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Abstract

Lithium-rich layered oxides based on Ru are interesting as cathode materials because
they have high energy density and reversible capacity. However, due to the problems of weak
structural stability and voltage decay, their commercial utility is limited. To address this, we
use a DFT+U quantum mechanics to investigate the co-doping strategy on Li2RuOs (LRO) for
improved battery performance. In particular, the effect of two co-dopants Ti and Co has been
studied. The co-doping strategy has been found to significantly improve the structural and
thermal stability of LRO. By slowing the oxygen removal reaction, Ti and Co improve
structural stability. Co-doping with Ti and Co increases the maximum open circuit voltage at
least by 5.5% and decreases the voltage reduction by a minimum of 44%. Bandgap is also
increased by a minimum of 6% with co-doping. In particular, LizRugs5Ti0.375C00.12503 provides
the highest maximum voltage of 4.4V with 61% decrease in the voltage reduction and 40%
lower bandgap (0.45eV).
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1. Introduction

As a portable source of energy, lithium-ion batteries, often known as LIBs, are
becoming more popular in electronic devices [1]. As a result of the increasing importance of
battery technology, there is a rising need for LIBs with improved electrochemical performance
[2—4]. Electric vehicles (EVs) and hybrid electric vehicles (HEVs) demand more sophisticated
LIBs [5,6] with improved electrochemical characteristics due to disadvantages such as capacity
loss and poor energy density of commercially available cathode materials such as
LiNixMnyCo1.xyO2,  LiFePOs, and LiCoO. [7-9]. Therefore, many researchers have
concentrated on identifying the best suitable cathode material. Due to better energy density and
capacity retention, Lithium-rich layered oxide (LLO) cathodes, specifically LizMO3 (where M
is a transition metal), have emerged as the most promising cathode materials [10]. Li>MO3
consists of more Li ions for intercalation and deintercalation, which results in increased
reversible discharge capacity (e.g., for Li.MnOs discharge capacity is 460 mAhg™) [10]. The
increased energy density of LinMOs cathodes is due to the cumulative anionic and cationic
redox reactions which result in increased capacity. The charge compensation in anionic and
cationic redox reactions is due to the participation of products of oxygen extraction reaction at
higher voltages [11].

However, in LioMOs cathode materials, the first cycle of the redox reaction is
irreversible, which results in a significant release of oxygen [12]. Furthermore, during the
intercalation and deintercalation processes, a spinel-like structure is formed in the internal
phase which causes the decrease in the intrinsic voltage and capacity [13-15]. Recent studies
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have shown that Li>RuOs (LRO) cathode material, which has a monoclinic C2/c layered
structure, perform better in terms of the reversibility of the oxygen extraction process during
charge-discharge cycles [16,17]. In addition, the cation ordering and crystal structure of this
cathode material could influence its electrochemical performance due to variations in O-Li-O
bond formations and Li-ion diffusion paths. Recent studies have shown that doping this cathode
material further improves electrochemical properties. For example, Arunkumar et al. [18]
reported that adding aliovalent Co®" to the Lithium rich Li.RuOs improves the structural
stability and reversibility of the cathode due to high cation ordering. Using first-principles
calculations on Li2RuOs, Zheng et al. [17] studied the effect of Ni substitution on the oxygen
redox process. They discovered that Ni dopants considerably reduce the oxygen oxidation
reaction, resulting in an increase in capacity. In another study, Kalathil et al. [19] reported that
doping with Ti enhances structural stability, Li-in diffusion and electronic conductivity.
Lithium-ion battery electrodes doped with Mg [20—22], Ni [23,24], Co [25-29], and N [30,31]
have been shown to improve electrochemical performance in similar studies. In addition, a co-
doping technique on Li2RuOs using Na and Cr elements was investigated by Tian et al. [32].
They reported that doping with Cr boosts capacity, while doping with Na reduces voltage
decay. More recently, Moradi et al. [33,34] have reported that co-doping of Tc, Rh, and Pd
with Ti in pristine Li2RuOsz reduces the oxygen removal from the cathodes, improves maximum
open circuit voltage, structural and thermodynamic stability.

