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Density functional calculations are carried out to understand and tailor the electrochemical profile — diffusivity, band
gap and open circuit voltage — of transition metal doped olivine phosphate: LiFe; ,M,PO, (M =V, Cr, Mn, Co and
Ni). Diffusion and hence the ionic conductivity is studied by calculating the activation barrier, V,, experienced by
the diffusing Li* ion. We show that the effect of dopants on diffusion is both site dependent and short ranged and
thereby it paves ways for microscopic control of ionic conductivity via selective dopants in this olivine phosphates.
Dopants with lower valence electrons (LVE) compared to Fe repel the Li* ion to facilitate its outward diffusion,
whereas higher valence electron (HVE) dopants attracts the Li* ion to facilitate the inward diffusion. From the
electronic structure calculation we establish that irrespective of the dopant M, except Mn, the band gap is reduced
since the M-d states always lie within the pure band gap. Atomically localized d states of HVE dopants lie above the
Fermi energy and that of LVE lie below it. Half-filled Mn-d states undergo large spin-exchange split to bury the
dopant states in valence and conduction bands of the pristine system and in turn the band gap remains unchanged in

LiFe;,Mn,PO,. Baring Mn, the open circuit voltage increases with HVE dopants and decreases with LVE dopants.
l. INTRODUCTION

LiFePO, (LFP) has been the most widely investigated lithium based cathode material in the last two decades after the
reversible Li intercalation in this compound was first demonstrated in 1997 [1]. This Olivine phosphate offers a moderate
open circuit voltage (OCV) of ~ 3.5 V [1-5] compatible to the presently available electrolytes. In addition, among all the
experimentally synthesized phosphates, LiFePO, has the best achievable gravimetric capacity of ~170 mAh/g[1-4]. The
experimental studies suggest that the activation barrier for the Li" ion in this compound lies in range 0.1 - 0.6eV [6-10] which
is reasonable enough for easy Li diffusion. On the other hand the experimentally measured band gap in this compound is as
large as 3.8 eV [11] which is believed to be one of the reasons for hindering the electronic conductivity [12, 13]. The other
reason is the presence of atomically localized states, both in the conduction and valence band spectrum, which weakens the

electron mobility [14, 15, 16].



For an efficient cathode material the OCV should be optimal to store maximum energy in the cell and at the same time
decomposition of the electrolyte is prevented. The activation barrier (V) experienced by the Li* ion should be weak to
enhance the diffusion. However, the weak V. should not lead to instability of the cathode material. Several theoretical [4, 5,
8] and experimental efforts [17-22] have been made to improve the electrochemical profile of LiFePO,. By carrying out a
high-throughput ab initio calculations, Hautier et al. [5] have qualitatively suggested that the electrochemical profile of this
compound can be improved via transition-metal doping at the Fe site. In a recent experimental study, it has been shown that
25% 3d transition metal doping can enhance the electronic conductivity in LiFePO, [19]. Even though the results are very
few and less conclusive, they open up possibilities to design new materials with optimum electrochemical efficiency through
transition metal doping. In this regard atomistic simulations using density-functional theory are the most appropriate tools as
not only they are realistic and close to experimental observations, but also they provide a microscopic picture on the cause

and the effects.

The electronic conductivity in LiFePQ, is explained by many through the polaron conduction mechanism [12, 23-26]. Here
as Li vacates one site, a hole is created in the neighboring Fe as the latter’s charge state changes from +2 to +3. There with Li
hopping from site to site for the ionic motion, a hole (polaron) moves concurrently to generate the weak electron conductivity
[12, 26]. However, such a mechanism is not extended to every member of LiMPO, family. For example LiNiPO, does not
show polaronic conduction [26]. Recent literatures have correlated the band gap with electronic conductivity in doped
compounds. With diluted \ doping, the electronic conductivity is enhanced from 10®to 10 [27] and in a subsequent work it
is shown that the band gap is decreased by 1.7 eV with 25% of V doping [13]. Similarly increase in electronic conductivity
through Mn doping is accompanied by a decrease in band gap [28]. Hence, it deems important to reduce the band gap to

better the electrochemical profile of olivine phosphates.

In this paper, we have performed the density functional calculations to study the electronic structure of LiFe; ,M,PO4 (M =
V, Cr, Mn, Co and Ni; x = 0.125, 0.25, 0.5 and 1.0). To profile the electrochemical behavior, we have calculated (i) the band
gap within the frame work of GGA+U exchange-correlation functional, (ii) OCV by comparing the total energies of the
lithiated and delithiated sub-phases and (iii) V. using the computationally expensive and more accurate climbing image
nudged elastic band (CI-NEB) method [29, 30]. We identify the following three clear trends in our study: (a) Except Mn,
doping by other transition metal at the Fe site reduces the band gap; (b) OCV increases with HVE dopants (Co and Ni) and

decreases with the LVE dopants (V and Cr) and (c) the effect of the dopant on the activation barrier is site selective and short



