a pure lithium layer,
which is sandwiched between two transition metal layers than
from the transition metal layer. Any change in the stacking of
the LiM2 layers would certainly affect the extraction of lithium
from the pure Li layer. Hence, the structural stability and
stacking of the LiM2 layers would affect the initial Li extraction
and the subsequent reversible lithium insertion/deinsertion
process upon cycling for the improved electrochemcial
performance that includes cycle life and power capability.
Figure 3 shows the SEM and TEM images of

Li2Ru0.75Sn0.25O3 and Li2Ru0.75Ti0.25O3. The particles are well
crystallized with a narrow size distribution in the range of 1−1.5
μm. The high magnification SEM image reveals that both
compounds consist of a hierarchical assembly of primary
nanoparticles to form the micron-sized secondary particles. The
morphology was retained irrespective of metal dopant in
Li2RuO3.

Electrochemical Performance. Figure 4a,b shows the
voltage profiles of Li2Ru0.75Sn0.25O3 and Li2Ru0.75Ti0.25O3,
respectively, at a current density of 14.3 mA g−1 (1C = 215
mA g−1) in 2.0−4.8 V vs Li+/Li for 100 cycles. The first charge
profile of the electrodes shows two distinct plateaus, where the
first plateau occurs at 3.65 V vs Li+/Li, corresponding to the
redox couple of Ru4+/5+, while second plateau > 4.0 V (4.1−4.3
V) is ascribed to the extraction of Li+ by the anion redox
reaction in the form of peroxo-/superoxo-like species as
reported for the layered Li2RuO3 cathodes. The formation of
peroxo-like species is associated with the strong distortion of
the oxygen network and the absence of long-range order.23 The
first discharge profile involves a single step redox process
occurring at 3.4 V ascribed to the insertion/extraction in
Li2Ru0.75Ti(/Sn)0.25O3. A similar voltage profile was observed

Table 1. Rietveld Refinement and Crystal Data from
Neutron Diffraction

formula Li2RuO3 Li2Ru0.75Ti0.25O3

radiation type neutron
T (K) 295
2θ range (deg) 15−160
symmetry monoclinic
space group C2/c
Z 8
a (Å) 4.9824(53) 5.0303(26)
b (Å) 8.7607(39) 8.7268(09)
c (Å) 9.8489(67) 9.8319(32)
β (deg) 99.96(47) 99.79(69)
volume (Å3) 423.4 425.3
Rp (%) 4.89 4.42
Rwp (%) 6.30 5.61
χ2 (%) 1.79 1.83

Table 2. Calculated Bond Valence Sums (BVSs) of Li2RuO3
and Li2Ru0.75Ti0.25O3 Cathodes

Li2RuO3 Li2Ru0.75Ti0.25O3

atom ideal oxidation state calculated BVS calculated BVS

Ru or Ru/Ti 4 3.43 3.81
Li1 1 1.26 1.32
Li2 1 1.46 1.12
Li3 1 1.12 1.10
Li4 1 1.21 1.09
O1 2 1.70 2.06
O2 2 1.59 1.89
O3 2 2.49 2.18
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for subsequent discharge cycles up to 100 cycles. The number
of moles of lithium in the first discharging cycle for
Li2Ru0.75Ti0.25O3 was about 1.45 mol of Li+ as compared to
Li2Ru0.75Sn0.25O3 (1.58 mol of Li+). However, the number of
reversible Li+ moles after 100 cycles decreased to 1.33 and 1.34
for Li2Ru0.75Ti0.25O3 and Li2Ru0.75Sn0.25O3, respectively, as
depicted in Figure 4a,b. The Li+ loss upon cycling for
Li2Ru0.75Sn0.25O3 was too high (0.24 mol of Li+) than
Li2Ru0.75Ti0.25O3 (0.12 mol of lithium). This reveals that the
lithium insertion/extraction occurs more reversibly in
Li2Ru0.75Ti0.25O3 upon cycling that favors long cycle life and
improved energy density. Hence, high reversible lithium
extraction observed in the Li2Ru0.75Ti0.25O3 cathode is
attributed to the influence of Ti4+ on the electrochemical
properties of Li2MO3 structures.
The robustness of Li2Ru0.75Ti0.25O3 and Li2Ru0.75Sn0.25O3

