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Abstract

As a result of the extensive research and application of LiFePO, (LFP) in the past > 20 years, there is now a
relatively in-depth understanding of its structural stability, phase transition mechanism and electrochemical
properties. However, the difficulties faced by further improving the performance of LFP due to its intrinsic low
electronic and ionic conductivity have not yet been effectively solved. In order to unlock the effect of transition
metal doping on the physicochemical properties of LFP, we establish doping models for all 3d, 4d and 5d transition
metals in LFP and compare and analyze their structural properties, band gaps, formation energies, elastic
properties, anisotropies and lithiation/delithiation voltages using ab-initio computational screening. According to
our screening results, the V-, Mn-, Ni-, Rh- and Os-doped LFP structures have excellent electrochemical properties
and can be used as high-performance cathode materials for Li-ion batteries.

Keywords: LiFePO,, doping, computational screening, stability, cathode materials, lithium-ion batteries

INTRODUCTION

Olivine-type LiFePO, (LFP) was first proposed as a cathode for lithium-ion batteries (LIBs) in 1997 by J. B.
Goodenough, a Nobel Prize winner for Chemistry in 2019". Subsequently, LFP has been the focus of
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significant research because of its high theoretical capacity (170 mAh-g"), good stability, high safety and
environmental friendliness'”®. Currently, LFP is mainly used in electric vehicles, hybrid electric vehicles and
communication backup power supplies” . However, its poor electronic and lithium-ion conductivities

11-13]

represent bottlenecks that limit its further applications'

To further improve the electrochemical properties of LFP in LIBs, researchers have adopted a variety of
strategies, including the nanocrystallization of grains"*'"”), the coating of carbon-based materials"** and
single/double element doping”*’. Among the above-mentioned strategies, the doping of metal cations on
the Fe site of LFP has been proved to be an effective method to improve its performance®*". For instance,
the doping of Mo, Nb, Mn and Co has been shown to improve the electronic conductivity of LFP".
However, the general influence of the doping of metal elements on the structural stability of LFP remains
uncertain, despite its significant importance for the safety and stability of electrode materials and the overall
battery. The effect of doping on the stability of LFP should be fully studied before the further large-scale
application of doped LFP. The discharge capacity of solid-state prepared LFP decreased from 149 to 117
mAh-g* with obvious cracks occurring after 60 cycles at 30 mA-g”, showing a significant reduction in
electronic conductivity and capacity””. The degree of polarization and the number of cracks increase with
the number of cycles due to the anisotropy, internal strain and the lithiation/delithiation process of lithium
ions in LFP™. The crystal structure of LFP shows obvious anisotropy, and its elastic constant and bulk and
shear elastic moduli show obvious changes during charging and discharging, which accelerate the collapse
of its crystal structure®.

As the earliest commercial cathode material of LIBs, doping at the Co site of LiCoO, (LCO) is known to
play an active role in limiting its phase change and improving its cyclic stability”. In Fe-doped LCO (LiFe,
Co,,0,, 0 £x £ 0.25), there is no significant change in the symmetry of the crystal structure of LCO during
charging and discharging”. In M-doped LCO (LiM,,,Co,.,0,, M = Mo, V or Zr), the increased first-cycle
irreversible capacity loss is 15, 22 and 45 mAh-g” for Zr, Mo and V, respectively, and the cycling
performance of all doped LCO models is inferior to that of pure LCO, illustrating that doping does not
necessarily improve the electrochemical properties of the host material®”. Mn-, Co-, Nb- and Mo-doped
LFP models have relatively low formation energy and show improved mechanical stability*”. The degree of
anisotropy and the risk of microcracking in Mn-, Co-, Nb- and Mo-doped LFP models have been
reduced™. Similar to doped LCO models, the symmetry and stability of the crystal structures of doped LFP
models can change, so doping at the Fe site of LFP may play a positive role in its charge conduction capacity
and structural stability. In general, the doping mechanisms of transition metals for LFP are still unclear.

