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The design of novel cathode materials for Li-ion batteries would greatly benefit from accurate
first-principles predictions of structural, electronic, and magnetic properties as well as intercalation volt-
ages in compounds containing transition-metal elements. For such systems, density-functional theory
(DFT) with standard (semi)local exchange-correlation functionals is of limited use as it often fails due
to strong self-interaction errors that are especially relevant in the partially filled d shells. Here, we per-
form a detailed comparative study of the phospho-olivine cathode materials Li,MnPQOy, Li,FePO4 and the
mixed transition metal Li,Mn, »,Fe;,»,PO4 (x =0,1/4,1/2,3/4,1) using four electronic-structure meth-
ods: DFT, DFT+U, DFT+U+V, and HSE06. We show that DFT+U+V, with onsite U and intersite V
Hubbard parameters determined from first principles and self-consistently with respect to the structural
parameters by means of density-functional perturbation theory (linear response), provides the most accu-
rate description of the electronic structure of these challenging compounds. In particular, we demonstrate
that DFT+U+V displays very clearly “digital” changes in oxidation states of the transition-metal ions in
all compounds, including the mixed-valence phases occurring at intermediate Li concentrations, leading
to voltages in remarkable agreement with experiments. We show that the inclusion of intersite Hubbard
interactions is essential for the accurate prediction of thermodynamic quantities, balancing the drive for
localization induced by the onsite U with intersite V orbital hybridizations. At variance with other meth-
ods, DFT+U+V describes accurately such localization-hybridization interplay, and thus opens the door for
the study of more complex cathode materials as well as for a reliable exploration of the chemical space of

compounds for Li-ion batteries.
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I. INTRODUCTION

Recent years have witnessed urgent needs for renewable
energy and the availability of energy storage technology
that is needed at all scales. One of the major advances
in this area can be traced back to the development of Li-
ion rechargeable batteries [1,2] that are currently employed
in a variety of applications, e.g., for portable electron-
ics, power tools, automotive industry, electricity grids, to
name a few [3,4]. These technologies are in increasing
demand due to a global increase in energy consumption
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and a widening dependence on the availability of efficient,
safe, and nontoxic Li-ion batteries.

The properties and performance of Li-ion batteries (such
as power and energy density, capacity retention, cyclabil-
ity, thermal stability, etc.) depend on many factors and
their interplay within the complexity of the actual mul-
ticomponent devices. As part of this network, cathode
materials play a pivotal role, determining the Li inter-
calation voltage and cyclability of Lit ions through the
interface with the electrolyte. There are various types
of cathode materials, among which we mention layered,
spinel, olivine, prussian blue, and cation-disordered rock-
salt [5—7]. A key ingredient of cathodes are transition-
metal (TM) elements that are electrochemically active
species that change their oxidation state during charging
and discharging of the battery. It is therefore of paramount
importance to understand at the atomistic level what prop-
erties of such compounds lead to efficient electrochemical
processes.
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An important tool for studying cathode materials
is density-functional theory (DFT) [8,9], which is a
workhorse for first-principles simulations in physics,
chemistry, and materials science. DFT requires approx-
imations to the exchange-correlation (XC) functional,
with local spin-density approximation (LSDA) and spin-
polarized generalized-gradient approximation (o-GGA)
being the most popular ones. However, these approxima-
tions often provide some unsatisfactory results (e.g., volt-
ages, formation energies, change in the atomic occupations
in mixed-valence compounds, etc.) for many TM com-
pounds due to self-interaction errors (SIEs) [10,11] that
are especially large for localized d and f electrons. For
this reason, more accurate approaches beyond “standard
DFT” (i.e., based on LSDA or 6-GGA) are generally used,
among which we mention Hubbard-corrected DFT based
on LSDA or 0-GGA (so-called LSDA+U and GGA+U
[12—14] and its extensions LSDA+U+V and GGA+U+V
[15-17] — in the following we refer to these broadly
as DFT+U and DFT+U+V), meta-GGA functionals such
as SCAN [18] (and its flavors [19,20]) and SCAN+U
[21-24], DFT with hybrid functionals (e.g., PBEO [25] and
HSEO06 [26,27]), to name a few. In DFT+U, the Hubbard
U correction is applied selectively only to the partially
filled d states of TM elements to alleviate SIEs for these
states [28], while all other states are treated at the level
of LSDA or o-GGA. In contrast, in meta-GGA func-
tionals the kinetic energy density is taken into account
and known exact constraints are satisfied (17 in the case
of SCAN). Finally, in hybrid functionals a fraction of
Fock exchange is added (25% in the cases of PBEO and
HSEO06) and the remainder of exchange is treated at the
0-GGA level, together with 100% of the o-GGA corre-
lation. In the context of a first-principle prediction of the
properties of cathode materials, it still remains to establish
which of these classes of advanced functionals provides
the most accurate, reliable, and computationally affordable
results.

The major interest in the use of Hubbard-corrected DFT
comes from its ability to greatly improve the accuracy
of standard DFT with only a marginal increment in the
computational cost [29]. However, this is true only if the
proper values of the Hubbard parameters are employed.
In practice, these are unknown a priori and need to be
determined by means of a robust protocol. One strategy
that is widespread is to assign bona fide empirical values
to the Hubbard parameters. For example, DFT + U with
U parameters fitted to experimental binary metal forma-
tion energies [30] using the Kubaschewski tables [31] have
proven to be effective for high-throughput search of novel
cathode materials [32—35]. Also, U parameters are often
calibrated empirically so that DFT+U calculations repro-
duce some properties of interest (e.g., band gaps, mag-
netic moments, lattice parameters, oxidation enthalpies;
see, e.g., Refs. [36-38]), and are used to predict other

properties (e.g., voltages, formation energies, migration
barriers, etc.). If, on the one hand, experimental results
might not be available for the Hubbard parameters to be
fitted on, on the other hand, the so-tuned U values are
not always guarantied to be suitable for accurate pre-
dictions of other properties. Hence, finding empirically a
global U parameter that makes accurate predictions on
many properties of a given material at the same time
is a nontrivial task. In this respect, an alternative and
very attractive approach is to compute these parameters
using first-principle methods [39], such as constrained
DFT (cDFT) [40—48], Hartree-Fock-based approaches [ 16,
17,49-52], and the constrained random phase approxima-
tion (cRPA) [53-56]. A linear-response (LR) formulation
[57] of ¢cDFT (LR cDFT) has become a method of choice
for many computational Hubbard-corrected DFT studies
[58,59]; moreover, its recent reformulation in terms of
density-functional perturbation theory (DFPT) [60,61] fur-
ther boosted its success thanks to the fact that it allows
one to replace computationally expensive supercells by
a primitive cell with monochromatic perturbations, thus
significantly reducing the computational burden of deter-
mining the Hubbard parameters. DFT+U with Hubbard
U computed using LR cDFT [48,62—64] or cRPA [65]
has proven to be effective in improving intercalation volt-
ages and electronic structure properties of cathode mate-
rials, and, remarkably, DFT+U+V with U and V deter-
mined from LR cDFT in a self-consistent fashion [61]
was shown to provide excellent agreement with experi-
mental voltages for olivine-type cathode materials [58],
thereby highlighting the importance of intersite ” Hubbard
interactions. Finally, Hubbard-corrected DFT calculations
are sometimes performed including van der Waals (vdW)
corrections (especially for layered materials) that were
shown to further improve the accuracy of the computed
properties [66].