cathodes was tested at high current density (143 mA g−1)
and compared with that of pristine Li2RuO3, as shown in Figure
4c. The first discharge capacity of pristine Li2RuO3 (255 mAh
g−1, 1.55 Li+ moles) was slightly higher than that of
Li2Ru0.75Ti0.25O3 (236 mAh g−1, 1.32 Li+ moles); however,
the capacities of Li2RuO3 and Li2Ru0.75Sn0.25O3 exhibit a rapid
decrease in the capacity within ∼50 cycles. On the other hand,
the discharge capacity of Li2Ru0.75Ti0.25O3 decreased slightly for
the initial few cycles and then increased gradually for about 125
cycles, revealing that the cathode has good electrochemical
stability and a high degree of reversibility. The increase in the
capacity after a few cycles may be attributed to the electro-
activation process induced improvement in the Li-ion diffusion
kinetics. Electro-activation of Li2Ru0.75Ti0.25O3 cathodes was

observed up to 125 cycles, and then capacity starts to fade
gradually with a final capacity of 172 mAh g−1 after 250 cycles.
The reversible lithium extraction after 250 cycles was shown to
be higher for Li2Ru0.75Ti0.25O3 (0.96 mol of Li) as compared to
pristine (0.79 mol of Li) and Li2Ru0.75Sn0.25O3 (0.74 mol of Li).
High reversible extraction of lithium and excellent cycle life
were the attributes of Li2Ru0.75Ti0.25O3 due to the structural
stability of the Li2RuO3 structure in the presence of Ti4+

species. The electrochemical performance of Li2Ru1−xTixO3

(x = 0−1.00) series, with varying x value, was also evaluated
at a current density of 143 mA g−1 and is depicted as Figure S2
(Supporting Information), where the highest electrochemical
performance was found with composition, x = 0.25.
The charge/discharge profiles of these cathodes were

measured at low current density (14.3 mA g−1) as shown in
Figure 4d. The first discharge capacities of Li2Ru0.75Sn0.25O3

and Li2Ru0.75Ti0.25O3 were 254 (1.58 mol of Li+) and 261 mAh
g−1 (1.45 mol of Li+), respectively. The Li2Ru0.75Sn0.25O3

cathodes exhibit gradual fading of the capacity up to 50 cycles.
The capacity retention of Li2Ru0.75Ti0.25O3 at 14.3 mA g−1 was
quite similar to that of the Sn counterpart with 92% and 85%,
respectively. Although both the cathodes have similar electro-
chemical performance at low discharge rate (14.3 mA g−1), the
Ti-based cathodes exhibit excellent performance at high
discharge rate, revealing high power capability and long cycle
life of the cathode. Recently, Sathiya et al.26 have reported poor
cycle stability for Li2Ru0.75Ti0.25O3 compared to Li2RuO3 and
Li2Ru0.75Sn0.25O3 at low current density (C/5 rate). The cycle
performance in the present study, in fact, shows that the
discharge capacities and cycle stabilities of Li2Ru0.75Ti0.25O3 and

Figure 3. SEM images of (a, b) Li2Ru0.75Sn0.25O3 and (c, d) Li2Ru0.75Ti0.25O3 and TEM images of (e) Li2Ru0.75Ti0.25O3 and (f) Li2Ru0.75Sn0.25O3.
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Li2Ru0.75Sn0.25O3 at low current density (14.3 mA g−1; C/15
rate) are closely in agreement with the report of Sathiya et al.26

More importantly, the present study demonstrates that
excellent cycle stability of Li2Ru0.75Ti0.25O3 is displayed at a
higher current density of 143 mA g−1 (0.7C), as seen from
Figure 4c. It is highly possible that Sathiya et al.26 measured the
electrochemical performance at lower C rates (C/5 rate) and
hence may have showed lower cycle stability. Moreover, a
variety of factors including the synthesis temperature, the ratio
of electrode fabrication, and method of electrode fabrication
may complicate the efforts to provide a comparative report on
the electrochemical performance of samples prepared by
different groups. For instance, one important factor that
influences the electrochemical performance is the synthesis
temperature of the cathode, since particle crystallinity
influences the electrode properties. In the current study, a
higher synthesis temperature was used (1100 °C) compared to
that in the report of Sathiya et al.26 (800 °C). These may be the
probable reasons for the difference in electrochemical perform-
ance and cycle stability of Li2Ru0.75Ti0 .25O3 over
Li2Ru0.75Sn0.25O3 and Li2RuO3 cathodes with respect to Sathiya
et al.’s26 report.
The electrochemical reversibility was studied from the cyclic

