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ABSTRACT: For the over-lithiated-oxides (OLOs), a composite of layered Li,MnO; and LiMO, (M = Mn, Co, Ni), the Li,MnO;
part is not stable after the 1st charge-discharge cycle and partly transforms into layered LiMnO,, which in practice indicates that the
phase used is actually a mixture of both Li,MnO; and LiMnO,. In the present work, the influences of 10 cationic (Mg, Ti, V, Nb,
Fe, Ru, Co, Ni, Cu, Al) and 2 anionic (N, F) dopants on the phase stability, redox potential, ionic and electronic conductivity of both
Li,MnO; and LiMnO; are investigated in detail using density functional theory. The calculations show that all the cationic dopants
and F can be thermodynamically stable into the layered structures. The redox potential of both oxides is quite sensitive to some of
the dopants, like V, Nb, Ru, due to the appearance of gap states introduced by those dopants. The Jahn-Teller effect has a strong
influence on the Li vacancy diffusion behavior in both LiMnO, and its doped phases. Li vacancy diffusion behavior in Li,MnQO;,
including both interlayer and intralayer pathways, is relatively more complex and some dopants like Mg, Ti, Nb, Ru can decrease
the barriers of the diffusion paths. The calculations also show the evidences of hole polaron formation in LiMnO, and electron
polaron formation in Li,MnO; which should be the reason why these phases have low electronic conductivities. Based on these

findings, possible ways to improve the electronic conductivity through the doping process are discussed.

INTRODUCTION

Driven by the growing demand for clean-efficient energy
storage medium, Li-ion batteries have been widely studied
and applied in cell phones, portable computers, electric
vehicles, etc. LiCoO, is the earliest commercialized cathode
material for Li-ion batteries, with a redox potential around 4
eV. However, only half of the Li in LiCoO, can be extracted,
in order to ensure the structural and chemical stability. LiCoO,
therefore provides a low practical capacity of up to 140
mAh-g'."” Another kind of layered oxide, LiNiO,, which
contains much cheaper Ni, showed higher cycling life, but still
slightly improved the capacity to ~170 mAh-g"'>*° Mixed
layered compounds, such as LiCo,Ni; O, and LiMn,Ni; O,,
can also help to cut down the preparation cost but not to
improve the phase instability problem and they also only
slightly increase the capacity.*”® On the other hand, the
fabricated olivine-type LiFePO, is shown to have very good
phase stability and low cost, but with a maximum practical

capacity of 170 mAh-g" and a redox potential as low as 3.4
V,>'""" making this compound inappropriate for applications
where high energy density is required.

During the past decade, the over-lithiated-oxides (OLOs), a
composite of layered structures of Li,MnO; and LiMO, (M =
Mn, Co, Ni), have been shown to deliver a theoretical capacity
of ~300 mAh-g" and realistic capacity of 200~250 mAh-g"
which is higher than traditional layered oxides as Li ion
battery cathode materials. The Li,MnO; phase is the source
providing extra Li ions, thus playing a dominant role in
determining the high capacity. However, experimental work
has found a voltage plateau when charged to over 4.4 V during
the Ist charge cycle.” Several mechanisms have been
proposed to explain this phenomenon. Robertson et al
proposed a charging model with the initial Li accompanied by
oxygen loss and further exchange with proton in the
electrolyte.'™'* Following experiments observed O, evolution
on the surface and the formation of Li,O and Li,CO;, based on
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which a two-step mechanism is provided: first, there is oxygen
loss on the surface in the form of Li,O and Li,CO;; second, a
lattice densification through the migration of Mn*"*" jons to
the neighboring Li vacancy sites, that is, the formation of a
LiMnO, phase.">'*"7 A recent work also proposed that,
following the densification process, an oxygen oxidation
process could also happen within the bulk."® Therefore, the
practically used oxide can be viewed as a mixture of both
LiMnO, and Li,MnOs; phases.