In this work, we study the effect of co-doping with Ti and Co as co-dopants on the
electrochemical performance of Li2RuOs. The elements Ti and Co were chosen as co-dopants
because they have comparable atomic radii with Ru and these elements when doped separately
were found to improve the structural stability, reversibility, electrical conductivity and
theoretical capacity of pristine Li2RuOz [18,35]. In this study we employed the DFT+U
quantum mechanical calculations to compute effective parameters that enhances the
electrochemical performance of the pristine LioRuOs cathode.

2. Computational Methods

Li2RuOs3 is a layered oxide with a high lithium content. It has a stable monoclinic
structure (space group: C2/c, No. 15). Figure 1 shows a single unit cell of pristine Li2RuO3
containing 48 atoms of Li, Ru, and O. Co-doped cathode materials were obtained by
substituting one half of the Ru atoms with the Ti and Co elements. Quantum mechanical
calculations were performed on pristine LioRuOs; and co-doped cathode materials within
density functional theory (DFT). The DFT+U method, which involves utilising the DFT
approximation to calculate energies while considering Hubbard U [36] values for the transition
metals in the system and PBE (Perdew—Burke—Ernzerhof) [37] (PBE+U) as the exchange-
correlation function, is more accurate than the DFT method when transition metals are involved
[10,38]. Therefore, the DFT+U with PBE+U has been used for all calculations in this work.
The Hubbard U values for different transition metals which were used to rectify the significant
correlation of d-orbitals in transition metal ions are given in Table 1.

Table 1: Hubbard U- values of transition metals used in this study [39-41]

Transition Metal Hubbard U-value
Ru 2.0
Ti 2.5
Co 3.0
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The experimental data by James et al. [42], was used to determine the initial lattice
parameters and atomic locations of Li,RuQOs. A supercell of size 2 X 2 X 2 containing 48 atoms
in each cell was used to represent the periodic crystal and all calculations were carried out on
this supercell. In all calculations, the plane wave cut-off energy was fixed at 500eV and energy
convergence requirement was fixed at 10 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 substituting one half of Ru atoms with Ti and Co elements.
In order to investigate the structural changes upon doping, X-ray powder diffraction (XRD)
technique was used. The powder XRD patterns of the cathodes were simulated using VESTA-
3 visualization tool [43]. The source of X-ray radiation was monochromatic Cu-K, of
wavelength 1.54059A. Table 2 shows the weight percentage analysis of various elements
present in the undoped and co-doped cathodes.

Figure 1: Single unit cell of pristine Li2RuO3 containing 48 atoms.

Table 2: Weight percentages of elements within the cathode materials

Cathode Weight percentage

Li Ru Ti Co o
Li2RuO3 8.52 62.03 0.00 0.00 29.46
Li2Ruo5Tio5C0003 10.18 37.06 17.55 0.00 35.2
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Li2Ruo5Ti0.375C00.12503 10.08 36.69 13.03 5.35 34.85
Li2Ruo5Ti0.25C00.2503 9.98 36.33 8.6 10.59 345
Li2Ruo5Ti0.125C00.37503 9.88 35.97 4.26 15.73 34.16
Li2Ruo5Ti0C00503 9.78 35.62 0.00 20.77 33.83

3. Results and Discussion
3.1. Theoretical Capacity

The theoretical charge capacity of a cathode is obtained from the following relation [44]:

nF
3.6XMW

1)

where, n is the number of moles of Li present in the cathode, F is the Faraday constant, and
MW is the molecular weight of the cathode. For all the studied cathodes, the value of n is 2.