voltammogram (CV) of the cathodes and is depicted in Figure
5. The first cycle of CV for Li2RuO3 (Figure 5c) exhibits a
broader oxidation peak ranging from 3.6 to 3.9 V, attributed to
the oxidation of Ru4+ during Li+ extraction (∼3.65 V) and
associated competitive redox mechanism. While similar broader

Figure 4. Voltage profiles of (a) Li2Ru0.75Sn0.25O3 and (b) Li2Ru0.75Ti0.25O3 cathodes under a current density of 14.3 mA g−1 with 100 cycles. (c)
Cycling stability curves of Li2RuO3, Li2Ru0.75Sn0.25O3, and Li2Ru0.75Ti0.25O3 samples at a current density of 143 mA g−1, and (d) cycling stability
curves of Li2Ru0.75Sn0.25O3 and Li2Ru0.75Ti0.25O3, at a current density of 14.3 mA g−1.

Figure 5. Cyclic voltammogram of (a) Li2Ru0.75Sn0.25O3, (b)
Li2Ru0.75Ti0.25O3, and (c) Li2RuO3 cathodes in the potential window
of 2.0−4.8 V at a scan rate of 0.1 mV s−1.
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oxidation peaks at ∼4.2 V (ranging 4.0−4.4 V) are ascribed to
the formation of peroxo-/superoxo-like species. The current
intensity of the ∼4.2 V peak is prominent in the doped
Li2RuO3 than the pristine Li2RuO3 cathode due to the presence
of electroinactive dopant species that increase the formation of
peroxo-like species. A minor oxidation peak > 4.5 V may
possibly be due to the partial decomposition of carbonate
electrolyte. The oxidation of Ru4+ in the Li2Ru0.75Ti0.25O3
cathode occurs at relative higher potential than Li2RuO3 and
Li2Ru0.75Sn0.25O3. The oxidation peak due to peroxo-like species
(>4.0 V) in the subsequent cycles is retained for the
Li2Ru0.75Ti0.25O3 and pristine electrode, while a negligible
peak is observed for the Li2Ru0.75Sn0.25O3 cathode. The broad
reduction peak ranging from 3.1 to 4.3 V is due to the Ru4+/5+

redox couple. The two discharge profiles reveal the insertion of
lithium and associated reduction of Ru5+ to Ru4+ species at
potential ∼ 3.2 V.
To confirm the electrochemical behavior of the cathode

materials, a plot of dq/dV vs potential (2.0−4.8 V) range was
investigated for Li2Ru0.75Sn0.25O3 and Li2Ru0.75Ti0.25O3 as
shown in Figure 6a,b, respectively. This plot shows the redox
processes developed during cycling of electrodes and both the
electrodes exhibit similar plots. In the first charging, Ru4+ was
oxidized to Ru5+ during Li+ extraction, which occurs at a
potential of ∼3.65 V. Since further oxidation of Ru5+ was not
possible, the delithiation is supported by the anion redox
reaction in the form of peroxo-/superoxo-like species from the
lattice at potential ≥ 4.0 V (4.0−4.4 V) vs Li+/Li, as reported
for the Li2RuO3-based layered cathodes.23 The formation of
peroxo-/superoxo-like species at the end of the first charging

cycle is attributed to the lithium extraction in association with
strong distortion of the oxygen network, by shortening of the
O−O bond distance causing an absence of long-range order.23

The typical peak at ∼3.75 V in the first charging cycle
corresponds to the extraction of lithium that follows a single
step process. However, the peak intensity of Li2Ru0.75Ti0.25O3
was weak compared to that of the Sn counterpart. The broad
reduction peak ranging from 3.1 to 4.3 V is attributed to the
Ru4+/5+ redox couple and associated insertion of lithium at ∼3.2
V and corroborates with the CV results (Figure 5).
The rate performance of Li2Ru0 .75Sn0 .25O3 and