In real applications, these cathode materials are often doped in
an attempt to optimize their properties. For example, it has
been shown that, by doping LiMnO, with Zn, Fe, Co, Cr or Al,
better capacity retention or higher discharge capacity can be
obtained.”*’ low concentration of Cr doping improves the
capacity and lithium diffusion in Li,MnO;"' and Ru-doped
Li,MnO; shows higher electronic conductivity and cycling
stability.”>* In this work, we conduct a systematic study to
analyze the influence of 10 cationic dopants (Mg, Ti, V, Nb,
Fe, Ru, Co, Ni, Cu, Al) and 2 anionic dopants (N, F) on the
electrochemical properties of both Mn oxide cathode
materials, using ab initio density-functional theory (DFT)
simulations. The first property is thermodynamic phase
stability, which to a large extent determines whether the
doped-Mn oxides can form stable phases. Redox potential is
another electrochemical property of interest. An intermediate
redox potential is preferred since a too high value will increase
the interlayer instability and a too low value will not provide
the required device voltage. Lithium ion diffusion is also an
important property, closely related to the battery charge-
discharge efficiency. Last, the electronic conductivity
determines the power performance of the battery. The
electronic conductivities of both oxides, especially the
Li,MnO; phase, are quite low in comparison with similar
layered structures as LiNiO, and LiCoO,. The measured
electronic conductivity of Li,MnO; is as low as 10 S/cm at
300K.**** Although no direct electronic conductivity data for
LiMnO, has been reported, the value can be estimated to be
around 10*~10" S/cm from the available data of NaMnO, and
KMnO, at 300K.” However, the electronic conductivities of
LiNiO, and LiCoO, are 10°~10" and 10°~10" S/cm,
respectively.””* The reason of the low conductivity of
Li,MnO; was in principle attributed to its large band gap
(around 1.5~2.0eV), but the band gap of LiCoO, is actually
even larger as 2.7 eV”>. This indicates that the band gap itself
may not explain the difference and some hidden mechanism
must exist. From the present work, evidence from the
electronic structure seems to indicate that the reason for low
electronic conductivity can be largely attribute to the
formation of charge polarons.

To avoid the misunderstanding that changes of properties of
materials in our simulation due to doping are just local to
dopant, but not overall properties of the materials, we want to
clarify that, in battery materials, elemental substitution

described as ‘doping’ can be introduced up to a few %,
sometimes 30%~50% for some specific purposes,'**>** which
is quite different from the parts per million (p.p.m.) level
doping in electronic device materials used to control electronic
carrier concentrations in semiconductors. Even though the
battery materials community uses the terminology ‘doping’ to
describe element substitution (e.g., Ni and Al substitution of
Co in LiCo0O, to form LiNig ;5Co0¢3Alj 05O, (NCA)), it does not
imply small amount as in electronic device material doping.
For this reason, the amount of doping (more precisely, element
substitution) is required to be large enough to change the
overall electrochemical properties of the battery materials.