ranged. If the dopant is LVE it pushes the Li* ion from its immediate neighborhood to diffuse outward and reverse is the case

for HVE dopants.
1. COMPUTATIONAL METHODOLOGY

Quantum espresso (QE) [31] simulation package is used to perform the spin polarized DFT and CI-NEB calculations. DFT
results are obtained using the Vanderbilt ultra-soft pseudo-potentials and plane wave basis sets. The kinetic energy cutoff to
fix the number of plane waves is taken as 30 Ry. A 6X10X12 k-mesh of the BZ for the regular unit cell is found to be
sufficient to calculate the total energy with reasonable accuracy. We have used 2X2X1 and 1X2X1 supercells for 12.5% and
25% doping of the transition metal elements at the Fe site respectively and accordingly appropriate k-mesh are used for self-
consistent calculations. The constructed doped structures are further relaxed to achieve the ground state. Since experimental
structural parameters for LiVPO, and LiCrPO, are not available, we took the structure of LiFePO, [32] as the initial one and
optimized it subsequently. To account for the strong correlation effect, parameterized Hubbard U [33] (= 3 eV) is included in
our calculations for all the transition metal dopants. The values of OCV and band gap are sensitive to the value of U [34]. In
our earlier work [14] we have shown that the insulating behavior of this compound arises due to atomically localized
transition metal d states and U simply amplifies the gap. We find that for U = 3 eV, the OCV of LiFePO, is 3.21 V, which is
close to experimental value of 3.5 V. Based on the Eq. 3, which will be discussed later, expression of OCV includes total
energy for lithiated and delithiated phases. The trend of OCV, across the transition metals as well as doping concentrations,

will remain same irrespective of the value of U.

To study the Li* ion diffusion in doped LFP, we have employed the CI-NEB [29, 30] method based on the transition state
theory [35]. The minimum energy path (MEP) or the diffusion path for the conducting Li* ion was obtained using NEB
algorithm which is illustrated in Fig. 1. First an initial (guess) path connecting a set of equi-spaced images is made. Here the

final image point represents a Li vacancy site to which the Li*ion from the initial image point will hop via the intermediate
image points. The force, experienced by the Li* ion at each image point, i, F; = Fis” + FiV*. While the spring force FL.S”

keeps the images equi-spaced, the true force Fiv*displaces the intermediate images. The MEP is realized when Fl.V* becomes
zero. The MEPs obtained for LiFe; \M,PO, are shown in Fig. 1(c). It repeats the well-known non-linear one dimensional path
of LFP [36] irrespective of M and x. To provide a quantitative measure to the diffusion, we have calculated the V. using Cl-
NEB method. The activation barrier is defined as the potential energy difference between the saddle point and the initial
image (forward V. ) or final image (backward V). The CI-NEB method, while retains the MEP obtained from NEB, it
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improves the accuracy of the potential energy at the saddle point [30]. The diffusivity D is related to V.4 by D =

Dy exp (— Vg;f), where Dyis the diffusion constant which depends on the hopping length and k is the Boltzmann constant [35,

37].
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FIG. 1. (a) LiFePO, unit cell viewed from 001 plane. The crystal structure has perfect PO, tetrahedras and asymmetric FeOg complexes.
The open square indicates a vacancy. When a vacancy is created, neighboring Li* ion hops to the vacant cite and initiate the diffusion
process. (b) Schematic illustration of NEB method and equipotential contours appropriate for olivine phosphates [36]. (¢c) NEB Calculated
diffusion path for the Li" ion in LiFe,,M,PO,. Here (Ax, Ay) represents the coordinate of the hopping Li ion during motion with respect to

the vacancy site.



1. BANDSTRCUTURE AND OPEN CIRCUIT VOLTAGE
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FIG. 2. (a), (b) and (c) respectively show the ground state band structure of LiFePO,, LiFe;,M,PO, (M = Cr, Mn, Co; x = 0.125) and

LiMPO,. (d) The solid line with filled stars shows the dopant atomic d-energy levelsE; = [E (d;) +E (dg)] /2. We note that the
2 2

difference between E (dg) and E (dg) is negligible and of the order of 0.2 eV. Since we are interested in examining the relative energy
2 2

position of the atomic d states the average energy is considered. The dashed lines in (d) show the band gaps of LiFe,,M,PO, for different

concentrations (x). The Fermi energy is set to zero.

The DFT+U band structure of LFP is shown in Fig. 2a. A detailed analysis of it is presented in one of our recent work [14].
The electronic and magnetic structure of LFP are governed by FeOg complex and PO, tetrahedra. The symmetry in the metal-
oxygen complex in LFP is highly distorted and creates a completely anisotropic crystal field for the Fe-d states leading to loss
of threefold t,y and twofold e, degeneracy. As a consequence we have atomically localized d-states which make the system
insulating. The narrow gap produced through this localization gets amplified due to strong correlation effect as in the case of
Mott insulators. Hence, LFP is considered as weakly coupled Mott insulator. To study the change in the electronic structure
with doping we have plotted the band structure of LiFeqg75Mg125PO,4 and LIMPO, in Fig. 2b and c respectively for selected

dopants (M = Cr, Mn and Co). The significant changes occurred is that in the case of Cr and Co doping, new states (colored
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lines) are found lying within the band gap, either below or above Er, of the pure compound. This is true for all other dopants
(not shown here), except Mn. From calculations of partial densities of states, these new states are identified as dopant M-d
states. Therefore, the band gap is always reduced with doping irrespective of M and barring Mn. The Mn-d states, as shown

in the middle panel of Fig. 2b, are buried inside the Fe bands.