Therefore, in order to unlock the effect of transition metal doping on the physical and chemical properties
of LFP, particularly its stability and electronic conductivity, we establish models for all 3d, 4d and 5d
transition metals doped in LFP (TM-LFP). We then compare and analyze their structural properties, band
gaps, formation energies, elastic properties, anisotropies and lithiation/delithiation voltages using ab-initio
computational screening based on six screening standards. Based on the results of this work, the TM-LFP
models with high electronic conductivity, electrochemical stability and capacitive performance are
identified and analyzed in detail.

COMPUTATIONAL METHODS

All the calculations of the TM-LFP models considered in this work were conducted using density functional
theory (DFT) on the basis of the projector augmented wave (PAW) method and the Vienna Ab-initio
Simulation Package (VASP)®**. The general gradient approximation (GGA) method with the parameters
of Perdew-Burke-Ernzerhof (PBE) was used for the exchange-correlation functionals in this work". The
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cutoff energy for the lattice optimization and property calculations was set as 500 eV for the expansion of
the plane waves. Spin-polarized DFT was used to consider the possible magnetization in the doped models.
The temperature width was set as 0.1 eV using the Gaussian electronic smearing method for the energy

minimization of the electronic steps*’’.

RESULTS AND DISCUSSION

In order to screen the TM-LFP structures with high electronic conductivity and structural stability, six
indicators Supplementary Table 1, including the changes in lattice parameters and cell volumes, electronic
properties, formation energies, elastic properties, anisotropies and lithiation/delithiation voltages, were
considered in this work. The relative stability of the lattice structures and cell volumes are the premise for
the excellent electrochemical properties of the corresponding structures. Small band gaps are a necessary
prerequisite for electrode materials to have good electronic conductivity'*'!. A lower dopant formation
energy is the determining factor that doping models can be easier to successfully synthesize experimentally.
Good elasticity is an important parameter for electrode materials to be able to restore their original
appearance as much as possible after multiple charge-discharge cycles. High anisotropy makes the electrode
material prone to cracks and reduces its cycle performance. The higher operating voltage of a particular
electrode material allows the battery made with it to have a higher energy density. The six screening criteria
selected for this work correspond to the key issues in the study of electrode materials, such as ease of
synthesis (crystal structure properties and dopant formation energy), cyclic stability of the electrode (elastic
properties and anisotropy), conductivity (band gap) and high energy and power density (high voltage).
Therefore, the six indicators considered in this screening are practical and reasonable. The basic research
contents and calculation methods are shown in Section 1 of the Supporting Information.

Screening for TM-LFP models with smaller cell volume changes

The cells of the LFP and TM-LFP models are shown in Figure 1A and B and Supplementary Figures 1-6,
with the corresponding atomic fractional positions, atomic lattice constants and cell volumes presented in
Figure 1C and D and Supplementary Tables 2-16. The optimized lattice constants of the considered LFP-
based models (LFP and TM-LFP) are listed in Supplementary Table 17 and Supplementary Figure 7, which
are consistent with some previously reported experimental and computational studies®**’. As can be seen
from Figure 1C, both the lattice parameters and cell volumes of the TM-LFP models do not change
significantly compared with LFP, with changes of less than 5.3% for lattice a, 2.1% for lattice b, 1.5% for
lattice c and 8.4% for the cell volume [Supplementary Figures 7 and 8]. Therefore, the TM doping at the Fe
site of LFP did not significantly change the crystal structure and volume of the LFP itself and compared with
lattices b and ¢, the most varied lattice a is only 5.3% for the La-LFP models. It is noteworthy that the degree
of change of the three cell parameters of LFP is not consistent by doping at the Fe site of LFP, showing that
the introduction of dopants makes the stress inside the lattice of LFP change in the three directions to
varying degrees, which will be studied in the following sections (i.e., screening for higher elastic properties
of TM-LFP and screening for higher isotropy of TM-LFP).