COMPUTATIONAL METHODS

The present work is performed using the Vienna ab initio
simulation package (VASP)’™' within the projector-
augmented wave (PAW) method””. The generalized gradient
approximation Perdew-Burke-Ernzerhof (GGA-PBE)
exchange and correlation functional is selected for all the
calculations.” After the corresponding accuracy test, a plane
wave cutoff energy of 500 eV is employed throughout all the
study. The structure optimization is carried out using a
conjugate-gradient algorithm until the forces on each atom are
less than 0.02 eV/A and the total energy is converged up to 10°
* eV. The self-consistent calculations are performed under the
tetrahedron method with Blochl corrections™ with an energy
convergence criteria of 10 eV. As is widely known that the
localized nature of 3d electrons is hard to be accurately
described by GGA, we also employed the effective on-site
Hubbard U correction on the 3d or 4d electrons for all the
transition metals included in our calculations.”> The U,
parameter was taken from previous theoretical reports: 4.2 eV,
3.0eV,3.0eV,50eV,42eV,29eV,4.0eV,64¢eV,52eV
for Ti, V, Nb, Mn, Fe, Ru, Co, Ni, Cu respectively. 3547
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Figure 1. Modeling configurations of LiMnO, (left) and Li,MnO;
(right), with the blue atom (M) marking cationic dopants and grey
atom (X) for anionic dopants.
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For the thermodynamic stability and ionic conductivity
calculations, we selected supercells containing 8 unit cells,
i.e., Li;;Mn ;04 and Li;(MngO,4. The doping is realized by
replacing one Mn*"*" jon with one cation M (M = Mg, Ti, V,
Nb, Fe, Ru, Co, Ni, Cu, Al) or one O ion with one anion X
(X =N, F). Therefore, the doped phases would correspond to
the LiMng 917Mg 03302, Li;Mng 87sMg 1503, LiMnO) 97X 0g3 and
Li,MnO,g;5X0 125 stoichiometries, respectively. The selected
supercell and doping positions are illustrated in Figure 1. For
LiMnO,, all the Li sites have the same chemical environment,
whereas for Li,MnQs, there are three different Li atomic sites,
due to the presence of Li atoms in the Mn layer. The three
sites, 2b, 2c¢ and 4h are shown in Figure 1. All the structural
figures were plotted using the VESTA software.* The nudged
elastic band (NEB) method is adopted to find the kinetic
energy barrier along the Li diffusion pathways.*

For the polaron calculations, a larger supercell of 16 unit cells,
i.e., Li)yMny,Oy4g and Li3,Mn 4Oy4 is used in order to avoid the
polaron-polaron interactions between neighboring images. To
generate the necessary extra charge carriers in the system, one
electron is added or removed from the neutral system. To
avoid the coulomb divergence problem, a homogeneous
positive or negative background charge is added to
compensate the extra charge.

RESULTS AND DISCUSSION

a. Thermodynamic stability. We first studied the
thermodynamic stability of the doped Mn oxides, in order to
see whether a particular dopant can lead to a
thermodynamically stable structure. During the synthesis
process, the dopant element M is firstly contained in
precursors like M(CH;COO),, M(COO), , M(NO;), etc '****'
or even directly in the oxide form, for example RuO, 2 The
precursors will afterwards react chemically during the
calcination process under air environment, plenty of O,. For
this reason, the dopant may form stable MO, or similar layered
lithiated oxides LiMO,, instead of occupying Mn sites in
LiMnO, or Li,MnOs. Taking into account the Li vaporization
during the annealing process, excess Li is often provided in
order to ensure the stoichiometry of the final compound after
calcination process. To model such Li-rich environment, bcc
bulk Li is used as the reference state. Within these
considerations, we should compare the phase stability between
M oxides (MO, or LiMO,) and M doped Li,MnO, oxides and,
then, derive the thermodynamic stability of each doped
structure in terms of the calculated heat of formation, which
have been obtained using the following formula, where E(4) is
the DFT-total energy of the structure 4.
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H/.L,W111,7.\4,034 = E(LijsMn;M,0,,)—7* E(Li,MnO;) - E(LiMO,) - E(Li) *%E(Oz)

H S LiygMngOp X,

= E(LimMn8023X])+%E(02)—S*E(LizMnOJ)—%E(XZ)

H/.L,W111,7.\4,034 = E(LiisMn; M, 0,,) - [TE(Li,MnO;) + 2E(Li) + 3_7)‘ E(0,)+EMO,)]
H im0, = ELiyMny M,0,,) —11* E(LiMnO,) - E(LiMO,)

Hy sy, = EQiaM0, X )+ BO)=12% E(LiMA0,) 1 B(X)

H

J \LiysMny M, 05

= E(Li,Mn, ;M ,0,,)—[11E(LiMnO,)+ E(Li) +?E(OZ) +E(MO,)]

The meaning of the heats of formation of the different phases
can be understood as a measure of their relative stability with
respect to the corresponding reference state. The bulk Lithium
BCC metal with space group Fm-3m and O, gas phase are
selected as the reference phases of Li and O, respectively. For
Al, Cu, Mg, Ru, Ti, V, Fe, their most stable oxides are chosen
as the reference states: Al,O; (R-3cR), CuO (C12/cl), MgO
(Fm-3m), RuO, (P42/m nm), TiO, (P42/m nm), V,05 (Pmmn)
and Fe,O; (R-3cR). Nb, Co and Ni show stable layered LiMO,
(M=Nb, Co, Ni) phases, which are therefore selected as the
corresponding reference states. For the anionic dopants N and
F, we chose the gas phases N, and F, as the reference states.