The meta-GGA SCAN functional has gained a lot of
interest since its introduction in 2015 [18], in particular
for modeling of cathode materials. However, it is impor-
tant to note that, despite being very successful for a broad
class of materials and properties, SCAN still contains sig-
nificant SIEs especially when applied to TM compounds
[67,68], it exhibits some potential limitations in describ-
ing magnetic systems [69,70], and it suffers from strong
numerical instabilities [71]. Moreover, from a technical
point of view, there are currently only few SCAN-based
pseudopotentials (PPs) [72] and often GGA-based PPs
are used; this inconsistency is known to introduce notice-
able errors in calculating some properties of materials as,
e.g., phase transition energies [73]. Nonetheless, recent
applications of SCAN have shown that it gives improved
descriptions of electronic properties and voltages in lay-
ered cathode materials compared to other functionals [74];
however, SCAN does not eliminate the need of the Hub-
bard U correction in olivine and spinel materials [75]. In
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fact, SCAN with the Hubbard U correction (SCAN+U)
was shown to give more accurate predictions for many
transition-metal compounds than SCAN [21-24]. In addi-
tion, SCAN and SCAN+U are also used including the vdW
corrections [75—78]; at present, only SCAN+rVV10+U is
used since the revised Vydrov-Van Voorhis (rVV10) func-
tional [79,80] is the only vdW functional that has been
parametrized for SCAN so far [81].

Finally, hybrid functionals exhibit a similar accuracy
improvement over standard DFT as they work in the same
direction of reducing SIEs for TM compounds [82]. At
variance with Hubbard functionals and SCAN, however,
their use comes at a much higher computational cost
than standard DFT. Furthermore, for hybrid functionals,
quite often the required fraction of Fock exchange must
be tuned in solids in order to reach improved agreement
with experiments [83]. This approach is no less arbitrary
than picking a U value empirically. Although there are
ways to determine the optimal amount of Fock exchange
ab initio needed for each system of interest [84—89], very
often the use of a tuned hybrid functional tends to devi-
ate considerably from a pure first-principle-based practice.
If one disregards the option of tuning the amount of Fock
exchange, it remains the possibility to choose the hybrid
functional upon considerations of its reliability for the
problem of interest. In particular, for the study of cathode
materials, HSE06 has proven its ability to predict accurate
electronic and electrochemical properties of some paradig-
matic examples of such systems as, e.g., the phospho-
olivine Li,MnPO, [90] and the spinel Li,Mn,04 [91]. The
possibility to use hybrids with vdW corrections guaran-
tees their applicability for the study of layered and organic
systems [92,93].

In this paper, we present a detailed comparative study
for selected olivine-type cathode materials: Li,FePOy,
Li,MnPQOy,, as well as the more complex mixed-TM com-
pound LiMn;,Fe;,POs (x =0,1/4,1/2,3/4,1). We
perform calculations with the four electronic-structure
methods DFT, DFT+U, DFT+U+V, and HSE06, with the
aim to assess the reliability of their predictions (e.g.,
oxidation states and Li intercalation voltages) in compar-
ison with experiments. We show that DFT+U+) remark-
ably outperforms the other three well-established methods.
A key requirement is that the onsite U and intersite
Hubbard parameters are determined from first-principles
self-consistently using DFPT [60,61]. In particular, we
demonstrate that DFT+U+V accurately predicts the elec-
tronic structure not only for the fully delithiated and lithi-
ated compounds (x = 0, 1), but also for the intermediate
Li concentrations (x = 1/4,1/2,3/4). Overall, HSE06 and
DFT+U results are in good qualitative agreement with
DFT+U+V, and superior to standard DFT, but interca-
lation voltages do not match the quantitative accuracy
shown by DFT+U+V. Importantly, DFT+U+V predicts a
“digital” change in atomic occupations when gradually

changing the Li concentration, while DFT averages out the
occupations over sites and HSE06 shows a less clear
pattern in the “digital” change of occupations for Fe-
containing phospho-olivines. This study shows that the
inclusion of intersite interactions V is essential for the
accurate prediction of thermodynamic quantities when
electronic localization occurs in the presence of signifi-
cant interatomic hybridization, confirming and enriching
the findings of earlier work by some of us [58].

The paper is organized as follows. Section II presents the
theoretical framework with the basics of HSE06, DFT+U,
and DFT+U+V, and the linear-response calculations of U
and V using DFPT. In Sec. III we present our findings
for the oxidation states, Lowdin occupations, spin-resolved
projected density of states (PDOS), and voltages; and in
Sec. IV we provide the conclusions.

II. METHODS

In this section we discuss the basics of HSE06 [26,
27], DFT+U [12,14], and DFT+U+V [15,29] as well
as the main idea of the DFPT approach for comput-
ing Hubbard parameters [60,61]. In the following, we
use the generic name “DFT + Hubbard” as broadly refer-
ring to any flavor of Hubbard-corrected DFT, which
in this paper covers DFT+U and DFT+U+V. For
the sake of simplicity, the formalism is presented in
the framework of norm-conserving (NC) PPs in the
collinear spin-polarized case. Hartree atomic units are used
throughout.

A. DFT+Hubbard

For the sake of generality, here we discuss the
DFT+U+V formalism [15]. It can be easily simplified to
DFT+U by setting V' = 0. In DFT+U+V, the XC energy
contains a (semi)local functional (e.g., Perdew-Burke-
Ernzerhof functional optimized for solids (PBEsol) [94])
and a corrective Hubbard term [15]:

PBEsol+U+V __ r=PBEsol U+v
Exc =Exc +tExc - ()

Here Egg " is the Hubbard energy that removes (from the
Hubbard manifold) SIEs present due to the use of approxi-
mations in the XC functional. At variance with the DFT+U
approach whose Hubbard corrective term only contains
onsite interactions (scaled by U), DFT+U+V also fea-
tures intersite interactions (scaled by V) between orbitals
centered on different sites. In the simplified rotationally
invariant formulation, the extended Hubbard term EL" is
defined such that it removes the mean-field PBEsol-based
interactions in the Hubbard manifold and adds those that
restore the piecewise linear energy behavior [29], and it
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reads [15]

U+v __ 2 § 11(7 [[O’
EXC — 5 U{(amm, - nmm m'm

I omm’

S S LA

I JJ#D omm’

where o is the spin index, / and J are atomic site indices, m
and m’ are the magnetic quantum numbers associated with
a specific angular momentum, U’ and V' are the effective
onsite and intersite Hubbard parameters, and the asterisk in
the sum denotes that, for each atom /, the index J covers
all its neighbors up to a given distance (or up to a given
shell). As apparent from its expression, by subtracting a
term quadratic in the atomic occupations and substituting
it with a linear one, the Hubbard correction contributes to
decreasing the curvature of the energy as a function of
the occupations of the Hubbard manifold (a measure of
the effective self-interaction) and to reestablishing a piece-
wise linear behavior [29]. While such piecewise linearity
is not a formal requirement of energy functionals, it has
been long argued [28,57,95,96] that it is an essential con-
dition to reduce SIEs in systems with very localized (e.g., d
and f) electrons. The generalized occupation matrices nU,‘;
are based on a projection of the Kohn-Sham (KS) wave
functions ¢, (r) on localized orbitals (p,ln (r) of neighbor
atoms [15]: )

vk|(pm

IJ(T Z}r

(Pml V1) 3)

Here v is the electronic band index, k indicates points
in the first Brillouin zone, £, are the occupations of the

KS states, and go,]n r) = (pm(l) (r — R;) are localized orbitals
centered on the /th atom of type y (/) at position R;.
It is convenient to establish a shorthand notation for the
onsite occupation matrix: n'% , = n'’% which is used in
DFT+U corresponding to the first line of Eq. (2). The
two terms in Eq. (2) (i.e., proportional to the onsite U/
and intersite ¥ couplings) counteract each other: the
onsite term favors localization on atomic sites (thus sup-
pressing hybridization with neighbors), while the intersite
term favors hybridized states with components on neigh-
bor atoms (thus suppressing the onsite localization). It is
the balance between these two competing effects that deter-
mines the ground state of the system. Therefore, accurate
evaluations of U’ and V¥ are crucial in this respect.