The reason for band gap reduction with doping can be understood from the comparison between the band structure of the
doped compounds and the corresponding pristine compounds LiMPO, which are plotted in Fig. 2c. We find that the energy
level of top valence bands and bottom conduction bands of LiIMPO, nearly matches with that of the dopant d-states in LiFe;.
«M,PO,. This is due to the fact that even though the Olivine phosphates are crystalline solids, the Bloch d electrons behave
like atomically localized electrons [14]. To substantiate it further we have plotted the atomic M-d energy levels in Fig. 2d. As
expected, V and Cr-d energy levels are higher to that of Fe-d. Following the same trend, the dopant V and Cr-d states appear
above the valence-d states as can be seen from the upper panel of Fig. 2b. As a consequence, LVE dopants reduce the band
gap. Similarly Ni and Co-d energy levels are lower to that of Fe-d. Therefore, while the Ni and Co-d valence states are deep
inside the valence band spectrum, their conduction states are below the Fe-d conduction states and hence the band gap is

reduced here as well.

In addition to the atomic d-energy levels, the strength of the spin-exchange splitting in this family of antiferromagnetic and
insulating Olivine phosphates has an important role in positioning the M-d states. Since Mn®* (3d°) is half-filled, the
exchange splitting is very large and hence the system shows a wide band gap compared to the other members. The band
structure of LiMnPO,, calculated within GGA predicts a band gap of 2.2 eV and with U (= 3eV) it becomes 3.89 eV (see Fig.
2d). Therefore, even though atomic Mn-d levels are comparatively higher than the atomic Fe-d levels, in the doped system
LiFe;.,Mn,PO,4, Mn-d valence (conduction) states lie below (above) the Fe-d valence (conduction) states. As a consequence,
band gap remains almost unchanged with Mn doping. The minor deviation is attributed to the shift in the Fe-d states. On the
other hand, Cr®* (3d*) has relatively weak spin-exchange split compared to Fe and hence the Cr-d valence and conduction
states lie above and below the Fe-d valence and conduction states to reduce the band gap substantially. The band gap of
LiFe; xM,PO4 (M =V, Cr, Mn, Co, Ni; x = 0.125, 0.25, 0.5 and 1) plotted in Fig. 2d augur well with this understanding. The
reduction in the band gap is not restricted to doped LiFePO,. Our studies reveal that the band gap of any transition metal
doped LiMPQ, is always smaller than that of the respective pure compound. Even though the results are not presented here in

details, this still can be observed in the case 50% doping. The band gap of LiFeysM(sPO, is always less than that of LIMPO,.



One of the advantages of LiFePQ, as the cathode material lies in its structure. As shown in Fig. 1(a), the Li and Fe atoms can
be assumed to be distributed in a matrix of PO, tetrahedras. Since the stability of the system is mostly related to these
tetrahedras [14], Li* ion can be easily inserted in Fe,,M,PO, during lithiation and extracted out of LiFe; xM,PO, during

delithiation [1, 38-40]. The lithiation and delithiation process can be expressed respectively as[1]:

Fe,_ M,PO, + yLi* + ye™ - yLiFe,_,M,P0, + (1 — y)Fe,_ M, PO,. 1)

LiFe,_,M,PO, » yLi* + ye~ + (1 —y)LiFe,_,M,PO, + yFe,_,M,P0O,. 2

Therefore, the intercalation or the open circuit voltage [41, 42] which is also the maximum possible operating voltage, is
OCV = E(Fe,_xM,P0,) + E(Li) — E(LiFe,_,M,PO,). ?3)

Here, E denotes the total energy of the corresponding system which is obtained from the density-functional calculations. We
have considered the experimental BCC crystal structure of Li [43] to calculate E(Li) and the optimized structure of (Li)Fe;.

«M,PQ, to calculate E ((Li)Fe;.xMPO,4). The OCV of LiFe; ,M,PO, (x = 0.125, 0.25, 0.5, 1.0) are shown in Fig. 3a.
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FIG. 3. (a) OCV and (b) gravimetric capacity of LiFe; ,M,PO,. While OCV is calculated using Eg. 3, the gravimetric capacity is obtained
using Faraday’s relation [44]. The green dashed line in (a) shows the OCV obtained from experimental studies [1, 38-40]. For a given
dopant concentration there always exist more than one possible configuration. However, we have found that all these configurations give

almost same OCV and therefore, we have shown the results for a single configuration for each dopant to avoid redundancy.

