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Because of their high energy density and reversible capacity, lithium-rich layered oxides based on
Ru, such as Li.RuO3; (LRO), are excellent candidates for use as cathodes in lithium-ion batteries.
However, their commercial viability is limited due to poor structural stability, thermal instability,
and voltage decay. Recent studied show that doping of Ti and Cr is a promising approach to resolve
the structural stability and voltage losses associated with LRO cathodes. In this paper, we report
DFT+U quantum mechanical studies on the Ti and Cr co-doping of LRO to achieve excellent and
stable battery performance. We also investigated the impact of Ti to Cr doping ratio on the LRO
battery cathode performance. Ti and Cr co-doped LRO cathodes exhibited superior performance
over the pristine LRO in terms of structural, thermal and voltage stability. Over 1.7% increase in
open circuit voltage, > 9.8% increase in bandgap, and 35.9% reduction in voltage drop is observed
for co-doped LRO cathodes compared to the pristine cathode. The results show that, among the
various stoichiometric combinations of LRO cathodes, Li-Ruo0.5Ti0.375Cro.12505 has the best

performance with a formation energy of -15.10 €V, open circuit voltage of 4.35V and band gap of

0.33 eV.
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I. INTRODUCTION

Due to their portability as a convenient energy source,
lithium-ion batteries (LIBs) are becoming increasingly
common in electronic gadgets (Lu et al., 2013). Because
battery technology is becoming progressively important,
there is an increasing demand for LIBs with higher
electrochemical performance (Kalantarian et al., 2013; Xu et
al., 2015; Ye et al., 2014). For application in EVs and HEVs,
more advanced LIBs (Li et al., 2015; Song et al., 2015) with
enhanced electrochemical properties are required as
opposed to commercially available cathode materials such as
LiNixMnyCo:xyO2, LiFePO,4, and LiCoO. (Liu et al., 2017;
Mizushima et al., 1981; Padhi, 1997), which have drawbacks
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like capacity loss and low energy density. Therefore, much
work has been done (Afyon et al., 2013; Johnson et al., 2010;
Okumura et al., 2014; J. Wang et al., 2018) to identify the
ideal cathode material. Due to their superior energy density
and capacity retention, lithium-rich layered oxides,
specifically Li-MO3; (M stands for transition metal), show
enormous potential as cathode materials (Lanjan et al,
20204a).

Li-MO3 consists of higher proportion of Li ions for
intercalation/deintercalation increasing the capacity for
reversible discharge (e.g., for Li-MnOj discharge capacity is
460 mAhg?) (Lanjan et al., 2020a). The cumulative anionic

and cationic redox processes that lead to higher capacity are
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expected to be the cause of improved energy density of the

LioMO3; cathodes. Intercalation and deintercalation
processes, however, stimulate the development of a spinel-
like structure, which lowers intrinsic voltage and capacity
(Suetal., 2020; Wu et al., 2020). Recent studies (Park et al.,
2013; S. Zheng et al., 2019) have demonstrated that the
monoclinic C2/c layered Li=RuO3; (LRO) cathode material
outperforms other cathode materials in terms of reversibility
of the oxygen extraction process during charge/discharge
cycles. Additionally, modifications to the O-Li-O bond
formation and Li-ion diffusion pathways could have an
impact on the atomic configuration and cation ordering of
this cathode material, which in turn could affect its
electrochemical performance. Recent studies have shown
that doping this cathode material significantly enhances its
electrochemical characteristics. For instance, Arunkumar et
al. (2016) found that the structural stability and reversibility
of the cathode increased with increasing amounts of
aliovalent Co3* in lithium-rich LRO due to high cation
ordering. Zheng et al. (2019) investigated the impact of Ni
doping on the oxygen redox process in Li-RuO; using first-
principles calculations. Ni dopants were shown to
significantly decrease the oxygen oxidation reaction, leading
to an increase in capacity. Another group of researchers
(Kalathil et al., 2015) found that doping with Ti improves
structural stability, Li-in diffusion, and electronic
conductivity. Improved electrochemical performance has
been observed in lithium-ion battery electrodes doped with
Co (Heet al., 2019; Pang et al., 2018; Yanxia et al., 2020), Ni
(Aasen et al., 2020; Y. Zhang et al., 2018), and Mg (NKkosi et
al., 2017; Torres-Castro et al., 2017). In addition, Tian et al.
(2019) investigated a co-doping method for LRO using Na
and Cr elements. It has been observed that doping with Na
increases voltage stability and that doping with Cr increases
capacity. More recent studies by Moradi et al. (2021) show
that co-doping of different transition metals (TMs) with Ti in
undoped Li-RuO3 enhances maximum open circuit voltage,
structural and thermodynamic stability, and decreases
oxygen removal at the cathodes.