In DFT+Hubbard the values of the Hubbard parame-
ters are not known a priori, and hence they are often
adjusted empirically such that the final results of sim-
ulations match some experimental properties of interest
(e.g., band gaps, oxidation enthalpies, etc.). This procedure
introduces a degree of arbitrariness (e.g., on the choice of

experimental measurements to match) and indeterminacy
(there might be several sets of interaction parameters able
to reproduce a limited number of experimental results) and
makes DFT+Hubbard not a fully first-principles approach.
Sometimes the match to experimental measurements is
also questionable on conceptual grounds, e.g., when a
band gap is matched, given that exact DFT would also
not reproduce the experimental gap. Most importantly, it
restricts the applicability of this corrective scheme only
to a domain of materials for which the Hubbard parame-
ters can be validated with experimental results and limits
its use for investigating the behavior of not-yet synthe-
sized systems. Moreover, it is often forgotten that the
Hubbard U correction is applied using Hubbard projectors
that can be defined in many different ways [97,98], e.g.,
taken from the atomic calculations used to generate the
respective pseudopotentials or their orthogonalized coun-
terparts [see Eq. (7)], and that can be constructed with
different degrees of oxidation. Hence, these Hubbard pro-
jectors and the respective U parameters are not transferable
and one should not consider U as a universal number for a
given element or material (see the appendix in Ref. [28]).
Therefore, a first-principles calculation of the Hubbard
parameters is essential for quantitative reliability and thus
highly desirable.

In many cases, where localization occurs on atomic
states, the effect of a finite /" might actually be mimicked
by a smaller value of U that avoids suppressing intersite
hybridization too much. However, there are cases where
localization might actually occur on bonds [15], and in
these cases the use of an intersite /' cannot be mimicked
by any small value of U that lacks the physics needed for
intersite covalent bonding. Therefore, DFT+U+V where
both the U and V values are computed from first prin-
ciples constitutes a robust and accurate approach that
describes accurately the onsite localization and intersite
hybridization of electrons without any manual calibrations
of Hubbard parameters.

The aforementioned LR c¢DFT approach allows us to
compute U and V from a generalized piecewise linear-
ity condition [15,57]. Within this framework, the Hub-
bard parameters are the elements of an effective interac-
tion matrix computed as the difference between bare and
screened inverse susceptibilities [57]:

=" = x O, “4)
o= (x" = x O (5)

The susceptibility matrices xo and x measure the response
of atomic occupations to a shift in the potential act-
ing on the atomic states of a specific Hubbard atom
[57]: xu = ng (dn'e /da’). The difference between xo
and x consists in the fact that the former represents the
(bare) response to the total potential (i.e., before the elec-
tronic charge density readjusts self-consistently), while
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the latter represents the (total) response to the external
potential [99]. In order to avoid computationally demand-
ing supercell calculations, required within the LR ¢DFT
approach to make the perturbation isolated, we have
recently recast the LR calculation outlined above within
DFPT, so that the response to isolated perturbations can
be efficiently computed from the superposition of the
variation of atomic occupations to monochromatic (i.e.,
wave-vector-specific) perturbations using primitive cells
[60]:

N
dnlg 1 il . ’
A q-(R;—Ry)
o= A T A (6)
q
q

Here Af; n,” , is the response of the occupation matrix; / =
(I,s) and J = (/,s"), where s and s’ are the atomic indices
in unit cells while / and /" are the unit-cell indices; R; and
Ry are the Bravais lattice vectors; and the grid of q points
is chosen fine enough to make the resulting atomic pertur-
bations effectively decoupled from their periodic replicas.
An exhaustive illustration of this approach can be found in
Refs. [60,61], where a recent extension to ultrasoft pseu-
dopotentials and to the projector-augmented-wave method
is also discussed.

It is crucial to keep in mind that the values of the
computed Hubbard parameters strongly depend on the
type of Hubbard projector functions ¢’ (r) that are used
in DFT+Hubbard [28,97,98,100,101]. Here we employ
orthogonalized atomic orbitals that are computed using the
Lowdin orthogonalization method [102,103]:

o)=Y (072N i, (x). (7

Jm'

Here O is the orbital overlap matrix, whose matrix ele-
ments are defined as (0)” = (¢} |¢7,), and ¢, (r) are
the nonorthogonalized atomic orbitals provided with PPs.
With this choice of projector functions, the electrons in
the intersite overlap regions are not counted twice when
computing the atomic occupations used in the Hubbard
correction, as is the case for the nonorthogonalized atomic
orbitals qﬁ,{q (r). As a matter of fact, DFT+Hubbard with the
Lowdin orthogonalized orbitals has proven to give more
accurate results for various properties of materials [104—
110], provided the Hubbard parameters are consistently
computed with the Lowdin orthogonalized orbitals. There-
fore, Hubbard parameters and Hubbard projectors should
always be defined consistently and reported together.

B. HSE06

In the range-separated hybrid functional HSE06 the
exchange energy is divided into a short-range (S) and a
long-range (L) part. Only 25% of the short-range part con-
sists of the Fock energy and the remaining 75% is the

PBE exchange energy, while the long-range exchange part
is fully computed at the PBE level [26,27]. The total XC
energy is

HSEO06 1 -Fock,S 3 PBE,S PBE,L PBE
EXC = ZEx + ZEx + Ex + Ec ° (8)

where EFBE is the PBE correlation energy. The Fock short-
range energy is the most computationally expensive term
and it is defined by generalizing the definition of Fock
[111] as

EFocks — _% Z Z Z / / drdr’erfc(w|r — r'|)

o vk VK

ok VT Y )Y, ()

r —r

)

where erfc is the complementary error function, w =
0.106 a, ! is the screening parameter with aq being the
Bohr radius [27]. The Fock short-range energy of Eq. (9)
contains only exchange interactions at relatively short
atomic length scales, and it can be assimilated to a sort
of “onsite exchange” and “intersite exchange” energy con-
tributions: the former refers to exchange acting between
orbitals centered on the same atom, while the latter refers
to exchange acting between orbitals centered on different
atoms [91]. This aspect is crucial and in the following we
further investigate such an analogy between HSE(06 and
DFT+Hubbard.

C. HSE06 versus DFT+Hubbard

It is instructive to establish analogies between the hybrid
functional HSE06 and DFT+Hubbard [112]. It has been
shown in Refs. [16,17] that DFT+U+V predicts the elec-
tronic structure of TM compounds and light-element com-
pounds in closer agreement with HSE06 with respect to
DFT+U. However, the origin of this improvement was not
investigated in detail. As will be shown in what follows,
DFT+U+V is as accurate as (and occasionally better than)
HSEO6 in predicting electronic properties and voltages
in phospho-olivines, and we provide a simple qualitative
explanation for this.