Generally, the TM-LFP models with TM elements in the groups of IIIB to IVB and IB to IIB induce the
greatest changes in the LFP lattice, as presented by the red and orange areas of Figure 1E, which may be
because these TMs have the outermost electronic structure that differs significantly from Fe in group VIIL
Depending on the extent of the cell volume changes, sixteen TM-LFP models with volume changes of less
than 2% relative to LFP were filtered out, as shown in the yellow and white areas in Figure 1E. The three
TM-doped LEP structures with the smallest cell volume variations are Os-LFP, V-LFP and Zn-LFP, as
shown in the right-bottom corner of Figure 1E.
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Figure 1. Screening for smaller volume changes of TM-LFP. A: Cell structure of LFP. B: Cell structure of TM-LFP with a TM doped at Fe
site. C: Lattice parameters of LFP and TM-LFP, where doping has a greater effect on the length of the “a"” direction than the “c” direction.
D: Cell volumes of LFP and TM-LFP. The light-yellow region denotes TM-doped structures with small volume changes. E: Changes in
cell volume of TM-LFP compared with LFP and three structures with minimal volume variations, where the darker the color, the greater
the volume of TM-LFP changes from LFP. LFP: LiFePO,; TM-LFP: Transition metal-doped LFP.

Screening for TM-LFP models with smaller band gaps

According to the calculation results of the parameters set by this work, the band gap of LFP is 0.42 eV, and
the replacement of TM atoms at the Fe site of LFP can effectively reduce the band gap of LFP, except for the
doping of Zn atoms, as shown in Figures 2A-C and Supplementary Table 18. To specity the effect of TM
doping on the electronic structure of LFP, we chose Mn to explain the Fe site doping of LFP as an example,
as shown in Figure 2A. The Mn s and p electron orbitals have no electronic states in the range of -5 to 5 eV.
The Mn d orbital has obvious electronic states at three positions of -1.3, 0.3 and 1.8 eV, which has an
obvious regulating effect on the total electronic DOS of LFP.

Overall, all the 3d, 4d and 5d TM dopants, except for Zn and Tk, significantly reduced the band gap of LFP,
which dropped below 0.1 eV, as shown in Figures 2B and C. The values of the band gap of each model
considered in this work are shown in Supplementary Table 18 and Supplementary Figure 8. The structural
models of band gaps of less than 0.05 eV are considered feasible in the white and yellow areas of Figure 2D
and Supplementary Figure 9A. There is a strong linear relationship between the electronic structure (d-
band) of the dopant and the total electronic DOS, as shown in Supplementary Figure 9B. The three TM-
doped LFP models with the smallest band gaps are Sc-LFP, Co-LFP and Re-LFP, as shown in the right-
bottom corner of Figure 2D.

Screening for TM-LFP models with lower formation energy

Dopant formation energy is an important indicator to theoretically predict the possibility of the formation
of a doped structure and the smaller its corresponding value, the easier it is to form experimentally'***". The
formation energy of a reaction process that is greater (lower) than 0 eV indicates that the corresponding
reaction process is endothermic (exothermic). Formation energy is achieved by calculating the energy
differences before and after the formation of the research system, as shown in Equation (1)*":

Efmma.tiun :Eruml 'Epum 1 2 i 4L ( 1)
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Figure 2. Screening for smaller band gaps of TM-LFP. A: Total electronic density of states (DOS) of LFP and Mn-LFP (taking Mn as an
example) and projected DOS of Mn's, p and d states in Mn-LFP, where the Fermi levels of LFP and Mn-LFP are shifted to O eV. The DOS
near the Fermi level mainly consists of Mn d states. B: Valence band maxima, conduction band minima and Fermi levels of all 3d, 4d and
5d TM-doped LFP models. C: Band gaps of LFP and TM-LFP. The light-yellow region denotes TM-doped structures with smaller band
gaps and higher electronic conductivity. D: Band gaps of all 3d, 4d and 5d TM-doped LFP models compared with LFP, where the darker
the color, the greater the band gaps. LFP: LiFePO,; TM-LFP: Transition metal-doped LFP.

where E ,,, is the total energy of a defective or impurity-containing system, E ,,,, is the total energy of the
pure system. 7, is the quantity of atoms of type i that have been added to (#; > 0) or removed from (n, < 0)
the pure system and g is the chemical potential of the corresponding added or removed atoms.