From Fig. 3a we gather that DFT underestimates the OCV compares to the experimental results. However, the trend among

the pure compounds remains same. The minor underestimation of OCV by DFT is a known fact as several other studies listed



in table-I reveal the same. The table also shows that the calculations carried out with GGA+U approximation provides a
better estimation of OCV than that of GGA. Within GGA, the strong correlation effect on the transition metal-d states is not
accounted appropriately. As a consequence the destabilization energy of both non-lithiated and lithiated compounds is
underestimated. However, the underestimation is far more for the non-lithiated compound compared to that of the lithiated
compound [41, 42]. Therefore, based on Eq. 3, GGA provides lower value of OCV. Calculations carried out using LDA

show much smaller OCV [41, 42, 45].

As far as the OCV of doped LFP is concerned, from Fig. 3, we find that, except Mn, the LVE dopant decreases the OCV and

HVE dopant increases it. This trend resembles the OCV of the pristine compounds. For completeness we have estimated the

nr

———— mAh/g, where n is charge of the Li ion, F is the Faraday’s
3600 X My,

gravimetric capacity using the Faraday’s relation: C =

constant and M,, is the molecular weight. As expected, the capacity increases with LVE dopants and decreases with HVE
dopants (see Fig. 3b). For Ni, the capacity is little larger than that of Co as the former has lighter atomic mass than the latter.
Fig. 3(a) and (b) together imply that OCV and gravimetric capacity are inversely proportional in LiMPO,, which is an
unexplored relation to our knowledge. This implies that in LiMPO,, instability increases with lighter transition metal

elements.

TABLE I. Experimental and theoretical values of OCV (in volts) of LiIMPO,. Besides our results, data from literatures are also listed to

make a comparison.

M OCV (GGA) OCV (GGA +U) ocv
Present work Literature Present work Literature (experiment)

Mn | 2.94 2.98[45] 3.83 4.04[45], U =3.92 eV 4.1

Fe | 252 2.99[45] 321 3.47[45], U=3.71eV 35

Co |363 3.64[42], 3.70[45] | 4.33 4.73[45], U = 5.05 eV 4.8

Ni | 4.29 4.20[45] 4.76 5.07[45], U = 5.26 eV 5.2




v. Li* ION DIFFUSION
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iJ Lithium Vacancy (V), D-F-V: Dopant Far from Vacancy, D-F-H: Dopant Far from Hopping Li
A Hopping Lithium (H)
D-C-V; D-C-H D-F-V; D-C-H D-C-V; D-F-H
- . v - - « . .\ L - . v ~
s Fes AN Dag DANNNS Pt
- : - U/ é - T - : F. U/. éﬁ' T 'L-I./ ﬁ~
'R N =y 5 A = % .\ { A ) *
+ Lt ) SN v [} hN T A\
- L N / '+ e g
* e f 4&, - .'__} b - 4 ¥ - -
« = -/. . .-'."._./ ™ ‘ - ./L-
- \ ‘ - L - - \ i - 3 L. - \ - -

—~ 0.4 gl Forward V.

- 0.2 0.2

2 0.4 0.0 /

S 02 : o ]

5] -0.2; -0.2 T

O‘OReaction co-ordinate

-0.4; ] . Backward V., |
Ay & Py =1 -0.4 =1 F.i% =1
£02040608%  ©02040608 -  Sg5304 0608 ¢ 02040608

" Forward—— o
§- Backward ---- : : !

0.0, ' . ] bt ]

"V Cr Mn Fe Co Ni V Cr Mn Fe Co Ni V. Cr Mn Fe Co Ni V Cr Mn Fe CoNi
Dopants

FIG. 4. Upper panel: Several configurations representing different position of the dopant (D) with respect to the hopping Lithium site (H)
and vacancy (V). The sites H and V respectively represent initial and final image points in the CI-NEB method discussed earlier. The
configuration [D-C-V; D-C-H] or [D-F-V; D-F-H] stands for dopant close to or far from both V and H. Middle panel: The potential barrier
experienced by the hopping Li* ion across the diffusion path as shown in Fig. 1c for the corresponding configuration of the upper panel.
Lower panel: Estimated forward and backward V.. The results in the present work are obtained using the non-magnetic configuration.
Since change in the total energy with change in magnetic ordering is of the order of meV, it is expected that the physical parameters like

Ve and OCV are nearly independent of magnetic ordering in LiFePO,.

The utility of the LFP largely depends on Li" diffusion since the latter determines the ionic conductivity in this system. To
investigate the effect of dopants on Li" diffusion, we have calculated the V. using CI-NEB method discussed earlier in
computational methodology, for different dopants and dopant neighborhoods. Here we present four cases as shown in Fig-4:
(a) dopant is close to both the vacancy and the hopping site [D-C-V; D-C-H], (b) dopant is far from vacancy but close to

hopping site, [D-F-V; D-C-H], (c) dopant is close to vacancy and away from hopping site [D-C-V; D-F-H], and (d) dopant
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is away both from vacancy and hopping site [D-F-V; D-F-H]. The corresponding potential barrier across the diffusion path

and the resulted V, are shown on the respective columns of Fig. 4.