DFT+U and hybrid functionals share one important fea-
ture: they both attempt to correct SIEs for orbitals centered
on the same site. However, in contrast to HSE06, DFT+U
does not correct for SIEs originating from the interactions
of orbitals centered on different (neighboring) sites. This
is why for systems with strong covalent bonding DFT+U
typically disagrees with HSEO6 predictions. In contrast,
this latter effect is captured by DFT+U+V, which makes
it more general and allows us to cover similar physics as
that described by HSE06. However, it is important to recall
that in DFT+U+V only a subset of orbitals are corrected,
while hybrid functionals act on all the orbitals. Moreover,
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since typically only nearest-neighbor intersite interactions
are taken into account in DFT+U+V, this looks similar to
HSEO06 that has only the short-range Fock exchange, while
long-range effects are fully disregarded both in DFT+U+V
and HSEQ6.

D. Crystal structure, magnetic ordering, and further
details of calculations

The phospho-olivines Li,FePO4, Li,MnPO4, and
Li;Mn,,Fe;/,PO4 have an orthorhombic crystal structure
at x = 0 and x = 1 with a Pnma space group [113—115].
The unit cell contains four formula units, i.e., 24 atoms
for x = 0 and 28 atoms for x = 1. The crystal structure
of these systems is shown in Fig. 1 for x = 1. The TM
atoms (labeled as M with an index from 1 to 4 in Fig. 1)
are coordinated by six O atoms forming a M Og octahedron
of which it occupies the center. The P atoms are instead
at the center of POy, tetrahedra that they form with neigh-
boring oxygens. The three-dimensional structure of the
crystal can be understood as being based on a network of
corner-sharing M Og octahedra further linked by “intersti-
tial” PO, tetrahedra that act as structural reinforcer [avoid-
ing excessive volume variations upon Li (de)intercalation]
and chemical stabilizers (useful to avoid oxygen escapes).
Li ions reside within octahedral channels parallel to the
intermediate-length side of the cell.

The phospho-olivines are known to show an antifer-
romagnetic behavior below their transition temperatures
[116—119]. In the previous study (Ref. [58]) it was shown
that different antiferromagnetic arrangements of spins
result in total energies that differ not more than by about

FIG. 1. Crystal structure of phospho-olivines. Transition-
metal elements (M 1-M4) are indicated in purple, O atoms in
red, Li atoms in green, and P atoms in yellow. Blue vertical
arrows indicate the orientation of spin. In Li,MnPOy4, M 1-M4
correspond to Mn1-Mn4, in Li,FePOy4, M 1-M4 correspond to
Fel-Fe4, and in Li,Mn,Fe;/,PO4, M1 =Fel, M2 = Mn2,
M3 = Fe3, M4 = Mn4. Rendered using VESTA [120].

20 meV at the DFT+Hubbard level of theory (largely irrel-
evant for the calculation of voltages). In this paper we use
the magnetic configuration that minimizes the total energy
(labeled “AF;” in Ref. [58]), and it is depicted in Fig. 1.
Moreover, we use the same spin arrangement in the mixed
TM phospho-olivine Li,Mn; ,Fe;,PO4. Finally, there are
several configurations for arranging two Mn and two Fe
atoms in the unit cell of Li,Mn; ,Fe;2,POy4. Our goal here
is not to investigate all configurations but rather to choose
one as a representative case for comparing results obtained
using different approaches. To this end, we choose to
arrange Mn and Fe atoms such that two Mn atoms are anti-
ferromagnetically coupled to each other and the same for
Fe atoms, as shown in Fig. 1.

All technical details of the calculations are described
in Sec. S1 of the Supplemental Material [121]. Hubbard
parameters are computed self-consistently using DFPT as
described in Sec. II, and their values are listed in Sec. S2
of the Supplemental Material [121]. The crystal structure
is optimized using DFT and DFT+Hubbard, and the results
are reported in Sec. S3 of the Supplemental Material [121];
for HSEO06 calculations, we use the DFT+U+) geome-
try since the structural optimization at the HSEO06 level is
computationally too expensive. The configurations for par-
tially delithiated structures and the formation energies are
discussed in Sec. S4 of the Supplemental Material [121].
Other properties reported in the Supplemental Material
will be mentioned in Sec. I11.

II1. RESULTS AND DISCUSSION

A. Oxidation states, Lowdin occupations, and
magnetic moments

The concept of oxidation state (OS) is central and
ubiquitous in chemistry and physics; it is widely used
to describe redox reactions, electrolysis, and many elec-
trochemical processes as it allows one to track electron
movement during reactions [123]. The main idea is that
the variations in the electron number must be integer and
this assigns the OS of an ion [124].

However, OS has long eluded a proper quantum-
mechanical interpretation. Numerous methods have been
proposed to determine the OS, and such methods often
infer the OS of ions from schemes for allocating charges
to ions. These schemes can be classified into categories,
among which we mention: (i) partition of space with inte-
gration of the total charge density within space allocated
to each ion (e.g., Bader [125] and Voronoi [126] charges),
and (ii) projection of the electronic wave functions onto
a localized basis (e.g., Mulliken [127] and Léwdin [102]
charges, or natural bond orbitals [128]). On the one hand,
in the partition schemes all orbitals contribute to the charge
within the allocated volume (e.g., a sphere of a certain
radius centered on an ion), thus losing the connection to
the OS of individual ions and its certain manifold (e.g.,
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d orbitals of TM elements). On the other hand, projec-
tion schemes present a dependence on the type of projector
functions that are used to construct the localized basis set
(and dependence on the cutoff radii used in some methods).
The electronic populations computed using these methods
are quite useful to give an indication of the OS; however,
these populations are often noninteger and their changes
during redox reactions are significantly smaller than the
changes in the nominal electron numbers for the end ele-
ments of the reaction. Raebiger et al. [129] pointed out
that the net physical charge belonging to a TM atom is
essentially independent of its OS and that this is due to
the negative-feedback charge regulation mechanism that
is inherent to TM compounds [130,131]. The difficulty
in accurate and unambiguous determination of the OS
of ions has inspired the development of novel methods.
Among these, we highlight the method of Ref. [132] that
is based on wave-function topology and the modern the-
ory of polarization, and the method of Ref. [122] that is
a projection-based method that uses eigenvalues of the
atomic occupation matrix to determine the OS. Whereas
the OS as defined in Ref. [132] has proven to be effective
for transport processes [133], here we choose to adopt the
method of Ref. [122] that is particularly well suited for the
purpose of the present work. In Sec. S5 in the Supplemen-
tal Material [121] we also discuss the determination of OS
based on magnetic moments computed by integrating the

TABLE 1.

difference between the spin-up and spin-down components
of the spin-charge density over atomic spheres of varying
radius centered on ions [134].