In this study, DFT+U quantum mechanical computations
were used to examine the effects of co-doping Li-RuO; (LRO)
with Ti and Cr on its electrochemical properties. The

elements Ti and Cr were chosen as co-dopants because of

their ability to enhance the stability of crystal structure,
reversibility, electrical conductivity, and theoretical capacity
of un-doped LRO (Tian et al., 2019; S. Zheng et al., 2019).
Important characteristics that affect the electrochemical
performance of cathodes, such as formation energy, change
in Gibb’s free energy, open-circuit voltage, and bandgap,
have been studied on co-doped cathodes using DFT+U
quantum mechanics. The results of this study are anticipated
to contribute to a deeper understanding of the effects of co-
doping and development of multiple transition metal doped

LRO cathode materials.
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Figure 1. Unit cell of pristine Li-RuO3 containing layered

structure of Li (green), Ru (grey) and O (red) atoms

II. COMPUTATIONAL METHODS

Li-RuO3 is a lithium-rich multi-layered oxide with a stable
monoclinic structure (space group C2/c). Figure 1 displays a
unit cell of pristine Li-RuO; with 48 atoms of Ru, Li, and O
atoms. Co-doped cathode materials were obtained by
replacing half of the Ru atoms with the elements Ti and Cr.
Using density functional theory, quantum mechanical
computations were performed on pristine LRO and co-doped
cathode materials (DFT). More reliable DFT+U (Lanjan et
al., 2020a; 2020b) technique, which uses the DFT theory to
calculate energies while using Hubbard-U (Anisimov et al.,
1997) potentials for the transition metals (TMs) and PBE+U
(Perdew et al., 1996) as the exchange-correlation function
was employed for all calculations in this study. Table 1

presents the Hubbard-U values used to correct the

considerable correlation of d-orbitals in TM ions.
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Table 1. Hubbard-U values of transition metals used in this

study (Aryasetiawan et al., 2006; Gao et al., 2015; Wu et al.,

2020)
Transition Metal Hubbard-U
values (eV)
Ru 2.0
Ti 2.5
Cr 35

The experimental data of James et al. (1988) was used to
find initial lattice parameters and atomic positions of un-
doped LRO. The periodic crystal was represented by a
2 x 2 x 2 supercell containing 48 atoms in each cell and all
calculations were performed on this supercell. In all
calculations, following convergence criteria were used: (i)
the maximum energy for plane waves fixed at 500 eV and (ii)
the energy convergence requirement of 104 eV/atom. In
order to obtain the energetically favourable geometry, all
atoms in the unit cell were completely relaxed. Subsequently,
the co-doped cathodes were obtained by replacing one half
of Ru atoms with Ti and Cr elements. The powder X-ray
diffraction (XRD) was used to observe the structural
alterations caused by doping. The powder XRD patterns of
the cathodes were simulated using VESTA-3 visualisation
tool (Momma & Izumi, 2011). The source of X-ray radiation

was monochromatic Cu-Ka with a wavelength of 1.540594.