Qtheo =

Table 3: Theoretical charge capacities and percentage change of co-doped cathodes and
pristine Li>RuOs

Cathode Q:heoreticar (MANG?) (percentage change)
Li2RuOs 329.0
Li>Ruo5Tio5C0003 393.2 (19.5%)
Li2Ruo5Ti0.375C00.12503 389.1 (18.3%)
Li2Ru05Ti025C002503 385.4 (17.1%)
Li2Ruo5Ti0.125C00.37503 381.6 (16%)
Li>Ruo5TioC00503 377.9 (14.9%)

The calculated theoretical capacities of the cathodes under study are presented in Table
3. It can be seen from Table 3, that the theoretical charge capacities of the co-doped cathodes
are higher than that of the parent LRO cathode. More precisely, Li2RuosTio5C0003,
Li2Ruo5Ti0.375C00.12503, Li2Ruo.5Ti0.25C00.2503, Li2Ruo5Ti0.125C00.3750s3, and
Li2Ruo5Ti0C00503 have 19.5%, 18.3%, 17.1%, 16%, and 14% respectively, higher capacity
than LRO. Further, among the studied cathodes, Li2RuosTio5C0003 has the highest theoretical
capacity. In terms of theoretical charge capacity (Q:neoreticar): the decreasing order of the
cathodes is:

Li2Ruo5Tio5C0003 > Li2Ruo5Ti0.375C00.12503 > Li2RUo 5 Ti0.25C00.2503 > Li2RUo 5 Ti0.125C00.37503
> LioRuUgsTigCo0503 > LioRuOs3

3.2. Formation Energy (FE)

Formation Energy (FE) is the amount of energy necessary to construct a cathode from its
constituent elements in their standard states. The stability of the cathode material depends on
the formation energy FE in such a way that if the formation energy more negative, the stability
of the cathode is more.
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The formation energy of the studied cathodes is calculated using the formula:
FE = E[LiyRu,5Ti,Cogs_y 03] — 2E[Li] — 0.5E[Ru] — yE[Ti] — (0.5 — y)E[Co] — %E[Oz] 2

where, FE is the formation energy of the cathode, E [LizRu0.5Tin 005_y03] is the computed
total energy of Li;Rug sTi,Cops_y, 03 after geometry optimization,
E[Li], E[Ru], E[Ti], E[Co], and E[0,] are respectively the total energies of Li, Ru, Ti, Co and
O in their standard states.

Table 4: Formation energy values and percentage change of cathodes for different doping
combinations calculated using the quantum mechanical methods

Cathode Formation Energy (eV) (percentage
change)
Li2RuO3 -11.75
Li2Ruo5Tio5C0003 -13.94 (18.6%)
Li2Ruo5Ti0375C00.12503 -14.81 (26%)
Li2Ruo5Ti0.25C00.2503 -14.50 (23.4%)
Li2Ruo5Ti0.125C00.37503 -14.23 (21.1%)
Li2Ruo5Ti0C00503 -13.91 (18.4%)

From Table 4 it can be seen that, FE of all cathodes is negative, indicating that the cathodes
under study have stable crystal structures. Further, the FE of each co-doped cathode is higher
than that of the parent LRO cathode. More precisely, the formation energies of
Li2Ruo5Ti05C0003, Li2Ruo05Ti0.375C00.12503, Li2Ru05Ti0.25C00.2503, LizRuos5Ti0.125C00.37503,
and Li2RuosTioC00503 are respectively 18.6%, 26%, 23.4%, 21.1%, and 18.4% higher than
that of the parent LRO cathode. In other words, the co-doping with Ti and Co increases the
formation energy and hence the structural stability of the cathode. Among all the studied
cathodes, Li2RuosTio375C00.12503 is the most stable cathode because it has the highest
formation energy. Based on the FE values, the order of stability of cathodes is:

Li2RuUo5Tio375C0012503 > Li2Rug5Ti0.25C00.2503 > Li2RugsTi0125C0037503 >
Li2RuosTio5C0003 > Li2RuosTioCo00503 > LioRuO3

3.3. Powder X-ray diffraction (XRD)

In this study, a significant proportion (50%) of the Ruthenium (Ru) sites in LRO cathode
have been substituted with Ti and Co atoms to obtain co-doped cathodes. As a result, all the
cathodes have been investigated for consequent structural changes due to a high proportion of
dopants by comparing their XRD patterns. Upon completion of the geometry optimization of
the cathodes, the powder XRD patterns were calculated and presented in Figure 2 along with
the experimental data of the LRO cathode. As seen in the Figure 2, the XRD patterns of the
studied cathodes are in good agreement with the experimental data of LRO cathode.
Specifically, the Bragg angles of the studied cathodes and the peak positions obtained from the
experimental data are very close to each other, which indicates that a high percentage of doping
with transition metals Ti and Co will not lead to any appreciable structural changes. In other
words, the crystal structure remains stable upon doping with the Ti and Co atoms.
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Figure 2: Simulated X-ray diffraction pattern of co-doped cathodes compared to that of the
pristine Li.RuOz. The experimental data was shown in circles (green).