Table I reports the population analysis data for the 3d
shells of Mn and Fe ions in Li,MnPO,4 and Li,FePO, at
x =0 and x = 1 computed using four approaches (DFT,
DFT+U, DFT+U+V, and HSE06) in comparison with the
occupations that can be inferred from the nominal oxida-
tion state of the same ion. More specifically, it shows the
eigenvalues of the site-diagonal (/ = J) atomic occupa-
tion matrix nfn‘;n/ of size 5 x 5 [see Eq. (3)] in the spin-up
(o0 =7 )J) and spin-down (o ={: )»[i) channels, Lowdin
occupations n = Zle ()LZT + )Lii), magnetic moments m =
S (A = 4}), and the OS determined using the method

of Ref. [122]. The same analysis has been performed for
LiMn;,Fe;,PO4 at x =0 and 1 and is discussed in
Sec. S6 in the Supplemental Material [121]; we do not
show these results here since they are similar to those pre-
sented in Table I. As can be seen from the eigenvalues in
Table I, the charge allocated on the 3d shell of TM ions (Fe
and Mn) contains contributions from both the fully occu-
pied d orbitals (i.e., the eigenvalues that are close to 1.0
[135] and are shown in bold) and nominally empty ones
that, hybridizing with O-2p states, give rise to fractional
occupations. According to Ref. [122], in order to determine
the OS, we need to count how many d states are “fully

Population analysis data for the 3d shells of Mn and Fe atoms in Li,MnPO, and Li,FePO, at x = 0 and x = 1 computed

using DFT (PBEsol functional), DFT+U, DFT+U+V, HSE06, and the nominal data. This table shows the eigenvalues of the site-
diagonal occupation matrix for the spin-up (kiT ,i = 1,5) and spin-down ()Li¢ ,i = 1,5) channels, Léwdin occupations n = Zi(kf + )\}),
magnetic moments m = Zi(kf — )Lf), and the oxidation state (OS). For the sake of simplicity, we drop the atomic site index / from
all quantities reported here. The eigenvalues are written in ascending order (from left to right) for each spin channel. The eigenvalues

written in bold correspond to fully occupied states and are thus taken into account when determining the OS according to Ref. [122].

Material ~ Method x Al Al Al oAl Al Ay oAy A AL A o m(us) OS
Li,MnPO, DET 0 042 098 099 099 099 009 010 0.3 016 027 512 363 +3
1099 099 099 1.00 1.00 003 004 005 010 011 528 462 42

DET+U 0 054 099 099 1.00 100 004 005 006 008 019 495 410 +3

1 099 099 1.00 1.00 1.00 002 002 003 007 008 519 476 +2

DFT+U+V 0 0.50 0.99 0.99 1.00 1.00 0.05 006 008 009 022 498 397 43

1099 099 1.00 1.00 1.00 002 002 003 007 008 521 475 42

HSEO6 0 040 099 099 099 099 006 007 009 010 023 491 383 43

1099 099 1.00 1.00 1.00 002 002 003 007 008 521 475 42

Nominal 0 0.00 1.00 1.00 1.00 1.00 0.00 000 000 000 000 400 400 +3

1 1.00 100 1.00 1.00 1.00 000 0.0 000 000 000 500 500 +2

Li,FePO, DET 0 097 098 099 1.00 100 015 016 0.17 025 026 593 394 +3
1099 099 099 099 100 006 007 013 0.14 098 632 357 42

DFT+U 0 099 099 1.00 1.00 1.00 009 010 0.0 022 024 572 422 +3

1099 099 1.00 1.00 1.00 002 004 008 009 1.00 620 376 +2

DFT+U+V 0 099 099 1.00 1.00 1.00 009 012 012 021 025 576 418 43

1 099 099 1.00 1.00 1.00 003 004 009 0.10 099 622 374 42

HSEO6 0 099 099 099 099 100 009 010 0.10 019 023 567 426 +3

1099 099 1.00 1.00 1.00 003 004 009 009 099 622 374 42

Nominal 0 1.00 1.00 1.00 1.00 1.00 0.00 000 000 000 000 500 500 +3

1 100 1.00 1.00 1.00 1.00 000 0.00 000 000 1.00 600 400 +2
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occupied”; by following this procedure and recalling the
valence electronic configurations of TM atoms considered
here (Mn, 3d°4s?, and Fe, 3d°4s?) we readily find that in
the fully delithiated olivines (x = 0) the OSs of Mn and Fe
are +3 while in the fully lithiated olivines (x = 1) the OSs
of Mn and Fe are +2. This agrees well with the nominal
OSs shown in Table I and depicted in Fig. 2. In addition
we find that Mn and Fe are in a high-spin state, in agree-
ment with experiments [118,119,136]. Different methods
considered here give slightly different occupations of the
formally empty d states: for instance, in LiMnPOy4 the
unoccupied d state in the spin-up channel (corresponding
to )\T) features occupations in the range 0.40 to 0.54 due
to mixing with O-2p ligand states, whereas much smaller
filling of all d states occurs in the spin-down channel.
Therefore, a larger deviation from 0 of the eigenvalues
indicates a stronger mixing of the unoccupied d orbitals
with the ligand orbitals, in accordance with the prescription
of Ref. [122].

Table 1 also contains the Lowdin occupations n and
magnetic moments m, which are often used to determine
the OSs of ions. However, as we discussed earlier, these
are not always appropriate descriptors of the OS: due
to the hybridization of the TM orbitals with the states
of their ligands, it is difficult to assign the correct num-
ber of electrons to the TM ions; moreover, the number
of electrons on TM orbitals undergoes smaller changes
than predicted by the nominal OS during (de)lithiation due
the negative-feedback charge regulation mechanism dis-
cussed in Ref. [129]. Indeed, from Table I we can see
that, e.g., for FePO4 and LiFePOy,, the nominal Lowdin
occupations are 5.0 and 6.0, respectively, while the com-
putational predictions on average give 5.8 and 6.2 (with
DFT giving the largest deviations from the nominal occu-
pations due to SIEs). Magnetic moments are also often
used to determine the OS, but here we can see that these
are also not appropriate quantities: the nominal magnetic
moments for FePO, and LiFePO, are 5.0 and 4.0 up,
respectively, while the computational predictions on aver-
age give 4.2 and 3.7 up (again, the largest deviations
from the nominal magnetic moments are those of DFT
due to SIEs). It is interesting to note that DFT+U+V

Mn2*: 3d° Mn3*: 3d4
+ + + —
A A A A A A

predicts the Lowdin occupations and magnetic moments in
remarkable agreement with the HSE06 ones for LiFePOy,
while for FePOy, the DFT+U results are closer to HSE06
than the DFT+U+V ones. Similar trends are also observed
for MnPO,4 and LiMnPOy,, which suggests that the TM-
ligand intersite electronic interactions are slightly stronger
in the fully lithiated olivines. Nevertheless, the Lowdin
occupations (and magnetic moments) are still very use-
ful quantities for bookkeeping [129], in particular when
describing the gradual (de)lithiation process, as discussed
in the following.

Figure 3 shows the Lowdin occupations of the 3d
shells of Mn and Fe atoms in Li,MnPO,, Li,FePOy,
and Lian1/2F61/2P04 atx = O, 1/4, 1/2, 3/4, 1 computed
using three approaches (DFT, DFT+U+V, and HSE06).
Here we do not show the DFT+U results since these are
known to be less accurate than the DFT+U+V ones in
olivines, e.g., for x = 1/2 [58]; in addition, the simulta-
neous convergence of the Hubbard U parameters within
DFT+U and the crystal structure in a self-consistent fash-
ion [61] is problematic for x = 1/4 and 3/4 (which
requires further investigation). We stress that no con-
vergence issues were found when using self-consistent
DFT+U+V. Our main goal here is to compare the accuracy
of the DFT+U+V approach versus the well-established
HSEO06 one. In the case of Li,MnPOQO,4, we can see that
DFT+U+V and HSE06 agree remarkably well and both
show a “digital” change in the Léwdin occupations: adding
one Li" ion and one electron to the cathode during the
lithiation process leads to changes in the occupation from
4.98 to 5.21 (and to the corresponding change in the OS
from 43 to +2; see Table I) of only one Mn ion (that
accepts this extra electron) while all other Mn ions remain
unchanged. This process continues when we go on with
the Li intercalation until eventually all Mn ions reduce
from +3 to +2. Thus, these two approaches success-
fully describe the mixed-valence nature of the Li,MnPO,
compound that contains two types of Mn ions, Mn*
and Mn?*, at x = 1/4,1/2,3/4. In contrast, DFT fails to
localize an extra electron on one of the Mn ions and,
as a consequence, the charge density is spread out and
equally distributed among all Mn ions in the system with

Fe?*: 3d° Fe3*: 3d°
+ 4 - —-
$E+ F44

FIG. 2. Nominal occupations of the 3d manifolds of Mn and Fe atoms (not hybridized with ligands) in a high-spin undistorted
octahedral complex with different oxidation states (O, point group). The #, and e, levels are indicated with black horizontal lines
and are nondegenerate due to the crystal-field splitting; up and down red arrows correspond to spin-up and spin-down electrons,

respectively.
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Li MnPO,

Li FePO
X 4

Li,Mn, .Fe, PO,

3d -shell occupations

0 1/4 1/2 3/4 1

0 1/41/2 3/4 1

14d

903SH |

A+1+140

0 1/41/23/4 1

Li concentration x

Mn1

FIG. 3.