First to validate our results, in table-11, we have made a comparison of V. of LIMPO, with the available experimental and
theoretical values. Experimentally V. is measured by several techniques such as ac and dc impedance measurements,
Mossbauer spectroscopic and u-S-R measurements. As expected, most of the studies are done on LiFePO,. While the u-S-R
measurements report a very low value of V. (~ 0.1 eV) [6, 46], the other techniques report a wide range of values between
0.15 and 0.66 [7, 9, 10, 47]. One of the earlier NEB study on LiMPO, family of compounds estimates the V. in the range
0.13 to 0.36 [48]. It is maximum for M = Co and minimum for M = Ni. Atomistic simulations, using a model parametric
Buckingham potential, carried out by Fisher et al.[49], provide higher value of V,, ( 0.44 — 0.62). The latter also shows a
definitive trend, i.e., V.« decreases as we move from LVE to HVE transition metal element. Our calculations for the
configuration [D-C-V; D-C-H], provide a similar trend. The V, is maximum for M =V (0.72 eV) and minimum for M = Ni
(0.16 eV). While our results are for the doped systems instead of LiIMPQ,, they certainly reveal that when dopant is close to
both vacancy and hopping lithium site, it replicates the un-doped system. This significantly infers that the effect of dopant on

diffusion is very short ranged.

To further verify the short range behavior, we have examined a configuration [D-F-V; D-F-H] where the dopant is away both
from both vacancy and hopping site (see Fig. 4). The resulted V, changes very little with dopant and lies in the range 0.2 to
0.3 eV unlike the range 0.16 to 0.72 seen in the case of [D-C-V; D-C-H]. Therefore, the effect of dopant on the diffusion
rapidly diminishes with increase in the separation between dopant and diffusing Li. Earlier it has been discussed that the
bands in LiFe;,M,PO, are nearly non-dispersive near Er. These localized bands are the outcome anisotropic crystal field in
the system. The asymmetric crystal field splits the metal-d states into five non-degenerate states. Therefore, while the olivine
phosphates are crystalline, their electronic properties resemble to that of atoms. The complex PO, is one of the most stable
polyanions involving phosphorous and oxygen and the stability is attributed to the ionic bonding between them. The other
interactions, Fe*"®*- Li*, O%- Li* and L*-P*", are comparatively negligible. Hence, the effect of dopant on diffusion is very

short ranged.

To realize whether both short range effect and electronic behavior of dopant can be utilized to manipulate the diffusion
microscopically, we have estimated V, as a function of dopant for two new configurations [D-F-V; D-C-H] and [D-C-V; D-

F-H] shown in Fig. 4. From the results, shown in the middle panel, we infer the following. (a) Unlike the earlier two
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configurations, here the potential barrier across the diffusion path is asymmetric with respect to forward and backward
motion (see third row of Fig. 4). In the forward motion the Li* ion moves from H to V. In the other case, the motion is
reversed since a new vacancy is created at the original hopping site. (b) In the case of [D-F-V; D-C-H], the potential is
down-hill for the forward motion and up-hill for the backward motion for the LVE dopants. Accordingly the forward V, is
less and the backward V. is more. For HVE dopants the forward V. is more and backward V,y is less. The situation
reverses for [D-C-V; D-F-H]. As a whole, our results conclude that when the diffusing Li is in close proximity to the LVE
(HVE) dopant, a repulsive (attractive) force acts on it to facilitate outward (inward) diffusion. This opens up opportunities
and future research prospect to tune the diffusivity through intentional inhomogeneous doping. The affinity between Li* ion
and transition element is governed by the number of valence electrons of the latter. With more valence electrons, the d-states

of the transition metal lie lower in energy and offer a higher attractive potential to Li* ion.

TABLE II. Comparison of V,y of LIMPO, as obtained from different experimental and theoretical techniques. We also have listed the

results from our CI-NEB calculations on LiFeg g75Mg 125PO, for the configuration [D-C-V; D-C-H] (see Fig.4).

M Vv Cr Mn Fe Co Ni

Activation Barrier (eV)

Experiment -- -- 0.65-1.14* | 0.155-0.66* | 0.62* 0.61*
0.18 — 0.53** | 0.1%** 0.17%**
0.1 ***

Present Work(CI-NEB) 0.72 0.54 0.38 0.27 0.26 0.16

Literature (NEB) [48] -- -- 0.25 0.27 0.36 0.13

Literature (Buckingham Model | -- - 0.62 0.55 0.47 0.44

Potential) [49]

*AC impedance measurement [7, 9, 10, 47]; ** DC impedance measurement [8, 10]; ***u-S-R measurement [6, 46]

V. SUMMARY AND CONCLUSIONS

In summary, we present a detail electronic and electrochemical profile of transition metal doped LiFePO, by carrying out
density-functional and CI-NEB simulations. Our results provide the following interesting conclusions: (a) Doping leads to
reduction in the band gap irrespective of the nature of the dopant, barring Mn, and the reason is attributed to the atomically
localized nature of the Bloch d electrons in this family; (b) the open circuit voltage increases with increasing valence
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electrons in the dopant; (c) the effect of dopant on the Li* ion diffusion is very short ranged; and (d) while LVE dopants repel
the Li* ion, the HVE dopants tend to attract it. Our study, therefore, opens up the options for optimizing the diffusivity in
particular and electrochemical behavior in general for LiFePO, through tailored transition metal doping. We expect that the
conclusions made in this work can be extended to other Li based cathode materials where Li has weak interaction with the

transition metals.