The calculated lattice parameters and volume changes are presented in Table 5. It can be seen
from Table 5 that, lattice constant along a- and b- directions decreases while lattice constant
along the c- axis increases after co-doping. Further, co-doping with Co, decreases the volume
change when compared to Ti doped cathode. Smaller volume change in all doped cathodes
indicate that there are no significant structural changes within the crystal structures which

supports the analysis from X-ray diffraction pattern.

Table 5: Lattice constants, volumes and percentage volume changes AV(%) of cathodes

Cathode a (A) b(A) c(A) Vo/lgu3me AV (%)
Li2RuO3 4912 8.759 9.854 (41;.4 -
Li2Ruo5Tio5C0003 4.839 8.595 9.919 406.2 2.7
Li2Ruo5Ti0.375C00.12503 4.844 8.621 9.920 407.9 2.3
Li2Ruo5Ti025C00.2503 4.849 8.615 9.933 408.5 2.1
Li2Ruo5Ti0.125C00.37503 4.851 8.629 9.921 408.9 2.0
Li2Ruo5Ti0C00503 4.870 8.652 9.898 410.6 1.6
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3.4. Thermodynamic stability

Thermodynamic stability is one of the important aspects which ensures that the battery will
operate in a risk-free manner. Hence, it is necessary to study the thermodynamic stability of a
cathode material before employing it in a battery. In LRO cathodes, removal of oxygen is
thermodynamically more favorable than the oxidation of Ru. As a result, during the charging
(extraction of Li-ions from the cathode) of the Li-ion battery, the LRO cathode decomposes
via the following relation [45]:

LiyRugsTi,Cogy5-, 053 (lattice) = LiyRugsTi,Coys—, 03—, (lattice) + 202 (gas) 3)

The thermodynamically favorable release of oxygen is one among the major problems
in layered LRO cathodes. This is because, the thermodynamic stability of the cathode has direct
correlation with the rate at which oxygen is released from the cathode. The carbon species
coated on the electrode surfaces react with oxygen as it is released from the structure, affecting
the formation of CO and CO- through an exothermic reaction. This reaction can destroy the
cathode by causing an ignition or even explosion in the battery system. Therefore, the lifetime
and electrochemical performance of LRO cathode materials can be enhanced significantly by
controlling the oxygen loss and stabilizing oxygen inside the lattice itself.

To investigate the thermodynamic stability with regard to the oxygen evolution, Gibbs
free energy (AG) has been calculated for the cathodes at various amounts (x) of Li by using the
familiar equation AG = AH — TAS, where AH is the change in enthalpy. AH for a cathode is
calculated [46-48] using the following equation:

E(LixRuo_sTinOO_s_y03_Z)+0.SZ E[Oz] —E(LixRuo_sTinOO_s_y03)

AH(eV) = 55, 4)
where, E is the total energy of the optimized crystal structure computed using the DFT+U
method. The entropy change (AS) in equation (3), is nearly equal to the entropy of O, because
O- is the only gas that is released. Accordingly, based on the earlier studies [48,49], the value
of TAS is chosen as 0.63eV for O> molecule at standard temperature and pressure. Therefore,
the Gibbs free energy (AG) of the LRO decomposition reaction (3) can be calculated as [48,50]:

AG(eV) = AH — 0.63 (5)

During the process of charging in a Li-ion battery, some electrons are removed from
the cathode, which results in a decrease in the AG value of the reaction. At a given temperature,
a decrease in the value of AG increases the rate at which oxygen is removed from the reaction
mixture, which in turn causes the cathode to be destroyed more quickly. If the cathode structure
breaks down more quickly, the temperature at which it decomposes will be lower. This will
result in a lower reversible capacity, lower life time, and shrink in the range of safe operating
conditions. If the value of AG is negative for a given amount of extracted lithium ions, the
reaction will take place spontaneously.
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Figure 3: Calculated change in Gibb’s free energy for the oxygen removal reaction at different
Li-ion contents in the cathode materials.