Specifically, for the TM-doped LFP models considered in this work, the corresponding dopant formation
energy can be calculated by Equation (2):

Eprmation=ELim Fey po,~ELirero, THER.-NEy (2)

where ELimtre,cPo; is the total energy of the TM-doped LFP model, £ero, is the total energy of pure LFP,
E and E,, are the chemical potentials of Fe and the doped TM atoms, respectively, and #n = 1 (one Fe atom
of LFP has been replaced by one particular TM atom) in this work. The formation energies of the TM-
doped LFP models are illustrated in Figure 3A and Supplementary Table 19. The TM-LFP models with TM
atoms in the IIIB to VIB groups usually exhibit a formation energy lower than 0 eV, while the models with
TM atoms in the VIIB to IIB groups usually exhibit a formation energy larger than 0 eV. According to
previous reports, structures with a formation energy of less than 2 eV are relatively easy to form
experimentally***”. Therefore, the LFP structures doped by TMs in the IIIB to VIB groups are relatively
easier to form. The formation energies of LFP doped by Zn, Pd, Ag, Cd, Pt, Au and Hg are greater than 2
eV, indicating that these materials are difficult to form by doping in experiments, while others are possible [
Supplementary Figure 10]. The formation energy of Sc-, Ti-, V-, Cr-, Y-, Zr-, Nb-, Mo-, Ru-, La-, Hf-, Ta-
and W-doped LFP are less than 0 eV, which are very easy to form experimentally by doping.

Therefore, the structural models of formation energies less than 2 eV, in the orange, yellow and white areas
of Figure 3B, are considered feasible in this work. The structures of the three TM-doped LFPs with the
lowest doping formation energies are Y-LFP, Hf-LFP and La-LFP, as shown in the right-bottom corner of
Figure 3B.
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Figure 3. Screening for smaller dopant formation energy of TM-LFP. A: Formation energies of LFP and TM-LFP. The white and light-
yellow areas correspond to the elements with endothermic and exothermic formation, respectively. B: Classification of formation
energy of TM-LFP compared with LFP, where the darker the color, the larger the formation energy. LFP: LiFePO,; TM-LFP: Transition
metal-doped LFP.

Screening for TM-LFP models with higher elastic properties

The stability of electrode materials, especially elasticity properties, is of great significance in determining the
electrochemical properties of LIBs'***’. Poor material stability is usually demonstrated by phase change and
degradation, in which the main impact is the cycling properties of the assembled LIBs by the electrode
material®". Therefore, it is necessary to study the stability of materials by theoretical calculations, with many

relevant research works having been carried out?****,

In this work, we calculated the elasticity of all 3d, 4d and 5d TM-doped LFP models. The stiffness coefficient
(c;) and compliance coefficient (s;) are used to calculate the elastic properties of the above materials, which
are intrinsic properties. The ¢; and s, of a single degree of freedom are reciprocal to each other®. In
materials with orthorhombic crystal structures (like LFP), c,,, ¢,, and c,, correspond to linear compressibility
in the X, Y and Z directions, respectively, shown in Figure 4A, while c,,, c,, and c,, correspond to the shear
strengths in {100}, {010} and {001}, respectively, shown in Figure 4B. In contrast, when the materials are
elongated longitudinally, they interact in the lateral direction. c,,, c,, and c,, indicate the interactions
between the X and Y, X and Z, and X and Z directions, respectively.

The calculated c; are shown in Supplementary Tables 20-50. It can be seen that, with the introduction of
TMs, the original orthorhombic structure of LFP undergoes a slight deformation, which we deem the
pseudo-orthorhombic structure. This explains the reason why the c; results we calculated are slightly
different from standard LFP. The stability criteria for orthorhombic crystal structures are shown by
Equations (3-5):

€,>0,C,>0,C3>0,C,>0,C.>0,C >0 (3)
C]l + C22+C33 +2(C12 + Cl3+ C23) > 0 (4)
€+ Cp=2C,> 0, €+ Cyy-2€,,> 0, €y, + Cyy-2C,,> 0 (5)