ACKNOWLEDGEMENTS

This work was funded by NISSAN RESEARCH PROGRAM through grant no. PHY1314289NRSPBIRA. Institute HPCE

facility was used for the computations. The authors would like to thank Sudakar Chandran for stimulating discussions.

REFERENCES

[1] A. K. Padhi, K. S. Nanjundaswamy, and J. B. Goodenough, Phospho-olivines as positive-electrode materials for
rechargeable lithium batteries, J. Electrochem. Soc., 144, 1188 (1997).

[2] J. B. Goodenough and K. —S. Park, The Li-ion rechargeable battery: a perspective, J. Am. Chem. Soc., 135, 1167 (2013).
[3] M. S. Islam and C. A. J. Fisher, Lithium and sodium battery cathode materials: computational insights into voltage,
diffusion and nanostructural properties, Chem. Soc. Rev. , 43, 185 (2014).

[4] G. Hautier, A. Jain, S. P. Ong, B. Kang, C. Moore, R. Doe, and G. Ceder, Phosphates as lithium-ion battery cathodes: an
evaluation based on high-throughput ab initio calculations, Chem. Mater , 23, 3495 (2011).

[5] G. Hautier, A. Jain, T. Mueller, C. Moore, S. P. Ong, and G. Ceder, Designing multielectron lithium-ion phosphate
cathodes by mixing transition metals, Chem. Mater , 25, 2064 (2013).

[6] J. Sugiyama, H. Nozaki, M. Harada, K. Kamazawa, Y. lkedo, Y. Miyake, O. Ofer, M. Mansson, E. J. Ansaldo, K. H.
Chow, G. Kobayashi, and R. Kanno, Diffusive behavior in LiIMPO, with M = Fe, Co, Ni probed by muon-spin relaxation,
Phys. Rev. B, 85, 054111 (2012).

[7] M. Takahashi, S. Tobishima, K. Takei, and Y. Sakurai, Reaction behavior of LiFePO,as a cathode material for
rechargeable lithium batteries, Solid State lonics , 148, 283 (2002).

[8] S. Shi, L. Liu, C. Ouyang, D. Wang, Z. Wang, L. Chen, and X. Huang, Enhancement of electronic conductivity of
LiFePO, by Cr doping and its identification by first-principles calculations, Phys. Rev. B, 68, 195108 (2003).

[9] J. Li, W. Yao, S. Martin, and D. Vaknin, Lithium ion conductivity in single crystal LiFePO,, Solid State lonics, 179, 2016
(2008).

[10] C. Delacourt, L. Laffont, R. Bouchet, C. Wurm, J. -B. Leriche, M. Morcrette, J. -M. Tarascon, and C. Masquelier,

Toward understanding of electrical limitations (electronic, ionic) in LiIMPO, (M = Fe, Mn) electrode materials, J.
Electrochem. Soc., 152(5), A913 (2005).

[11] F. Zhou, K. Kang, T. Maxisch, G. Ceder, and D. Morgan, The electronic structure and band gap of LiFePO, and
LiMnPQ,, Solid State Commun., 132, 181(2004).

12


http://www.sciencedirect.com/science/article/pii/S0167273802000644
http://www.sciencedirect.com/science/article/pii/S0167273802000644
http://www.sciencedirect.com/science/article/pii/S0167273808005158

[12] K. Hoang and M. Johannes, Tailoring native defects in LiFePQ,: insights from first-principles calculations, Chem.
Mater. 23, 3003 (2011).

[13] H. Lin, Y. Wen, C. Zhang, L. Zhang, Y. Huang, B. Shan, and R. Chen, A GGA+U study of lithium diffusion in
vanadium doped LiFePO,, Solid State Comm. 152, 999 (2012).

[14] A. Jena and B. R. K. Nanda, Unconventional magnetism and band gap formation in LiFePO,: consequence of polyanion
induced non-planarity, Scientific Reports, 6, 19573 (2016).

[15] P. Tang and N. A. W. Holzwarth, Electronic structure of FePO,, LiFePO,, and related materials, Phys. Rev. B 68,
165107 (2003).

[16] Y. —N. Xu, S. -Y. Chung, J. T. Bloking, Y. —M. Chiang, and W. Y. Ching, Electronic structure and electrical
conductivity of undoped LiFePQO,, Electrochem. and Solid-State Lett., 7, 6, A131 ( 2004 ).