Li2Ru0.75Ti0.25O3 electrodes under different current densities
in the potential range of 2.0−4.8 V at room temperature was
tested and is presented in Figure 6c. The discharge capacity of
Li2Ru0.75Ti0.25O3 at a current density of 14.3 mA g−1 was 264
mAh g−1 and that for Li2Ru0.75Sn0.25O3 was 247 mAh g−1.
However, the capacity decreased with the increase in applied
current density. The Li2Ru0.75Ti0.25O3 cathode retains a capacity
of 87 mAh g−1 at a higher current density of 915.2 mA g−1,
while the Li2Ru0.75Sn0.25O3 sample could deliver only 56 mAh
g−1. The difference in the capacity between these two
electrodes at lower current rate (14.3 mA g−1) was minimal,
while phenomenal difference was observed at high current rate
(915.2 mA g−1) with higher capacity for Li2Ru0.75Ti0.25O3
cathodes. For a cathode material to deliver high power
capability, the electronic conductivity and Li+ ion mobility in
the materials must be high.39 Hence, the possible reason for
higher power capability of Li2Ru0.75Ti0.25O3 cathodes may be
attributed to the structural stability and improved stacking of
the LiM2 layers, which might lead to the enhanced Li-ion

Figure 6. dq/dV plot of 1st and 2nd charge/discharge cycles of (a) Li2Ru0.75Sn0.25O3 and (b) Li2Ru0.75Ti0.25O3 at a current rate of 14.3 mA g−1. (c)
Rate capabilities of Li2Ru0.75Sn0.25O3 and Li2Ru0.75Ti0.25O3 under different current densities cycled in the potential window of 2.0−4.8 V. (d)
Electrochemical impedance spectra of Li2Ru0.75Sn0.25O3 and Li2Ru0.75Ti0.25O3 cathodes before and after 100 charge/discharge cycles at a current rate
of 14.3 mA g−1.
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diffusion kinetics. Therefore, Ti doping can effectively improve
the electrochemical performance of Li2RuO3 cathodes in regard
to the power capability, cyclability, and discharge capacity. The
voltage profile plot of cathodes at different current densities are
also depicted in Figure S3 (Supporting Information), which
shows the gradual decrease in the capacity for both
Li2Ru0.75Sn0.25O3 and Li2Ru0.75Ti0.25O3 cathodes at high current
densities.
The electrochemical behavior of these electrodes was further

investigated using electrochemical impedance spectroscopy
(EIS) before and after 100 cycles at 14.3 mA g−1 and are
shown in Figure 6d. The charge-transfer resistance (Rct) and
double-layer capacitance (Cdl) across the electrode/electrolyte
interface is depicted by the high frequency semicircle, while, at
low frequency, the diffusion of lithium in the bulk active mass
was observed.7 The semicircle in the high frequency domain
reveals a typical Randle’s circuit equivalent circuit where
resistance and capacitance/constant phase element connected
in parallel fashion. The charge-transfer resistance of
Li2Ru0.75Ti0.25O3 before cycling was low with 8.6 Ω compared
to 11.6 Ω for Li2Ru0.75Sn0.25O3 cathodes. After 100 cycles, there
were slight changes in the impedance spectra of both the
electrodes, where two semicircles merged together at high and
intermediate frequency and Warburg diffusion (linear line) was
observed at the lower frequency domain. An increase in the
diameter of the merged semicircles (shown as dotted curves in
Figure 6d) reveals an enhanced overall charge-transfer
resistance of the cell, which fits with two Randel’s circuits
(resistance and capacitance/constant phase element in parallel)
in series. The first semicircle corresponds to the resistance of

the solid electrolyte interface (SEI) film that constitutes a series
of spontaneous reactions between the cathode material and
electrolyte solvent at high operating voltage.40,41 The second
semicircle at intermediate frequency is ascribed to the charge-
transfer resistance due to the lithium intercalation/deinterca-
lation process.40 After 100 cycles, the SEI film resistance of the
Li2Ru0.75Ti0.25O3 electrode increased to 10.0 Ω as compared to
that of the Sn-doped counterpart, which increased to 20.0 Ω.
The charge-transfer resistances of Li2Ru0.75Ti0.25O3 and
Li2Ru0.75Sn0.25O3 electrodes are 7.0 and 8.0 Ω, respectively.
The increase in the SEI resistance upon cycling is due to the
growth of the passivating SEI film on the electrode caused by
the partial oxidation of electrolyte at high operating voltage.
However, the overall resistance of Li2Ru0.75Ti0.25O3 electrodes
after 100 cycles is lower (17.0 Ω) compared to that of the Sn-
doped counterpart (28.0 Ω). In fact, the total resistance
influences the electrochemical performance, namely, the
specific capacity and cycle life of the electrode in Li-ion battery
applications.
Impedance spectra of Li2Ru0.75M0.25O3 (M = Sn, Ti) and