Figure 3 depicts the calculated change in Gibbs free energy (AG) for the cathodes under
consideration as a function of the amount of lithium extracted from the cathode. As seen in
Figure 3, AG value for the LRO cathode turns negative when x in Lix[cathode] reduced to 1.15,
indicating that the spontaneous oxygen removal reaction occurs when x < 1.15. Similarly, for
the co-doped cathodes LizRuosTiosC0003, Li2RuosTio375C00.12503, Li2RuosTio.25C00.2503,
Li2RuUo5Ti0.125C00.37503, and Li2RugsTioC00503, AG turns negative when x < 0.79, 0.47, 0.59,
0.65, and 0.81 respectively. The co-doped cathodes exhibit greater AG values when compared
to the LRO cathode, which indicates that greater temperatures are required for the
decomposition reaction to take place. Because of this, it is possible to draw the conclusion that
all co-doped cathodes have a higher decomposition temperature compared to the unmodified
LRO leading to higher reversible capacity and greater thermal stability of the co-doped
cathodes. Among the studied co-doped cathodes, Li2RuosTi0.375C00.12503 exhibits highest
decomposition temperature and thermal stability. Based on these results, the order of thermal
stability of the cathode structure is:
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Li2Ruo5Ti0.375C00.12503 > Li2RU0.5Ti0.25C00.2503 > Li2Ruo5Ti0.125C00.37503 >
LioRuo5Tig5C0003 > LioRuosTigC00503 > LioRUuO3
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Figure 4: The calculated open circuit voltages of cathode materials at different Li-ion contents.
3.5. Voltage stability

The maximum power output a Lithium-ion battery is a function of the cell voltage, which in
turn depends on the voltage of cathode and anode. LRO is a significant cathode material
because of its ability to deliver a high open circuit voltage. However, the value of this voltage
can change if dopants are introduced, and it is essential to have an understanding of the
fluctuations in voltage that might occur as a result of the introduction of dopants. During the
charge-discharge cycles, the following reaction takes place in the LIB when Li-solid is used as
the anode:

Li[cathode] + (y — x)Liso1iq = Liy[cathode] (6)
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Here, x and y are Li-ions concentrations in the reactant and product states of the studied
cathodes. As a result, the open-circuit voltage of the LIB at specific Li concentrations in the
cathode can be computed by the following equation [51,52]:
-A AE Epiy=[ELiy+(Y—X)ELi,
VOC = F# = - = Y xy_x solid )
where E is the total energy of the material calculated using DFT PBE+U potential of each
electrode, « is chemical potential (€V) and F is Faraday constant (C mol ™).

Figure 4 shows the open-circuit voltages of co-doped cathode materials compared with the
pristine LRO cathode. Maximum open-circuit voltage is possible when all the Li-ions are
removed from the cathode. The maximum voltage for undoped LRO cathode is 3.98V whereas
the maximum voltage of co-doped cathodes Li2RugsTio5C0003, Li2RuosTi0.375C00.12503,
Li2Ruo5Ti0.25C00.2503, Li2RuosTi0.125C0037503, and Li2RuosTioCo0503 is 4.2, 4.4, 4.3, 4.25,
4.2V respectively. The calculations show that using the co-doping strategy with Ti and Co
increases the maximum voltage of pristine LRO at least by 5.5%. Among the co-doped
cathodes, Li2Ruo:5Tio375C00.12503 shows the highest maximum voltage (4.4V), which is about
10.5% higher than that of pristine LRO cathode. It has been observed that, at all Li
concentrations in the cathode, the open circuit voltages of co-doped cathodes are higher than
that of the pure LRO with LizRuo5Tl0.375C00.12s03 exhibiting the highest voltage.