III. RESULTS AND DISCUSSION
A. Theoretical Capacity

The theoretical charge capacity of a cathode can be calculated

using the following relationship (Zhi et al., 2013):

_nF 1

cheoretical T 3.6xMW

where, n is the number of moles of Li in the cathode, Fis the
Faraday constant, and MW is the molecular weight of the
cathode. For all the studied cathodes, the value of n is 2.
Table 2 displays the computed theoretical capacities of the
cathodes. As shown in Table 2, co-doped cathodes have
larger theoretical charge capacities than LRO cathodes. More
precisely, Li2Ruo 5Ti0.5Cro0s,
LisRuo.5Ti0.25Cro.2503,
Li-Ruo 5TioCro503 have 19.5%, 19.1%, 18.6%, 18.2%, and

LizRUo,sTio,375Cro,12503,
Lilelo.5Tio.125CI‘o.37503, and
17.7% respectively, higher capacity than LRO (329.0 mAhg-
1). Among the studied cathodes, theoretical capacity is

greatest for Li2RuosTiosCroOs. The order of theoretical

charge capacity (Qneoreticar) Of the cathodes is:

Lilelo.sTioA5CI'003 > Lilelo.5Tio.375CI’o.12503 >
Lilelo_5Tio.25CI'o.2503 > Lilelo.5Tio.125CI'o.37503 >
Lilelo.sTioCI'04503 > LizRUOg

Table 2. Theoretical charge capacities of co-doped

cathodes and pristine Li.RuO3 and percentage change in the

capacities
Cathode Qiheoreticat (MARg™)
and % change
Li-RuO3 329.0
Li>Ruo.5Ti0.5CroO3 393.19 (19.5%)

LigRuo.sTio.375CI'0.12503 391.70 (19.1%)

Li>Ru0.5Ti0.25Cro.2503 390.23 (18.6%)
Lilelo.5Tio.12scI'0.37503 38877 (18.2%)

Li2Ruo.5TioCro.503 387.32 (17.7%)

B. Formation Energy (FE)

The amount of energy required to form a cathode from its
constituent elements in their normal states is referred as the
Formation Energy (FE). The FE affects the stability of the
cathode material in such a way that the stability of the
cathode increases as the formation energy becomes more
negative. The FE of the cathodes is calculated using the
formula:
FE = E[Li;RuqsTi,Cros_,03] — 2E[Li] — 0.5E[Ru] —
YEITi] = (05 —y)E[Cr] —2E[0,]  (2)
where, FE is the formation energy of the cathode,
E[Li;RusTiyCros-,05] is the computed total energy of

Li;Rug 5Tiy,Cros_, 03 after  geometry  optimisation,

E[Li], E[Ru], E[Ti], E[Cr], and E[0,] are respectively the total
energies of Li, Ru, Ti, Cr and O in their standard states.
Table 3 shows that all cathodes exhibit negative FE values,
which suggests that the crystal structures of the cathodes
under study are stable. Further, the FE of each co-doped
cathode is higher than that of the parent LRO cathode. In
other words, adding Ti and Cr together increases the

formation energy, which makes the cathode's structure more

stable. The cathode Li2Ruo.5Tio.375Cro.12503 is considered
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most stable because it shows highest FE among all cathodes.
The order of stability of cathodes based on the FE values is:
Li2Ruo.5Ti0.25Cro.2503 >

Lilelo.sTio.scroOg >

Lilelo.sTio.375CI'o.12503 >
LizRuo‘5Ti0.125CI'o‘37503 >

Lile.lo_5TioCro,503 > Li2Rl103

Table 3. Formation energies and percentage change of
cathodes for different doping combinations calculated using

the quantum mechanical methods

Cathode Formation Energy
(eV) and % change
Li>RuO; -11.75
Li2Ruo.5Tio.5Cro03 -13.94 (18.6%)
Li>2Ruo.5Ti0.375Cro.12503 -15.10 (28.5%)
Li2Ruo.5Ti0.25Cro.2503 -14.63 (24.5%)
Li>Ruo.5Ti0.125Cr0.375503 -14.29 (21.6%)

Li>Ruo.5TioCro.503 -13.85 (17.9%)
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Figure 2. X-ray diffraction pattern of co-doped cathodes
compared to that of the pristine Li=RuOs. The experimental

data was shown in circles (green).