Li2RuO3 cathodes at different states of charge, namely, charged
to 4.0, 4.8, and discharged at 2.0 V, are presented in Figure S4
(Supporting Information), and the corresponding charge-
transfer resistance (Rct) components are tabulated in Table
S2 (Supporting Information). Most of the impedance spectra
show a single semicircle revealing the typical Randle’s circuit
with resistance and capacitance in parellel. The impedance of
the cathode charged at 4.0 V reveals that the charge-transfer
resistance of Li2Ru0.75Ti0.25O3 and Li2RuO3 (∼25.0 Ω) are
similar, while Li2Ru0.75Sn0.25O3 showed higher resistance

Figure 7. (a) Density of states of Li2MO3 with M = Ru0.75Ti0.25 (RuTi), Ru (Ru), and Ru0.75Sn0.25 (RuSn). Each plot with a black curve depicts total
electron density, while green, red, and dotted blue curves depict the partial density of transition metal, oxygen, and lithium, respectively. The dotted
black lines indicate the Fermi level, and band gaps are shown by double-headed arrows. (b) Schematic representation of the density of states (DOS)
of Li2RuO3, Li2Ru0.75Ti0.25O3, and Li2Ru0.75Sn0.25O3. The atomic Ti

4+ 3d, Sn4+ 4d, Ru4+ 4d, and O2− 2p energy levels are shown to illustrate the lesser
electropositive character of Ru and Sn compared to Ti and the stronger Ru (4d)−O (2p) hybridization compared to Ti (3d)−O (2p) and Sn(4d)−
O (2p).
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(∼30.0 Ω). The Rct of Li2RuO3 charged at 4.8 V was the lowest
(∼35.0 Ω) with the formation of metallic RuOx (Eg = ≤2.2 eV
as for RuO2), while Li2Ru0.75Ti0.25O3 showed slightly higher Rct
(∼37 Ω) due to the formation of Ru1−xTixO2 with the
semiconducting component, TiO2 (Eg = 3.2 eV) and metallic
RuOx. The resistance was the highest for Li2Ru0.75Sn0.25O3
(∼62.0 Ω) due to the formation of high band gap
semiconductor SnO2 (Eg = 3.8 eV) and metallic RuOx. On
subsequent discharge to 2.0 V, the structure nearly comes back
to the pristine layered structure, and the observed Rct was
retained with that of the cathode before electrochemical cycling
(as shown in Figure 6d). However, the Rct of Li2Ru0.75Ti0.25O3
was the lowest with ∼17.0 Ω, while Li2Ru0.75Sn0.25O3 showed
relatively higher Rct with ∼26.0 Ω. The impedance spectra of
Li2RuO3 discharged at 2.0 V is split into two semicircles where
the first semicircle corresponds to the resistance of the SEI film
layer with ∼10.0 Ω, while the second semicircle corresponds to
the charge-transfer resistance with ∼27.0 Ω, as shown in Figure
S4c (Supporting Information). The overall resistance of the
Li2RuO3 electrode discharged at 2.0 V is larger. Under any of
the state of charge, the Ti electrode showed lower charge-
transfer resistance, indicating superior electrochemical perform-
ance of Ti doping than the Sn counterpart.
The lower charge-transfer resistance and higher conductivity