The voltage trend in Figure 4 can also be used to understand the voltage stability of cathodes.
It is observed that, the voltage of the cathodes substantially decreases when the Li-ion content
is changed from x = 0 to x = 1.8. Table 6 summarizes the voltage drop for each cathode as the
content of Li-ions is increased from x = 0 to x = 1.8. The cut-off voltage is the lowest voltage
at which a certain electronic device can function. The cut-off voltage is reached more quickly
when the voltage reduction is larger. Because of this, the voltage stability decreases, which
reduces the practical capacity. It is observed from Table 4, that all co-doped cathode materials
experience less voltage reduction than the pristine LRO. More precisely, the voltage reduction
of pristine LRO is 1.17V, while for the co-doped cathodes Li2RuosTiosC0003,
Li2Ruo5Ti0.375C00.12503, Li2Ruo.5Ti0.25C00.2503, Li2Ruo5Ti0.125C00.3750s3, and
Li2RuosTigC00503 is 0.75, 0.45, 0.48, 0.50, and 0.85V respectively. As a consequence, the co-
doped cathodes have better voltage stability and practical capacity. In particular,
Li2Ruo5Ti05C0003, Li2RuosTi0.375C00.12503, Li2RuU05Ti0.25C002503, LizRuo05Ti0.125C0037503,
and Li2RuosTioCo0503 is 0.75, 0.45, 0.48, 0.50, and 0.85V respectively. The process of co-
doping with Ti and Co significantly decreases the voltage drop at least by 44%, with maximum
decrease achieved in LizRuos5Ti0.375C00.12503 (61%). These results show that co-doping with Ti
and Co significantly increases the voltage stability and practical capacity of LRO cathode.

3.6. Electronic Structure

The total electronic density of states and partial density of states were calculated using DFT+U
method. Figure 5 shows the total density of states (DOS) of each cathode. It is observed that
bandgap does not exist at Fermi level of each cathode. However, bandgaps of cathodes are
present in the conduction bands. To compare the bandgaps, energies of each cathode are shifted
by the corresponding Fermi level. The bandgaps extracted from the DOS structure are
presented in Table 7.

I
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The partial density of states (PDOS) of cathode materials were calculated using DFT+U
method and presented in Figure 6. It is observed that in all samples, the majority of the valence
band electronic states are created by the 2p orbitals of O atoms, even though the valence band
itself contains both oxygen and transition metals. In contrast, all six compounds show a greater
metallic contribution in the conduction band, suggesting that the transition metal is primarily
responsible for the conductivity of the cathode materials. It is also observed from the PDOS
structure that there is a strong hybridization between oxygen and transition metal (TM) orbitals
implying a strong TM-O bonding and greater oxygen stability in the cathode materials.

Table 6: The voltage reduction values of the studied cathode materials extracted from the open
circuit voltage plots in Figure 4.

Cathode Voltage Reduction (V)
Li2RuOs3 1.17
Li2Ruo5Tio5C0003 0.75
Li2Ruo5Ti0.375C00.12503 0.45
Li2Ruo5Ti0.25C00.2503 0.48
Li2Ruo5Ti0.125C00.37503 0.50
Li2Ruo5Ti0C00503 0.85

To verify the bandgaps extracted from the electronic density of states, we have calculated the
optical absorption spectra of cathode materials. Figure 7 shows the optical absorption spectra
of pristine and co-doped cathode materials. The bandgaps extracted from the optical absorption
spectra are compared with those obtained from the DOS structure in Table 7. It can be seen
from Table 7 that, bandgaps of cathode materials obtained by two methods are strongly

correlated implying that the electronic structure calculations are accurate.