Mn2 wmMn3 = Mn4

Fel mFe2 mFe3 mFe4

Léwdin occupations of the 3d shells of Mn and Fe atoms in Li,MnPO,, Li,FePOy, and Li\Mn,,,Fe;,,PO, at x =

0,1/4,1/2,3/4,1 computed using three approaches (DFT, DFT+U+V, and HSE06). The horizontal dashed lines correspond to the
Lowdin occupations of the end elements (x = 0 and x = 1) with their corresponding oxidation states determined using the data in
Table I. For each material, there are four TM atoms, each of which is represented with a bar.

approximately equal occupations, as can be seen in Fig. 3.
Hence, in DFT at x = 1/4,1/2,3/4 there is only one type
of Mn ion whose occupations are intermediate (and pro-
gressively changing with Li content) between those of the
+2 and +3 ions. In the case of Li,FePOy,, our results
are similar with the difference that here only DFT+U+V
shows the “digital” change in Lowdin occupations while
HSEO06 does not manage to describe accurately the local-
ization of electrons on Fe ions. This seems to suggest that
the global mixing parameter of 0.25 of HSE(Q6 turns out
to be ineffective at describing complex electronic interac-
tions in Li,FePO,4, while DFT+U+V with site-dependent
self-consistent Hubbard parameters U and V proves capa-
ble at capturing the local chemistry (in particular, the
varying amount of 3d — 2p intersite hybridization) and
the “digital” change in the OS of Fe ions. Finally, in
Li,Mn; ,Fe;,PO; we find that Mn®*" ions are the first
to reduce to Mn?* when lithiating the compound from
x=0to x=1/4 and x = 1/2, and only at higher Li
concentrations (from x = 1/2 tox = 1) Fe3* ions reduce
to Fe>*. Importantly, we find that both DFT+U+V and
HSEO06 agree to describe the change in the Lowdin occu-
pations on Mn ions, while for Fe ions, we again find that
DFT+U+V outpaces HSEO06 in terms of accuracy; in fact,
the change in the occupation of Fe-3d states is not as
sharp as that obtained from the Hubbard correction. Sim-
ilar trends are also observed for magnetic moments for

these three materials (see Sec. S5 in the Supplemental
Material [121]).

B. Spin-resolved projected density of states

In this section we analyze the spin-resolved PDOS using
three approaches (DFT, DFT+U+/V, and HSE06). In Fig. 4
we show the spin-resolved PDOS for Li,Mn;;Fe;/,PO4
at different concentrations of Li (x = 0,1/4,1/2,3/4,1) as
a representative example of phospho-olivines considered
in this paper, while in Sec. S7 in the Supplemental Mate-
rial [121] we show the spin-resolved PDOS for Li,MnPO4
and Li, FePOy.

We can see from Fig. 4 that overall the PDOS computed
using DFT+U+V and HSEO06 agree very well qualitatively,
while the PDOS computed using DFT shows significantly
different trends. More specifically, due to the overdelocal-
ization of d electrons of TM ions in DFT caused by SIEs,
the Fe-3d and Mn-3d states are grouped around the Fermi
level and the material exhibits spurious metallic charac-
ter atx = 1/4,1/2,3/4. Furthermore, when increasing the
concentration of Li within DFT, there are no clear trends
in the changes of PDOS and there is no evidence that only
one TM element changes its OS from +3 to +2 (in agree-
ment with the population analysis of Sec. III A). Instead,
the Li-donated extra electron is spread out over all Fe
and Mn ions that results in approximately equal PDOS
for the likewise TM elements. In contrast, both DFT+U+V
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FIG. 4. Spin-resolved PDOS in Li,Mn, ;Fe;;PO, at different concentrations of Li (x = 0,1/4,1/2,3/4,1) for 3d states of Fel,

Mn2, Fe3, Mn4 and for 2p states of O, computed using DFT, DFT+U+V, and HSE06. The PDOS for O-2p states is obtained by
summing contributions from all O atoms in the simulation cell and it is multiplied by a factor of 1/2 in order to have a clearer
comparison with the PDOS of Fe and Mn atoms. The zero of energy corresponds to the top of the valence bands in the case of
insulating ground states or the Fermi level in the case of metallic ground states. The upper part of each panel corresponds to the
spin-up channel, and the lower part corresponds to the spin-down channel.

and HSEO6 change drastically the PDOS compared to the
DFT-based one: the material preserves its insulating char-
acter (i.e., a finite band gap) during the whole process of
lithiation from x = 0 up to x = 1 (the reader is referred
to Sec. S8 in the Supplemental Material [121] for the
values of band gaps). When changing x from 0 to 1/4
(i.e., intercalating one Li* ion and adding one electron
to the olivine cathode material), only the PDOS of one
Mn ion (labeled “Mn4”’) changes by shifting Mn-3d empty
states to higher energies in the spin-up channel and Mn-
3d occupied states closer to the top of the valence bands
in the spin-down channel. Furthermore, by changing x
from 1/4 to 1/2, the PDOS of the second Mn ion (labeled
“Mn2”) changes in the same way as the PDOS of Mn4 but
mirrored with respect to the spin channels. This is in line

with the fact that Mn is the first species to change its occu-
pation when lithiating the structure fromx = 0 tox = 1/2,
as shown in Fig. 3. By further lithiating the cathode mate-
rial from x = 1/2 to 3/4 and finally from 3/4 to 1 we
can see that now the PDOS of the two Fe ions (labeled
“Fel” and “Fe3”) change by shifting Fe-3d empty states
to higher energies and Fe-3d occupied states towards the
top of the valence bands. These changes in the PDOS are
consistent with the reduction of Mn** to Mn?* and of
Fe’*t to Fe?* (see Sec. III A). It is interesting to note that
the occupied Fe-3d states are localized and show small
hybridization with O-2p ligand states for x in the range
0 to 1/2 (red and violet peaks at around —8 eV) while, for
x from 1/2 to 1, they move up in energy, thus overlapping
with the O-2p states (from —7 to 0 eV) and becoming more
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dispersive. This latter effect is well captured both in HSE06
and DFT+U+V since both describe the intersite electronic
interactions and not only the localization of d electrons.