of Ti-doped electrode over Sn may be explained in terms of
metal−oxygen bonding nature. The Pauling values of electro-
negativity for Ru, Sn, and Ti elements are 2.20, 1.96, and 1.54,
respectively.42 RuO6 exists in the transition metal layer in which
Ti and Sn substitute the Ru site with six coordination. Ionic
bonding occurs when a large difference in the electronegativity
was observed between two bonding atoms. Hence, the bonding
between these transition metals and oxygen (electronegativity:
3.44) gives a difference of 1.24, 1.48, and 1.90 for Ru−O, Sn−
O, and Ti−O, respectively. The large difference in electro-
negativity for Ti−O reveals more ionic bond than the Sn−O/
Ru−O bond and which realizes a strong interaction between
the Ti4+ cation and the surrounding counter O2− anions,
leading to an improved conductivity. In other words, Sn4+ is
hard to ionize and more likely to accept electrons than Ti4+.
Hence, it is clear that the decrease in charge-transfer resistance
is beneficial to the kinetic behaviors during the charge/
discharge process. This indicates that Ti doping improves the
electronic/ionic conductivity than the Sn couterpart in
Li2RuO3, since EIS spectra give a combination of both
electronic and ionic conductivity components. Therefore, the
high power capability and cyclability of Li2Ru0.75Ti0.25O3
cathodes are attibuted to the lower charge-transfer resistance,
as confirmed from the electrochemical results and improved
structural rigidity of the LiM2 layer favoring enhanced lithium
diffusion kinetics.
Density Functional Theory Calculations. The electro-

chemical properties of the electrodes may be well understood
by the density of states (DOS) calculation. The DOS diagrams
of the Li2RuO3 (Ru), Li2Ru0.75Sn0.25O3 (Ru + Sn), and
Li2Ru0.75Ti0.25O3 (Ru + Ti) are shown in Figure 7a. The
band gap of Li2Ru0.75Ti0.25O3 from DFT calculations is slightly
larger (2.8 eV) than that of Li2Ru0.75Sn0.25O3 (2.0 eV). The
DOS of Li2RuO3 and doped Li2RuO3 electrodes was explored
in detail in the previous literatures.43,44 The schematic
electronic band structures of Li2Ru0.75M0.25O3 (M = Ti and
Sn) and pristine Li2RuO3 are depicted in Figure 7b. The
structures describe a strong hybridization of the 4d band of Ru
with the oxygen 2p band. The plot reveals that the Li2RuO3

shows that 2/3 sites are filled with a Ru4+ (t2g) band in which
the four valence electrons are delocalized over the Ru−O and
Ru−Ru bonds. In contrast, the Li2Ru0.75Ti0.25O3 shows the Ti

4+

(t2g) band in which the d electrons are vacant on the transition
metal sites. The band structure reveals that Ti doping
marginally increases the band gap energy of Li2RuO3 cathodes,
which is in agreement with the reported literature from DFT
calculations.6

Thus, the influence of Ti on the electrochemical performance
of Li2MO3 (M = Ru) Li-rich layered oxides was understood and
reveals that the enhanced electrochemical performance is
attributed to lower charge-transfer resistance and facile lithium-
ion transport due to structural stability of the LiM2 layer. The
current study would be of significance to the development of
high capacity Li-rich layered oxide cathodes with insight on the
structural stability of the LiM2 layer in the presence of
electroinactive Ti4+ species on the electrochemical performance
of the cathodes.

■ CONCLUSIONS

Layered Li2Ru0.75Ti0.25O3 and Li2Ru0.75Sn0.25O3 cathodes were
synthesized by solid-state reaction. The effect of Ti and Sn
doping on the structure and electrochemical properties of
Li2MO3 (M = Ru) cathodes was investigated. Structural analysis
reveals that Ti doping favors superior structural stability in
Li2Ru0.75Ti0.25O3, facilitating better lithium-ion diffusion and
improved electronic conductivity in the Li2RuO3 structure.
Li2Ru0.75Sn0.25O3 suffers from stacking faults that block the
lithium diffusion pathway. High reversible capacity was
observed for Li2Ru0.75Ti0.25O3 at 143 mA g−1 (high current
rate) with a capacity retention of 72% after 250 cycles
compared to Li2MO3 (M = Ru, Ru0.75Sn0.25) with a retention of
<50% in the potential window of 2.0−4.8 V. The improved
cyclability and power capability of Li2Ru0.75Ti0.25O3 cathodes
were attributed to high structural stability facilitating lower
charge-transfer resistance, lithium diffusion kinetics, and
reduced covalent nature of the Ti−O bond. Ti-doped
Li2RuO3 exhibits excellent rate capability and long cycle life,
which would open the gateway for exploiting Ti-based Li2MO3
cathodes as promising candidates for electric vehicular
applications.
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