Based on the results of our calculations and with reference to the stability criteria in Equations (3-5), we
have summarized the ¢; corresponding to the LFP doped with all 3d to 5d transition metals, as shown in
Figure 4C. The Tc-LFP model does not meet the stability criteria in the above formula. Overall, the linear
compressibility-related coefficients of the above materials are greater than the shear-dependent coefficients,
which indicates that they are more sensitive to shear strain. The linear compressibility of TM-LFP in X is
shown in Supplementary Figure 11, which has been improved with TM = Os, Mo, Ta, Ni, Ru and Zn. The


https://oaepublishstorage.blob.core.windows.net/articlepdfpreview202204/4787-SupplementaryMaterials.pdf
https://oaepublishstorage.blob.core.windows.net/articlepdfpreview202204/4787-SupplementaryMaterials.pdf

Zhang et al. Energy Mater 2022;2:200013 | https://dx.doi.org/10.20517/energymater.2022.12 Page 7 of 14

A B \ C| Sc
Y
La
— B Both (a) and (b)
T Linear compressibility is bettter than LFP (a)
Shear strength is better than LFP (b) Os
' Less stability than LFP Ru 1 Ni
Linear compressibility Shear strength -Stabi]iry standatdi’is hot satisfied 2 B

Figure 4. Screening for higher elastic properties of TM-LFP. A: Model of linear compressibility. B: Model of shear strength. C: Structural
stabilities of TM-LFP and LFP considered by stability standards, linear compressibility and shear strength. Models with higher stability
are shown in yellow, green and blue. LFP: LiFePO,.

linear compressibility of TM-LFP in Y is shown in Supplementary Figure 12, which has been improved with
TM = Ir, Os, Ta, Zn, Ni, Ru, Ag and W. The linear compressibility of TM-LFP in Z is shown in
Supplementary Figure 13, which has been improved with TM = Co, Os, Cr and V. The interaction between
X and Y is shown in Supplementary Figure 14, which has been improved with TM = Ru, Os, Zn, Ir and Ni.
The interaction between Y and Z is shown in Supplementary Figure 15, which has been improved with TM
=Ru, Ta, V, Co, Os, Ni, Tc and Mn. The interaction between Z and X is shown in Supplementary Figure 16,
which has been improved with TM = Ru, Os, Ni and Rh.

The summary of the linear compressibility of the TM-LFP models is shown in Supplementary Figure 17, in
which the yellow area indicates the models with higher linear compressibility than pure LFP and X, Y and Z
indicate the directions of particular TM-LFP models. The summary of the shear strength of the TM-LFP
models is shown in Supplementary Figure 18, in which the green area indicates the models with higher
shear strength than pure LFP and the XY, YZ and ZX indicate the directions of particular TM-LFP models.

Compared with pure LFP, the stability of Sc-, Ti-, Cu-, Y-, Zr-, Nb-, Pd-, Ag-, Cd-, La-, Hf-, Re-, Pt-, Au-
and Hg-doped LFP decreased, as shown in the white area of Figure 4C. This may be because the valence
electron structures of these TM atoms differ greatly from Fe. For linear compressibility, V-, Cr-, Co-, Ni-,
Zn-, Mo-, Ru-, Ta-, W-, Os- and Ir-doped LFP are greater than that of pure LFP, indicating an increase in
linear compressibility after doping, as shown in the yellow and blue areas of Figure 4C. For shear strength,
Mn-, Co-, Ni-, Zn-, Ru-, Rh-, Ta-, Os- and Ir-doped LFP are greater than that of pure LFP, indicating an
increase in shear strength after doping, as shown in the green and blue areas of Figure 4C.

It is noteworthy that for Co-, Ni-, Zn-, Ru-, Ta-, Os- and Ir-doped LFP, compared with pure LFP, both their
linear compressibility and shear intensity increase. Therefore, for LIBs, they can be considered as promising
dopants for LFP, as shown in the blue area of Figure 4C. Through the above analysis, considering the linear
compressibility and shear strength of the TM-LFP models, the three TM-doped LFP models with the best
elastic performance are Os-LFP, Ru-LFP and Ni-LFP, as shown in the right-bottom corner of Figure 4C.