[17] S. -Y. Chung, J. T. Bloking, and Y. -M. Chiang, Electronically conductive phospho-olivines as lithium storage
electrodes, Nat. Mater., 1, 123 (2002).

[18] J. Wang and X. Sun, Understanding and recent development of carbon coating on LiFePO, cathode materials for
lithium-ion batteries, Energy Environ. Sci., 5, 5163 (2012).

[19] J. Molenda, A. Kulka, A. Milewska, W. Zajac, and K. Swierczek, Structural, transport and electrochemical properties of
LiFePO, substituted in lithium and iron sublattices (Al, Zr, W, Mn, Co and Ni), Materials, 6, 1656 (2013).

[20] D. Li, Y. Huang, N. Sharma, Z. Chen, D. Jia, and Z. Guo, Enhanced electrochemical properties of LiFePO, by Mo-
substitution and graphitic carbon-coating via a facile and fast microwave-assisted solid-state reaction, Phys. Chem. Chem.
Phys., 14, 3634 (2012).

[21] I. Bilecka, A. Hintennach, M. D. Rossell, D. Xie, P. Novék, and M. Niederberger, Microwave-assisted solution synthesis
of doped LiFePO, with high specific charge and outstanding cycling performance, J. Mater. Chem., 21, 5881 (2011).

[22] K. Kim, D. Kam, Y. Kim, S. Kim, M. Kim, and H-S Kim, Electrochemical studies of molybdate-doped LiFePO, as a
cathode material in Li-ion batteries, J. Nanosci Nanotechnol., 13(5), 3383 (2013).

[23] T. Maxisch, F. Zhou, and G. Ceder, Ab initio study of the migration of small polarons in olivine Li,FePO, and their
association with lithium ions and vacancies, Phys. Rev. B 73, 104301 (2006).

[24] B. Ellis, L. K. Perry, D. H. Ryan, and L. F. Nazar, Small polaron hopping in Li,FePO, solid solutions: coupled lithium-
ion and electron mobility, J. Am. Chem. Soc. 128, 11416 (2006).

[25] K. Zaghib, A. Mauger, J. B. Goodenough, F. Gendron, and C. M. Julien, Electronic, optical, and magnetic properties of
LiFePO,: small magnetic polaron effects, Chem. Mater. 19, 3740 (2007).

[26] M. D. Johannes, K. Hoang, J. L. Allen, and K. Gaskell, Hole polaron formation and migration in olivine phosphate
materials, Phys. Rev. B 85, 115106 (2012).

[27] L. Zhang, G. Liang, A. Ignatov, M. C. Croft, X. Xiong, I. Hung, Y. Huang, X. Hu, W. Zhang, and Y. Peng, Effect of
vanadium incorporation on electrochemical performance of LiFePO, for lithium-ion batteries, J. Phys. Chem. C 115, 13520
(2011).

[28] Y. Wang, Z. Feng, L. Wang, L. Yu, J. Chen, Z. Liang, and R. Wang, A joint experimental and theoretical study on the
effect of manganese doping on the structural, electrochemical and physical properties of lithium iron phosphate, RSC Adv.,
4, 51609 (2014).

[29] H. Jonsson, G. Mills, and K. W. Jacobsen, Nudged elastic band method for finding minimum energy paths of transitions,
World Scientific, 385 (1998).

13


http://www.sciencedirect.com/science/article/pii/S0038109812001652
http://www.sciencedirect.com/science/article/pii/S0038109812001652
http://pubs.rsc.org/en/content/articlelanding/2012/cp/c2cp24062a
http://pubs.rsc.org/en/content/articlelanding/2012/cp/c2cp24062a
http://pubs.rsc.org/en/results?searchtext=Author%3AIdalia%20Bilecka
http://pubs.rsc.org/en/results?searchtext=Author%3AAndreas%20Hintennach
http://pubs.rsc.org/en/results?searchtext=Author%3AMarta%20D.%20Rossell
http://pubs.rsc.org/en/results?searchtext=Author%3ADan%20Xie
http://pubs.rsc.org/en/results?searchtext=Author%3AMarkus%20Niederberger
http://www.ncbi.nlm.nih.gov/pubmed/23858863
http://pubs.acs.org/doi/abs/10.1021/jp2034906
http://pubs.acs.org/doi/abs/10.1021/jp2034906
http://pubs.rsc.org/en/results?searchtext=Author%3AZhe-sheng%20Feng
http://pubs.rsc.org/en/results?searchtext=Author%3ALu-lin%20Wang
http://pubs.rsc.org/en/results?searchtext=Author%3ALe%20Yu
http://pubs.rsc.org/en/results?searchtext=Author%3AJin-ju%20Chen
http://pubs.rsc.org/en/results?searchtext=Author%3ARui%20Wang

[30] G. Henkelman, B. Uberuaga, and H. Jonsson, A climbing image nudged elastic band method for finding saddle points
and minimum energy paths, J. Chem. Phys., 113, 9901 (2000).