C. Powder X-ray Diffraction (XRD)

Figure 2 shows powder XRD patterns for LRO with and
without Ti and Cr doping to compare their structural
characteristics. Figure 2 shows that cathode XRD patterns
are in good agreement with experimental data. The Bragg
angles of the investigated cathodes and the observed peak
positions are quite close, indicating that doping with Ti and

Cr will not cause appreciable structural changes. In other

words, the crystal structure remains stable after Ti and Cr co-

doping.

D. Thermodynamic Stability

The thermodynamic stability of a battery is one of the crucial
factors that assures its risk-free operation. Therefore, it is
critical to examine its thermodynamic stability before
employing them as a cathode in batteries. During the
charging of the Li-ion battery, the LRO cathode decomposes
according to the equation given below (Xiao et al., 2012):

LiyRugsTiy,Crys-,,03 (lattice) —

LiyRugsTiy,Crys_y03_, (lattice) + %02 (gas) 3)

In multilayer LRO cathodes, the release of oxygen is one of
the primary issues (Moradi et al., 2020). This is because the
directly related to the

evolution rate is

oxygen
thermodynamic stability of the cathode. This reaction could
ignite or explode the battery cathode. By limiting oxygen loss
and stabilising oxygen inside the lattice, the lifetime and
performance of cathode materials can be greatly enhanced.
To explore the thermodynamic stability in relation to
oxygen evolution, the Gibbs free energy (AG) has been
calculated for the cathodes at varying amounts (x) of Li using
the well-known equation AG=AH-TS, where AH is the change
in enthalpy. The value AH for a cathode is computed (S.
Wang et al., 2017; Yang et al., 2017; H. Zhang et al., 2019)

using the following equation:

E(LixRtg 5TiyCro 5-y03-7)+0.52 E[0;]~E(LixRug sTiy Cro 5-03) (1)
0.5z

AH(eV) =

where, E is the total energy obtained from DFT+U method.
By taking the findings of the preceding studies (Francis
Amalraj et al., 2012; H. Zhang et al., 2019) into account, the
value of TS was considered to be 0.63eV for the O- molecule
when it was subjected to standard conditions of temperature
and pressure. As a result, the Gibbs free energy (AG)
associated with the LRO decomposition reaction (3) can be

computed as (H. Zhang et al., 2019; F. Zheng et al., 2019).
AG(eV) = AH — 0.63 (5)
During Li-ion battery charging, some electrons are
removed from the cathode, lowering the AG of the reaction.
A decrease in AG at a given temperature accelerates oxygen
extraction from the reaction mixture and cathode

degradation. If the cathode disintegrates faster, its
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degradation temperature will become lower. This reduces
reversible capacity, longevity, and safe operating range. If AG
for extracted lithium ions is negative, the reaction will be
spontaneous.

Figure 3 illustrates Gibbs free energy (AG) as a function of
lithium removed from cathodes. Figure 3 shows that when x
in Liycathode] is lowered to 1.15, AG value of the LRO
cathode becomes negative, indicating spontaneous oxygen

removal. Similarly, AG becomes negative for the co-doped

cathodes Lilelo‘5Ti0.5CI'003, Lilelo.sTio.37scI‘0.12503,
Lilelo.5Tio.25CI‘o.2503, Lilelo45Tio.125CI‘0437503, and
Li2Ruo.5TioCro.503 when x 0.80, 0.47, 0.60, 0.81, and 0.94,
respectively.
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Figure 3. Calculated AG values for the oxygen elimination
reaction at different Li-ion contents in the cathode

materials

Co-doped cathodes have greater (AG values than LRO
cathodes, indicating that breakdown requires higher
temperatures. Thus, it is reasonable to assume, co-doped
cathodes have a greater decomposition temperature than
pristine LRO, resulting in enhanced reversible capacity and
thermal stability. The thermal stability of the cathode
in the order of

structure under investigation are

Li>Ru0.5Ti0.375Cr0.12503 > LioRu0.5Ti0.25Cro.2503 >
Li>Ruo.5Ti0.5CroO3 > Li>2Ruo.5Ti0.125Cro.37503 >
Li2Ruo.5TioCro.503 > LioRuOs. The cathode
LizRuo.5Ti0.3755Cro.12s05  exhibits highest decomposition

temperature and thermal stability among the co-doped

cathodes examined.