SINCE 1951

Journal of Advanced Applied Scientific Research
C. Bapanayya et.al JOAASR-Vol-5-1-March-2023:1-20 ISSN(O): 2454-3225

Density of States (DOS)

il LigRu, Ti; O3

Li2 Ruo.sTio 375 0. 12503
| 1 l /\

- LioRu  Ti O3

0.5 025 025

/\/\/\/WV\ LI2Ru co

E-E; (eV)

Figure 5: Density of States (DOS) of pristine and co-doped cathodes
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Figure 6: Partial Density of States (PDOS) of pristine and co-doped cathodes
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Figure 7: Optical absorption spectra of pristine and co-doped cathodes
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Table 7: The bandgaps of the studied cathode materials calculated from electronic DOS,
optical absorption spectra and percentage change in the bandgap when compared to the pristine

Li2RuO:s.
Cathode Bandgap (eV) from DOS Bandgap (eV) from
and percentage change Optical absorption
Li2RuO3 0.51 0.52
Li2Ruo5Tio5C0003 0.41 (18%) 0.41
Li2Ruo5Ti0.375C00.12503 0.30 (40%) 0.32
Li2Ruo5Ti0.25C00.2503 0.38 (24%) 0.39
Li2Ruo5Ti0.125C00.37503 0.40 (20%) 0.42
Li2Ruo5TigC00503 0.47 (6%) 0.46

Table 7 summarizes the bandgaps of pristine LRO, and co-doped LRO cathodes obtained from
electronic DOS structure and optical absorption spectra. From Table 7, the electronic band gap
of undoped LRO is 0.51eV which is in good agreement with the findings of other researches
[53,54]. The electronic bandgaps of co-doped cathodes are 0.41, 0.30, 0.38, 0.40, and 0.47 for
Li2Ruo5Ti05C0003, Li2RuUo5Ti0375C00.12503, Li2RU05Ti0.25C00.2503, Li2Ruos5Ti0.125C00.37503,
and Li2RuosTioCoo503respectively. The bandgaps obtained from the optical absorption spectra
agree well with the DOS bandgaps implying that the results of electronic structure calculations
are accurate. These results show that co-doping with Ti and Co decreases the bandgap at least
by 6%. The dopants generate impurity states and facilitates the electronic transfer to the
conduction band. Electrical conductivity is inversely proportional to the value of bandgap, the
pristine LRO is expected to have lowest electrical conductivity among the studies cathodes.
Further, the electrical conductivity of the LRO cathode increases significantly with co-doping
strategy. Based on the values of bandgap, the increasing order of electrical conductivity of
studied cathodes is expected to be as follows:

Li2Ruo5Ti0.375C00.12503 < Li2RU0.5Ti0.25C00.2503 < Li2RUo 5 Ti0.125C00.37503 < Li2RU0.5Ti0.5C0003
< Li2Rup5TigC00503 < LioRuO3

Conclusions

In this work, the effect of co-doping with transition metals Ti and Co on various parameters
that determine the electrochemical properties of LioRuOs were investigated using the DFT+U
quantum mechanical calculations. The key findings of this study are summarized below:

1. Co-doping with Ti and Co improves the theoretical charge capacity of LioRuOs by at
least 14.9% and Li>Ruo5Tios5C0003 has the highest capacity.

2. Formation energy of co-doped cathodes is higher than that of pristine Li.RuOz by at

least 18.4% with Li2RuosTio375C00.12503 showing the highest formation energy of

-14.81eV.

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

4. Co-doping with Ti and Co reduces oxygen evolution from the cathode and all co-doped
cathodes have higher decomposition temperatures compared to the pristine Li2RuOs
leading to higher reversible capacity and greater thermal stability. The cathode
Li2Ruo.5Tio.375C00.12503 exhibits highest thermal stability.

w
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5. Co-doping with Ti and Co increases the maximum voltage of pristine LRO at least by
5.5%. Among the co-doped cathodes, Li2RuosTio375C00.12503 shows the highest
maximum voltage (4.4V), which is about 10.5% higher than that of pristine LRO
cathode.

6. The process of co-doping with Ti and Co significantly decreases the voltage reduction
at least by 44%, with maximum decrease achieved in Li2Ruo5Tio.375C00.12503 (61%).

7. Co-doping with Ti and Co decreases the bandgap at least by 6%. Bandgaps obtained
from the electronic DOS are in good agreement with those obtained from the optical
absorption spectra supporting the validity of electronic structure calculations.
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