It is instructive to highlight the differences in the PDOS
computed using DFT+U+V and HSE06. While both meth-
ods show changes in the character of the top of the valence
bands when going from x = 0 to 1, the fine details are
different. At x = 0, DFT+U+V shows that the top of the
valence bands is strongly dominated by the O-2p states,
while HSEO6 predicts that the top of the valence bands is
more of a mixed nature due to the hybridization between
Mn-3d and O-2p states. In addition, in DFT+U+}V we can
see a clearer energy separation between the Fe-3d and Mn-
3d empty states at x = 0, while within HSE06 these states
are closer in energy. At x = 1/4 and x = 1/2, both meth-
ods show that the top of the valence bands is dominated
by the Mn-3d states, although in HSEO06 the intensity of
these states is much stronger than in DFT+U+V. Finally,
at x = 3/4 and 1 these two methods give different pre-
dictions for the character of the top of the valence bands.
In HSEO06 at x = 1, Fe-3d states are the highest occupied
states while Mn-3d states lie deeper in energy and there is
an energy gap between these two sets of states. In contrast,
in DFT+U+V at x = 1 there is no gap between the Fe-3d
and Mn-3d occupied states, and all these states overlap in
energy and thus the top of the valence bands is predom-
inantly of the Fe-3d and Mn-3d character. To the best of
our knowledge, there is no experimental data from photoe-
mission and x-ray absorption spectroscopy measurements,
so it is not possible to establish which method gives a
more accurate description of the electronic structure of
LiMn, ;Fe;,PO4. However, the fact that DFT+U+V can
capture the “digital” change of Léwdin occupations (espe-
cially for Fe ions) upon the lithiation of olivines (as shown
in Sec. III A) suggests that the PDOS from DFT+U+V
is probably more reliable than that from HSEQ6. Further
investigations are required in order to shed more light
on this issue. But the overall agreement between trends
in the PDOS computed within DFT+U+V and HSEO06
proves that these two methods—despite having very differ-
ent mathematical formulations and theoretical background
(see Sec. II)y—yield on average similar predictions of the
electronic structure of phospho-olivines.

C. Lithium intercalation voltages
The topotactic Li intercalation voltages can be computed
using the fundamental thermodynamic definition [58,138]
E(Liy,S) — E(Li, S) — (x2 — x1)E(Li)
(2 —xp)e

® = ., (10)

where S is introduced for the sake of shorthand notation
and it denotes, e.g., MnPO, for Li,MnPQO, and similarly
for other cathode materials considered in this paper. Here,
@ is the voltage, e is the electronic charge, x; and x, are

the concentrations of Li and they take values between 0
and 1 in this study, and E is the total energy per for-
mula unit. It is important to remark that E(Li) is the
total energy of bulk Li computed at the level of standard
DFT (PBEsol functional), while E(Li,,S) and E(Li,,S)
are computed using the four approaches considered in this
work: DFT, HSE06, DFT+U, and DFT+U+V (U and V
are computed self-consistently individually for each struc-
ture [58]). We note that entropic and pressure-volume
effects are neglected when computing @ since these are
known to not significantly impact average Li intercalation
voltages [139].

Figure 5 shows a comparison between computed volt-
ages and experimental ones from Refs. [115,137]. For
Li,MnPO,4 and Li,FePO,4, we compute the average volt-
ages in the range 0 <x < 1 (thus x; =0 and x; = 1)
since experimentally it is known that there is only one
plateau in the voltage profile [115]. In contrast, for
Li,Mn,,Fe;,,PO4, we compute the average voltages in
two ranges of x,0 < x < 1/2and 1/2 < x < 1, which cor-
respond to the two plateaus observed experimentally in the
voltage profile [115]. As discussed in previous sections,
0 < x < 1/2 corresponds to the reduction of Mn ions and
hence the voltage is similar to that of Li,MnPO,, while
1/2 < x < 1 corresponds to the reduction of Fe ions with
a voltage that is similar to that of Li,FePO,4. Experimen-
tally, it is known that the mixing of TM cations creates
shifts in redox potentials: the voltage of the Mn>*/3* cou-
ple is decreased by about 0.08 V, while the voltage of the
Fe?*/3* couple is increased by about 0.05 V when going
from the pristine end members (Li,MnPO,4 and Li,FePOy,)
to the mixed TM olivine (Li,Mn,;Fe;,»,POy4) [115,137].
The shifts in redox potentials were also observed in pre-
vious (DFT+U)-based calculations [140—142] and were
attributed to changes in the TM—O bond lengths [115,137,
142] or strain [141].

As can be seen from Fig. 5, standard DFT largely
underestimates the voltages (on average 22%31% off
with respect to the experiments). This demonstrates that
the energetics is strongly affected by the delocalization
of TM d electrons due to the strong SIEs inherent to
XC functionals (such as, e.g., PBEsol). HSE06 alleviates
these errors partially and improves the energetics; how-
ever, the resulting voltages are overestimated by 6%—15%.
It is worth noting that our HSEO6-based voltages are
significantly higher than those of Ref. [82] that reports
3.87 V for Li,MnPO,4 and 3.33 V for Li,FePO, using
HSEQ06. These discrepancies are likely due to various
differences in computational details (different pseudopo-
tentials, screening parameter o, kinetic energy cutoff, k
points sampling, etc.) and different geometries (here we
use the DFT+U+V geometry for HSE06 calculations while
in Ref. [82] the HSEO06-optimized geometry was used). We
recall that in HSE06 the amount of Fock exchange is fixed
to 25%, and it is quite a common practice to adjust this
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FIG. 5. Voltages versus Li/Li* (in V) for Li,MnPOy, Li,FePOy, and Li,Mn; s2Fe2PO4 computed using DFT, HSE06, DFT+U, and
DFT+U+V with U and V determined from first principles. The experimental data are from Refs. [115,137].

percentage by reproducing, e.g., the experimental band
gaps, which, as a byproduct, can lead to more accurate
intercalation voltages [83]. However, the semiempirical
adjustment of the amount of Fock exchange often relies on
high-resolution experimental data, which are not always
available.

Figure 5 shows that DFT+U manifests different trends
with respect to HSE06 voltages depending on the material
and the range of x considered: compared to HSE06 volt-
ages it achieves somewhat higher values for Li,MnPOy,
but lower ones for Li,FePO,4 (for which voltages result
closer to the experimental value). Overall, DFT+U volt-
ages are scattered over a wider range (3%—14%) around the
experimental values than those obtained from HSEO6. It is
useful to remark that our DFT+U voltages for Li,MnPO4
and Li,FePO,4 are in better agreement with the exper-
imental ones than those of Ref. [58]; as was pointed
out in Ref. [61], this is a consequence of the difference
in the values of U, and of the consistent calculation of
forces and stresses using the orthogonalized atomic Hub-
bard projectors [see Eq. (7)] that has significantly refined
the prediction of the equilibrium crystal structure in this
work. Finally, DFT+U+V gives the most accurate predic-
tions of voltages compared to all other methods considered
in this work. More specifically, the average deviation of
DFT+U+V voltages from the experimental values is in
the 1%—7% range; leaving aside the Li,Mn;,Fe;,;PO4
case with 1/2 < x < 1, the average deviation is 1%—2%,
which is remarkable given the fact that the DFT+U+V
calculations are fully first-principles calculations with no
fitting or adjusted parameters. This finding demonstrates
that the accuracy of the DFT+U+V approach with U and V'
computed using linear-response theory [57,60] in a self-
consistent fashion [58,61] is satisfactory for predictive
simulations of olivine-type cathode materials. Regard-
ing the redox potential shifts of the two plateaus of
LiMn, ,Fe; ,PO4 compared to Li,MnPOy4 and Li,FePOy,

within DFT+U+V we find values of 0.16 and 0.19 V for the
Mn?*/3+ and Fe?*/3* couples, respectively. These redox
potential shifts are similar to those obtained within HSE06,
namely 0.14 and 0.15 V for the Mn?>*/3>* and Fe?>*/3* cou-
ples, respectively. Therefore, both DFT+U+V and HSE06
overestimate the experimental redox potential shifts. At the
same time we observe changes in the Mn—O and Fe—O
bond lengths in the mixed TM olivine compared to the
pristine end members (see Table S2 within the Supplemen-
tal Material [121]), in consistency with the hypothesis of
Refs. [115,137,142] that these might be responsible for the
redox potential shifts.