E. Voltage Stability

Maximum output power of a Lithium-ion battery depends on
cell voltage, which depends on cathode and anode voltages.
LRO has high open circuit voltage which makes it a
significant cathode material. Dopants can cause this voltage
to fluctuate, thus it is important to understand these
changes. During charge-discharge cycles, when Li-solid is
utilised as the anode in a LIB, the following reaction occurs:
Liy[cathode] + (¥ — x)Lisoiq = Liy[cathode] (6)
Here, x and y are Li-ion concentrations in the reactant and
product states. As a result, the open-circuit voltage of the LIB
at different Li concentrations in the cathode can be obtained
by the following equation (Goodenough & Park, 2013;
Medasani et al., 2016):

—Ap _ AE_ Eniy=[ELiy, *O=X)ELi ]

Voc=—-=75= o ()

where E is the total energy of the material obtained with DFT
PBE+U calculations, u is chemical potential (eV) and F is

Faraday constant (C mol-?).
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Figure 4. The calculated open circuit voltages of cathode

materials at different Li-ion contents

Figure 4 compares co-doped and undoped LRO cathode
open-circuit voltages. Maximum open-circuit voltage is
reached when all Li-ions are withdrawn from the cathode.
The maximum voltage for an undoped LRO cathode is 3.98V,
while the maximum voltage for co-doped cathodes
Li2Ruo.5Ti0.5Cro0O3,
LisRuo.5Ti0.25Cro.2503,

Li2Rllo,5Tio,375CI'o,12503,
Lilelo.5Tio.125cro.37503, and
LioRuo5TioCros03 is 4.2, 4.35, 4.2, 4.14, and 4.05V

respectively. Calculations indicate that co-doping with Ti and
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Cr raises the maximum voltage of pure LRO by at least 1.7%.
Li2Ruo.5Ti0.375Cro.12s03 has the highest maximum voltage
(4.35V) among co-doped cathodes, which is approximately
9.3% greater than that of pure LRO cathode. Regardless of Li
concentration, co-doped cathodes have higher open circuit

voltages than undoped LRO.

Table 4. The voltage reduction values and percentage
changes of the studied cathode materials extracted from the

open circuit voltage plots in Figure 4

Cathode Voltage Reduction (V)
and percentage change

Li-RuO; 1.17

Li>Ruo.5Ti0.5CroO3 0.75 (35.9%)

Lile.lo.5Ti0.375CI‘o.12503 0.40 (658%)

Lilelo.5Tio.25CI‘o.25O3 0.43 (63.2%)
LiQRu0.5Tio.125CI'0.375O3 0.49 (58.1%)

Li2Ruo.5TioCro.503 0.71(39.3%)

Voltage trend shown from Figure 4 represents the voltage
stability of cathodes. When the Li-ion content is altered from
x = 0tox = 1.8, it is seen that the voltages significantly drop.
The voltage drops for each cathode as a function of variation
in Li-ions from x = 0 to x = 1.8 is presented in Table 4. The
cut-off voltage, lowest operational voltage, is achieved more
rapidly with higher voltage reduction. As a result, the voltage
stability declines, lowering the usable capacity. Table 4
shows that, compared to the pristine LRO, all co-doped
cathode materials undergo reduced voltage reduction. The
voltage reduction of pure LRO is 1.17V, but for the co-doped
Li>Ruo.5Ti0.5CroO3,
Li>Ruo.5Ti0.25Cro.2503,