The calculated heats of formation are shown in Figure 2. The
picture shows that H, of almost all the cationic doped phases is
negative, indicating that the cationic dopants can replace Mn
ions in both layered oxides without phase separation. The
picture also shows that H, of all the cation-doped Li,MnO;
compounds is lower than the corresponding H, of the LiMnO,
compounds, indicating that the cationic doped Li,MnOj; phase
is more stable. This finding is consistent with the fact that
orthorhombic LiMnO, is the most stable structure in
equilibrium conditions and the layered monoclinic LiMnO, is
metastable between rhombus and spinel.”’ For the anionic
doping, N doped LiMnO, and Li,MnOs; phases is unlikely to
be synthesized in the laboratory, due to a positive heat of
formation of around 0.5 eV/f.u.. This result is explained by the
strong bonding of the N, molecules and their well-known
tendency to nucleate. The F doped phases are
thermodynamically stable, although with a value of H; only
slightly negative for LiMnO, and almost zero for Li,MnO;.
These results for H, are consistent with the experimental
evidence, because synthesized Fe doped LiMn0219 and Fe, Ti,
Ru and Al doped Li;MnO; phases”*>*** are shown to be
stable and they can also improve some of the electrochemical
properties of the pure materials. To the best of our knowledge,
there is no experimental report about anionic doping in layered
LiMnO, and Li,MnO;, but fluorine doped o0-LiMnO, and
Li; 5,CrgoMng 530, has been shown to be thermodynamically
stable.”"”> Considering that GGA gives an overbinding energy
of 1.36 eV per O, molecule, as compared to the experimental
da‘[a,41 we have calculated how it affects the heat of formation.
Our results indicate a small energy shift of 0.05~0.17 eV/f.u.,
but the overall conclusions are not affected. Also, to test the
accuracy of the obtained heats of formation using GGA+U, we
also performed additional tests for some selected systems
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using the HSE hybrid functional.”® Our results show that the
heats of formation of Mg, Al and Ni-doped LiMnO, are, -1.37,
-1.27 and -0.88 eV, respectively (as compared to the GGA+U
obtained values of -0.79, -0.65 and -0.33 eV, respectively).
Therefore, the energy shift in the obtained heats of formation
is relatively similar for all the doped phases studied and does
not affect the main conclusions of this work.

In order to examine the possibility of a dopant-induced
layered-to-spinel phase transition, we have performed
additional calculations of the formation energies on the Fe, Nb
and Cu-doped spinel LiMn,0,4 phase and compared the results
with those of the corresponding LiMnO, and Li,MnO;
systems. As shown in Table S1, doped spinel phase is always
thermodynamically less favorable than the corresponding
layered oxides. Also, XRD data has shown that Fe-doped
LiMnO, keeps its layered structure up to 20% of Fe
concentration.'” No phase transition was observed in Ru-doped
Li;MnO; within the whole doping range studied” and XRD
patterns confirmed the formation of a monoclinic Li;MnO;
layered structure after replacement of 30% of Mn atoms by Ti
or Fe.”
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Figure 2. Heat of formation for doped LiMnO, and Li,MnOs.

b. Redox potential. The redox potential describes the
energy needed to extract the Li out of the battery materials.
The present results were obtained according to the following
formula, where we considered the redox potential of extracting
one Li atom:

_ E(LiyMn, M 0,,)+ E(Li)— E(Li,Mn, M,0,,)

e
_ E(Lij;Mn,M\0,, )+ E(Li) - E(Li, Mn,M,0,,)
B e
The obtained results for doped LiMnO2 and Li,MnO; are
shown in Figs. 3(a) and 3(b), respectively. For pure LiMnO,,
the redox potential is calculated to be 3.67 V, which is
represented by the blue dotted line in Figure 3(a), to allow the
comparison with the doped phase. The obtained redox
potential is similar to a previous calculation using the
CASTEP code™ that yielded a result of 3.75 V. The red dots

ave

represent the average redox potential of extracting the nearest
neighbor Li and farthest neighbor Li ions to the dopant (“error
bar” indicates the redox potential at these two different
locations). The results show that most of the dopants facilitate
the extraction of Li at lower voltage, except Co, which
increases the potential by about 0.07 V. Mg, Ti, V, Nb, Ru and
F have very remarkable effects in lowering the redox potential.
The “error bar” also indicates such effect is not localized to the
dopants. For instance, Ti lowers the redox potential by almost
1.10 V on average. Specifically, the redox potential to extract
the nearest Li ion is 2.51 V, whereas the potential required to
extract the farthest Li ion is 2.63 V. These results show that,
for the supercell used in our calculations, which corresponds
to a doping concentration of 8.33%, the influence of the
dopant on the redox potential is effective over the whole
structure.

For pure Li,MnQO;, the redox potential of extracting Li ions
from a Li only layer and a mixed Li-Mn layer are 4.61 V and
4.76 V respectively, in agreement with previous theoretical
results.”®” Similar to Figure 3(a), they are represented as red
and blue dotted lines, respectively, in Figure 3(b). The blue
square points and red round points represent the average redox
potential of extracting the nearest and farthest neighbor Li ion
to the dopant in the Mix-layer and Li-layer, respectively. It can
be seen that the influence of Mg, Ti, Co, Ni, Cu and Al
dopants on the redox potential is negligible. However, V, Nb,
Fe, Ru and F show a strong effect in lowering the redox
potential. Especially remarkable is the case of Nb, where the
redox potential is decreased by almost 2.5 V. It has been
reported that, for the 1st cycle charge curves of
Li,Mng 9Aly ;05 and Li,MnggFe; 05, Al has almost no
influence on the redox potential while Fe decreases the
potential by about 0.2 V.*' That tendency is qualitatively
consistent with our present calculations. The quantitative
difference is also reasonable, given that we are modeling a
much higher doping concentration. Another interesting
example is the Ru doped Li,MnO;, whose redox potential is
decreased up to 3.7 V, when 10% of Mn is substituted by Ru.”
This experimental result is also in accordance with our result
of 3.4 V, with 12.5% of Ru doping. On the other hand, as
derived from Figure 3(b), Li ions are harder to extract from the
Li-Mn mixed layer of pure Li,MnO3, 0.15 V. While Mg, Ti, Al
decrease such potential difference, V and Ru make the Li
extraction potential indistinguishable for both types of layers.
For Nb doping, the redox potential is even lower for the Li-Mn
mixed layer. Therefore, the aforementioned dopants will
facilitate the extraction of Li ions from the Li-Mn mixed layer.
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Figure 3. Redox potential for doped LiMnO, (a) and Li,MnO;
(b).