These promising results and observations motivate
investigations of other classes of cathode materials using
the extended Hubbard functional, and work in this direc-
tion is in progress. Furthermore, the predictive power of
DFT+U+V might help to obtain further insights on still
problematic aspects of the considered systems, e.g., the
asymmetric charge-discharge behavior of Li,FePO,4 possi-
bly promoted by the existence of a hidden two-step phase
transition via a metastable phase [143].

D. General remarks

In the previous sections we have shown that DET+U+V
is a powerful tool for the accurate description of the
structural, electronic, magnetic, and electrochemical prop-
erties of phospho-olivines. It is useful to provide general
remarks about this approach compared to state-of-the-art
approaches that are currently used.

Computational cost—DFT+U+V is only marginally
more expensive than DFT+U when the parameters U and
V are known, and both these methods are only slightly
more demanding than plain DFT. However, the cost of
computing U and V using DFPT is an order-of-magnitude
larger (with some prefactor that depends on the number of
symmetries, number of nonequivalent atoms of the same
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type, etc.) than ground-state DFT calculations. Therefore,
the cost of the DFT+U+V calculation itself is negligible
compared to the cost of the first-principles determination
of the Hubbard parameters. However, the values of U
and V can be easily machine learned based on the DFPT
data, as we will argue in a future publication. Compared
to the computational effort associated with hybrid func-
tionals (e.g., HSE06), that required by the self-consistent
DFPT evaluation of the Hubbard parameters is still lower,
especially when the number of atoms is large (greater than
about ten [106]). We recall that the structural optimization
using HSEOQ6 is extremely expensive for systems contain-
ing several tens of atoms (like for phospho-olivines) and
hence it was not performed in this work (although it was
reported in other works, e.g., in Ref. [82]). Conversely,
structural optimizations using DFT+U+/V are absolutely
affordable and the main cost comes from the evaluation of
Hubbard forces and stresses using Lowdin-orthogonalized
atomic orbitals [97,98]. We note that the structural opti-
mization using DFT+U+V is inherently incorporated in the
self-consistent protocol of the evaluation of the Hubbard
parameters that brings the system to the global minimum
[61]. Therefore, overall, the self-consistent DFT+U+V
approach is much more affordable than HSE06 although
obviously more expensive than DFT+U with empirical U
parameters.

Dependence on the availability of the experimental
data—The strength of the DFT+U+V approach used here
is that it is “parameter-free” in the sense that U and
V are computed from first principles without relying on
any experimental data. This makes this approach predic-
tive for novel materials for which experimental data are
not available and allows us to capture the dependence of
the Hubbard parameters, e.g., on the local chemical envi-
ronment and on the OS. As for what concerns hybrids,
when tuning the fraction of Fock exchange is necessary to
improve their predictivity, an empirical strategy can also be
adopted, presenting the same disadvantages as for empiri-
cally tuned Hubbard-corrected functionals. First-principles
calculations of these parameters have also become increas-
ingly popular in recent years [84—89]: however, they tend
to further increase the already significant computational
costs.

Generalizations and limitations—The DFT+U+V
framework is very general; it can be used with any XC
functional, e.g., PBE [144], PBEsol [94], SCAN [18],
rSCAN [19], r2SCAN [20], etc. Since SCAN and its fla-
vors are gaining more and more popularity in the com-
munity, it would be very useful and important to gener-
alize DFT+U+V to meta-GGAs. In practice, though, this
requires, firstly, the availability of the meta-GGA pseu-
dopotentials, and, secondly, the generalization of DFPT
to meta-GGAs for a consistent evaluation of the Hub-
bard interactions. As for what concerns limitations, cur-
rently, our formulation of DFT+U+V does not include the

Hund’s J corrections that are known to be important in
some classes of materials [145]. Moreover, DFT+U+V is a
mean-field approach based on a single Slater determi-
nant; hence, systems for which the multireference nature
of the wave function is important are beyond reach for the
current formulation of DFT+U+V. Finally, as mentioned
earlier, the simultaneous convergence of the Hubbard U
parameters within DFT+U and the crystal structure in a
self-consistent fashion [61] is problematic for some frac-
tional concentrations of Li that might be due to the missing
derivatives of the Hubbard parameters with respect to
atomic positions when computing Hubbard forces [146].

Data set and databases.—In the present work we con-
sider only three examples from the same family of cathode
materials (containing only two different TM ions, Mn and
Fe). Therefore, our work is by no means conclusive and the
accuracy of DFT+U+V for other classes of cathode materi-
als (e.g., layered, spinel, etc.) has to be verified thoroughly
and with care. However, the promising results presented in
this work for phospho-olivines are very encouraging and
the whole computational DFT+U+V framework is indeed
very robust. Work is in progress for the development of
automated DFT+U+V workflows for the high-throughput
calculations for cathode materials using AiiDA [147,148],
which would allow us to generate large databases of
cathode materials’ properties and benchmark them versus
data obtained using state-of-the-art methods and data from
experiments.

IV. CONCLUSIONS

We have presented the first comparative study (using
DFT, DFT+U, DFT+U+V, and HSE06) of the elec-
tronic properties and the energetics of lithium interca-
lation in representative phospho-olivine cathode materi-
als: LiXMIlPO4, LixFePO4, and Lian1/2F61/2PO4 (x =
0,1/4,1/2,3/4,1). In DFT+U and DFT+U+V, the Hub-
bard parameters U and J have been computed from first
principles using density-functional perturbation theory,
without any need for adjustments or ad hoc fitting of the
model.

By determining the oxidation state of TM ions using the
projection-based method of Ref. [122], we were able to
analyse the change in Léwdin occupations of the d man-
ifolds during the lithiation process. We have found that
DFT fails to account for the onset of disproportionation
of the TM atoms along the intermediates of the lithia-
tion process. In contrast, DFT+U+V correctly predicts the
“digital” change of Lowdin occupations upon Li interca-
lation (only one TM ion changes its oxidation state from
+3 to +2 for each Li ion added) in all materials studied
here. For comparison, HSE06 shows the “digital” change
in occupations for Li,MnPO4 but it fails to do so for
Li,FePO4 at x = 1/4 and 3/4 and for Li:Mn; ,Fe;,PO4
atx = 3/4. Furthermore, the investigation of the electronic
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structure has revealed that both DFT+U+} and HSE06
qualitatively show similar trends in the spin-resolved
projected density of states, while DFT fails dramatically
due to strong self-interactions errors.

Finally, the computed intercalation voltages are greatly
underestimated within DFT, whereas HSE06 brings volt-
ages closer to the experimental values, albeit with a
slight systematic overestimation. On the other hand, while
DFT+U is on average only slightly worse than HSEQ6,
DFT+U+V outperforms HSE06 in terms of accuracy,
achieving voltages in very good agreement with exper-
iments. These findings motivate the investigation of the
electrochemical properties of other classes of cathode
materials (e.g., layered, spinel, etc.) using DFT+U+V, and
work is underway along these paths. Finally, this study
paves the way for a reliable and fully first-principles
design and characterization of novel cathode materials
with affordable computational costs and a high level of
accuracy.
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