Screening for TM-LFP models with higher isotropy

According to relevant experimental reports, after dozens of charge and discharge cycles, cracks appear in
pure and doped LFP"*>*. The appearance of cracks plays a very important role in the attenuation of the
electrochemical properties of the electrode material, which is closely related to the anisotropy of the
electrodes”™*. The more anisotropic an electrode material is, the more likely it is to cause changes in its
own structure during cycling, resulting in cracks on the surface of the electrode particles. Therefore,
screening electrode materials with high isotropy is beneficial in reducing the occurrence of cracks in the
circulation of electrode materials. The anisotropy of the shear modulus for orthorhombic lattices is
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presented in Equations (6-8) as follows:

A1 = 4C44/(Cu + G- 2613) (6)
Az = 4C55/(sz + G- 2623) (7)
A1 = 4C66/(Cll + G- 2612) (8)

where A, A, and A, represent the anisotropy shear moduli of the <010> and <011> directions of {100}
planes, the <001> and <100> directions of {010} planes and the <110> and <010> directions of {001} planes,
respectively. The calculated results of anisotropy shear moduli of all the TM-LFP models are shown in
Supplementary Table 51. It is noteworthy that the deviation of A; from 1 shows the degree of anisotropy,
shown in Figure 5A, and the value of A; close to 1 indicates the extent of isotropy for a particular material,
shown in Figure 5B. The above-described adjustment of anisotropy can be achieved by the selective doping
of Fe sites in LFP.

The anisotropy shear moduli of the <010> and <011> directions of the {100} planes (A,) of the TM-LFP
models are shown in Supplementary Figure 19, in which the corresponding anisotropy of Ru-LFP, Ir-LFP
and Os-LFP models is minimal. The anisotropy shear moduli of the <001> and <100> directions of the {010}
planes (A,) of the TM-LFP models are shown in Supplementary Figure 20, in which the corresponding
anisotropy of Mn-LFP, W-LFP and La-LFP is minimal. The anisotropy shear moduli of the <110> and
<010> directions of the {001} planes are shown in Supplementary Figure 21, in which the corresponding
anisotropy of Cr-LFP, Ru-LFP and La-LFP is minimal.

In this work, the anisotropy (A) of a particular material is obtained by summing A, in three different
directions, as shown in Equation (9):

A=314-1] &)

where i = 1, 2 or 3. To compare the isotropy of models of different TM-doped LFP models (Ay,) with the
anisotropy of the LFP itself (A,;;), we use the difference (I,,) between the two models as an indicator, which
can be calculated by Equation (10):

ITM = ALFP‘ATM (10)

where I, < 0 indicates a model with higher anisotropy than pure LEP. Our aim is to find TM-doped LFP
models with reduced anisotropy (I, > 0). Based on the comprehensive consideration of the calculated A,
the doping effect of TMs on the anisotropy of LFP is summarized in Figure 5C and Supplementary Figure
22. The isotropy of LFP is enhanced by the doping of Ti, V, Mn, Ni, Nb, Ru, Rh, Cd, La, W and Os, as
shown in the yellow area of Figure 5C, while other TMs are not, as shown in the blue area of Figure 5C. The
increase of isotropy will reduce the possibility of cracks to a certain extent, which plays an important role in
improving electrochemical properties. Through the above analysis and Supplementary Figure 22, the three
TM-doped LFP models with the highest isotropic properties are Ru-LFP, W-LFP and Os-LFP, as shown in
the right-bottom corner of Figure 5C.
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Figure 5. Screening for higher isotropy of TM-LFP. Models of (A) anisotropy (before doping) and (B) isotropy (after selective doping).
(C) Anisotropies of TM-LFP compared with LFP.

Screening for higher operating voltages

High-voltage LIBs will have a larger market space in the future due to their higher energy density, and
increasing the operating voltage of the cathode material has a positive significance for increasing the
operating voltage of LIBs. The lithiation/delithiation voltage (U) of TM-LFP cathodes can be calculated by
Equation (11):