cathodes Li2Ruo.5Ti0.375Cro.12503,

Li>2Ruo.5Ti0.125Cro.37503, and
Li=Ruo.5TioCro.50s3, it is, respectively, 0.75, 0.40, 0.43, 0.49,
and 0.71V. The co-doped cathodes consequently have
improved voltage stability and practical capacity. The voltage
drop is greatly reduced by co-doping with Ti and Cr by at
least 35.9%, with Li2Ruo5Tio.375Cro.12503 experiencing the
greatest reduction (65.8%). These findings demonstrate a

considerable improvement in the voltage stability and usable

capacity of the LRO cathode due to co-doping with Ti and Cr.

F. Bandgap

Bandgap is an important characteristic that can affect the
electrical conductivity of a cathode. Consequently, it is
crucial to comprehend the influence of co-doping on the LRO
bandgap, since this can help to explain the difference in its

electrical conductivity.

Table 5. The calculated bandgaps of the studied cathode
materials and percentage change in the bandgap when

compared to the pristine Li-RuOj3

Cathode Bandgap (eV) and
% change
Li-RuO; 0.51
Li2Ruo.5Tio.5Cro03 0.42 (17.6%)
Li>Ruo.5Ti0.375Cro.12503 0.33 (35.3%)
LizRuo.5Ti0.25Cro.2503 0.38 (25.5%)

0.43 (15.7%)
0.46 (9.8%)

Lilelo.5Tio.125CI‘o.37503

Lilelo,5TioCI'o.503

The bandgaps of undoped LRO and co-doped LRO
cathodes are shown in Table 5. According to Table 5, the
band gap of undoped LRO is 0.51eV, which is consistent with

previous studies (Johannes et al., 2008; Pchelkina et al.,

2015). The co-doped cathodes Li:Ruo.5Tio.5CroOs,
Li2Ru0.5Tio.37501‘0.12503, Lilelo.5Tio.25CI‘o.2503,
LizRUo.sTio.125Cr0.37503, and LizRUo.5TiOCI'0.503 have

bandgaps of 0.42, 0.33, 0.38, 0.43, and 0.46 €V respectively.
These findings demonstrate that co-doping with Ti and Cr
reduces the bandgap by at least 9.8%. Among the examined
cathodes, Li2Ruo.5Ti0.375Cro.12503 has the smallest bandgap,
which is approximately 35.3% smaller than the pure LRO
cathode. Pristine LRO cathode will have the lowest electrical
conductivity compared to co-doped cathodes due to its
higher bandgap indicating that co-doping boosts the
electrical conductivity substantially. On the basis of bandgap
values, the expected descending order of electrical
conductivity of examined cathodes is as follows:

LisRuo5Tio.5375Cro12503 >  LiaRuo.5Ti0.25Cro.2503 >
Li>Ruo.5Ti0.5CroO3 >

Lilelo_5TioCI‘o,503 > LilelO3

Lilelo,5Tio,125Cro,37503 >
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IV. CONCLUSION

In conclusion, DFT+U quantum mechanical calculations
were used to examine the influence of Ti and Cr co-doping
on parameters that can influence the electrochemical
performance of Li>RuOj3. The key findings from the DFT+U
quantum mechanical calculations of co-doped LRO are
presented below:

1. Co-doping with Ti and Cr improves the theoretical charge
capacity of LRO by at least 17.7% and Li>Ruo.5Ti0.5CroO3
has the highest capacity.

2. Formation energy of co-doped cathodes is higher than
that of pristine LRO by at least 17.9% with
Li2Ruo.5Ti0.375Cro.12s03 showing the highest formation
energy of -15.10 eV.

3. Co-doping with Ti and Cr does not lead to appreciable
crystal structural changes.

4. Co-doped cathodes have higher decomposition

temperatures in comparison to the undoped LRO,

resulting in larger reversible capacity and superior
thermal stability. The cathode Li2Ruo.5Ti0.375Cro.12503

exhibits highest thermal stability.
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