[31] P. Giannozi, S. Baroni, N. Bonini, M. Calandra, R. Car, C. Cavazzoni, D. Ceresoli, G. L. Chiarotti, M. Cococcioni, 1.
Dabo, A. D. Corso, S. Gironcoli, S. Fabris, G. Fratesi, R. Gebauer, U. Gerstmann, C. Gougoussis, A. Kokalj, M. Lazzeri, L.
Martin-Samos, N. Marzari, F. Mauri, R. Mazzarello, S. Paolini, A. Pasquarello, L. Paulatto, C. Sbraccia, S. Scandolo, G.
Sclauzero, A. P. Seitsonen, A. Smogunov, P. Umari, and R. M. Wentzcovitch, QUANTUM ESPRESSO: a modular and
open-source software project for quantum simulations of materials, J. Phys., Condens. Matter, 21, 395502 (2009).

[32] O. Garci'a-Moreno, M. Alvarez-Vega, F. Garci'a-Alvarado, J. Garci'a-Jaca, J. M. Gallardo-Amores, M. L. Sanjua’n,
and U. Amador, Influence of the structure on the electrochemical performance of lithium transition metal phosphates as
cathodic materials in rechargeable lithium batteries: a new high-pressure form of LIMPO, (M = Fe and Ni), Chem. Mater. 13,
1570 (2001).

[33] V. I. Anisimov, J. Zaanen, and O. K. Andersen, Band theory and Mott insulators: Hubbard U instead of Stoner I, Phys.
Rev. B 44, 943 (1991).

[34] F. Zhou, M. Cococcioni, C. A. Marianetti, D. Morgan, and G. Ceder, First-principles prediction of redox potentials in
transition-metal compounds with LDA+U, Phys. Rev. B, 70, 235121 (2004).

[35] G. H. Vineyard, Frequency factors and isotope effects in solid state rate processes, J. Phys. Chem. Solids, 3, 121 (1957).

[36] S. —I. Nishimura, G. Kobayashi, K. Ohoyam, R. Kanno, M. Yashima, and A. Yamada, Experimental visualization of
lithium diffusion in Li,FePO, Nat. Mater, 7, 707 (2008).

[37] R. Kutner, Chemical diffusion in the lattice gas of non-interacting particles, Phys. Lett. A., 81, 239 (1981).

[38] G. Li, H. Azuma, and M. Tohda, LiMnPQ, as the cathode for lithium batteries, Electrochem. and Solid-State Lett., 5
(6), A135 (2002).

[39] K. Amine, H. Yasuda, and M. Yamachi, Olivine LiCoPO, as 4.8 V electrode material for lithium batteries, Electrochem.
and Solid-State Lett., 3 (4), 178 (2000).

[40] J. Wolfenstine and J. Allen, Ni**/Ni** redox potential in LiNiPO,, J. Power Sources, 142, 389 (2005).

[41] O. Le Bacq and A. Pasturel, First-principles study of LiMPO, compounds (M=Mn, Fe, Co, Ni) as electrode material for
lithium batteries, Philosophical Magazine, 85, 1747 (2005).

[42] O. Le Bacq, A. Pasturel, and O. Bengone, Impact on electronic correlations on the structural stability, magnetism, and
voltage of LiCoPQ, battery, Phys. Rev. B, 69, 245107 (2004).

[43] C. Kittel, Introduction to solid state physics, (Wiley, New York), 7th ed., p. 23 (1996).

[44] http://battery.berkeley.edu/.

[45] F. Zhou, M. Cococcioni, K. Kang, and G. Ceder, The Li intercalation potential of LiMPO, and LiMSiO, olivines with M
= Fe, Mn, Co, Ni, Electrochem. Comm., 6, 1144 (2004).

[46] P. J. Baker, I. Franke, F. L. Pratt, T. Lancaster, D. Prabhakaran, W. Hayes, and S. J. Blundell, Probing magnetic order in
LiMPO, (M = Ni, Co, Fe) and lithium diffusion in LixFePQ,4, Phys. Rev. B, 84, 174403 (2011).

[47] K. Rissouli, K. Benkhouja, J. R. Ramos-Barrado, and C. Julien, Electrical conductivity in lithium orthophosphates,
Mater. Sci. Eng. B, 98, 185 (2003).

[48] D. Morgan, A. Van der Ven, and G. Ceder, Li conductivity in LixMPO, (M = Mn, Fe, Co, Ni) olivine materials,
Electrochem. Solid-State Lett., 7, A30 (2004).

14


http://www.sciencedirect.com/science/article/pii/0375960181902516
http://battery.berkeley.edu/

[49] C. A. J. Fisher, V. M. Hart Prieto, and M. S. Islam, Lithium battery materials LiIMPO, (M = Mn, Fe, Co, and Ni):

insights into defect association, transport mechanisms, and doping behavior, Chem. Mater., 20, 5907 (2008).

15