. {Ernr sipero,Erar i, roro,-XErs) (11)
xe

In order to increase the operating voltage of LFP by TM doping, the lithiation/delithiation voltages of all the
3d, 4d and 5d TM-doped LFP models are calculated, as shown in Figure 6A and Supplementary Table 52.
By selectively doping TMs in LFP, significant lithiation/delithiation voltage increases (especially greater
than 4V) can be seen, as shown in the Supplementary Figure 23 and the yellow area of Figure 6A. In order
to analyze the effect of the doping of different TM elements more clearly on the lithiation/delithiation
voltage of LFP, we divided the voltage range into three parts with 3 and 4 V, as shown in Figure 6B. The red
area in Figure 6B donates the TM-LFP models with lithiation/delithiation voltages theoretically lower than
3.0 V, which will not be considered in the further analysis due to the relatively smaller voltage. In the white
region of Figure 6A, the lithiation/delithiation voltage corresponding to the doped LFP model with five TMs
theoretically exceeds 4 V, which has the advantage of increasing the LFP voltage significantly. The three
TM-doped LFP models with the highest lithiation/delithiation are Ag-LFP, Cu-LFP and Pd-LFP, as shown
in the right-bottom corner of Figure 6B.

Suitable TM doping for LFP

In fact, when screening the models of TM-doped LFP, multiple factors need to be considered
simultaneously rather than individually. In order to identify the TM-LFP cathode materials with excellent
performance, through the analysis of the previous six parts, we established the screening criteria shown in
Table 1 in this work. Finally, based on the above screening criteria, we analyzed 30 TM-LFP models and the
results are shown in Figures 7 and 8. Overall, the V-, Mn-, Ni-, Rh- and Os-doped LFP models show
relatively excellent electrochemical performance, which meets the above screening criteria. It is noteworthy
that the V-LFP model is the easiest to form and has a minimal band gap. In contrast, Ni-LFP has the highest
lithiation/delithiation voltage.

CONCLUSIONS

Although LFP is one of the most attractive cathode materials for lithium-ion batteries, the large-scale
applications of LFP have been limited by its relatively low electronic and ionic conductivity. It is an effective
strategy to improve the electronic and ionic conductivity electrode materials by doping. In this work, in
order to compare the electrochemical properties of 3d, 4d and 5d transition metal-doped LFP (TM-LFP),
we used the method of first-principles calculations to theoretically analyze all doped structures from the
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Table 1. Screening criteria for TM-LFP models in this work

No. Items Screening criteria

m Cell volume change Less than 2% compared with LFP

(2) Bandgap Lessthan 0.1eV

(3)  Doping formation energy Lessthan 2 eV

(4)  Linear compressibility and shear strength Both linear compressibility and shear strength higher than LFP

(5)  Isotropy Higher than LFP

(6) Lithiation/delithiation voltage Higher than 3 eV

LFP: LiFePO,.
A — B .
o454 34 TM-LFP | 4d TM-LFP 54 TMLEP V | Cr |Mn | Fe | Co | NiV| Cw/| Zn
‘5!:5“] _T _—_llhpl'O\"t‘d — Fir Nb Te Ru | Rh | Pdv] Ag\l Cd
Z e - Os | Ir | Pt | Aw| Hg
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Figure 6. Screening for higher operating voltages. A: Lithiation/delithiation voltages of TM-LFP and LFP, where the white area shows
the corresponding models with higher lithiation/delithiation voltages compared with LFP. B: Classification of lithiation/delithiation
voltages of TM-LFP and LFP, where the darker the color, the higher the lithiation/delithiation voltages. LFP: LiFePO,.
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Figure 7. Radar diagram of TM-doped LFP models with excellent electrochemical performance screened from a comparison of the six
screen standards. LFP: LiFePO,.
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Figure 8. Performance comparison of five TM-LFP models with excellent electrochemical properties based on the screening criteria in
this work. A: Cell volume change. B: Band gap. C: Dopant formation energy. D: Elastic properties (including linear compressibility and
shear strength). E: Isotropy. F: Lithiation/delithiation voltage. LFP: LiFePO,.

perspectives of structural properties, band gaps, formation energy, elastic properties, anisotropy and
lithiation/delithiation voltage. According to our screening results, the V-, Mn-, Ni-, Rh- and Os-doped LFP
structures have good electrochemical properties and can be used as cathode materials for LIBs. Moreover,
the reasons for the inherent principle of the above materials showing excellent electrochemical properties
are presented.
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