Regarding the physical origin to the lowering of the redox
potential induced by the dopants, it should be pointed out that,
during the extraction of Li atoms in the charging process, Li"
ions diffuse through the electrolyte whereas the electrons
diffuse through the external circuit. This fact implies that the
facilitation of Li extraction by any external dopant is related
with either a change in the distortions left by the Li" ion when
extracted or a change in the electron chemical potential of the
system. Our results have shown that the energy to extract the
Li is independent of its distance to the dopant, i.e., the effect
on the distance of the Li" ion to the dopant must be weak. The
influence of the dopant on the electron chemical potential can
be understood from their electronic density of states (DOS), as
shown in Fig. 4. The picture shows the examples of Fe, Ti and
F doped LiMnO, and Li;MnO;. On the other hand, Fig. 3
shows that Fe and Ti doping have a strong influence in the
redox potential of Li,MnO; and LiMnO,, respectively, and that
F doping shows a strong effect on both oxide phases. Figure 4
shows that, when the doping lowers the redox potential, the
Fermi level shifts beyond the valence band maximum (VBM),
also passing through the gap states, which indicates an
increase of the electron chemical potential, thus facilitating the
removal of the electron and, consequently, the Li atom. These
gap states are always contributed by either the dopant-oxygen
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(M-O) bonding or Mn-O bonding, indicating different
electrochemically activated atoms in different doped phases to
compensate the Li extraction. More specifically, in V and Ru
doped LiMnO,, gap states are composed by dopant-O
bonding, meaning that V and Ru are electrochemically
activated during the Li extraction. Whereas for Mg, Ti, Nb and
F doped LiMnO,, gap states are composed by Mn-O bonding,
indicating a redox active dopant-induced Mn d-orbitals
splitting during the Li extraction. For the V, Fe and Ru doped
Li,MnO; phase, the gap states are mainly contributed by
dopant-O bonding, which means that V, Fe and Ru are the
electrochemically active atoms. On the contrary, Nb and F
induce Mn-O bonding d-orbitals splitting, with the subsequent
formation of gap states.

40—

(ON Fe-Li,MnOg4

|
20+

| Ti-LiMnO,

YN
. Al

A

Density of states
Density of states

6 4 20 2 4 6 8 10 12
E-E; (eV)

Figure 4. Density of States of (a) Fe doped LiMnO,, (b) Fe doped
Li;MnO;, (c¢) Ti doped LiMnO,, (d) Ti doped Li,MnO;, (e) F
doped LiMnO, and (f) F doped Li;MnOs;. The grey region
represents the phase total density of states and the red region is
the dopant density of states.

The above calculations reveal that some dopants have strong
effect in lowering the redox potential of extracting one Li out
of the system, which represents the initial charging range.
While the simulation of the extraction of the second Li in our
model indicates that redox potential of these doped phases will
be restored to pure LiMnO, or Li,MnOj; (as shown in Table
S2). The only exception is the Nb doped LiMnO,, where an
intermediate value of 3.03 V is found when extracting the
second Li. As a summary, a 8.33% doping concentration of
Mg, Ti, V, Ru or 4.17% F in LiMnO, have the effect of
lowering the redox potential of the initial 8.33% Li by 0.4~1.0
V. Nb in LiMnO, has wider effect that can lower the redox
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potential of 16.67% Li, with the first 8.33% of 2.70 V and the
following 8.33% of 3.03 V. In Li,MnO; phase, a 12.5% doping
concentration of V, Nb, Fe, Ru or 4.17% F have the effect of
decreasing the redox potential of the 6.25% Li by 0.7~2.5 V.
Then, if the doping concentration is increased, so will the
amount of Li affected by the dopant. This fact is consistent
with our intuition that we can not expect to lower/increase the
redox potential with a small amount of doping, which would
indicate a completely different material.

c. Ionic conductivity. LiMnO, and LiMngg;7M,45302
phase. The Li diffusion coefficient exponentially depends on
the kinetic diffusion barrier. In this section, we show the
dopant influence on the diffusion barrier. Li ions in LiMnO,
occupy the octahedral sites surrounded by six oxygen atoms.
When Li migrates to an adjacent site, it can pass through the
space between two oxygen ions, which is known as Oxygen
dumbbell hop (ODH), or pass through a tetrahedral site in the
middle of the path, which is known as tetrahedral site hop
(TSH).”” The two paths are illustrated in Figure 5. Our
calculations show that the ODH path is more energetically
favorable, with a diffusion barrier of 0.5 eV which is lower
than the TSH path of 0.65 eV. This result can be understood in
terms of the strong repulsive coulombic force from the nearest
neighbor Li" (Liyy) in the transition state of the TSH path. This
is also why when this Liyy is removed as shown in Figure 5
the formation of Li vacancy V;;, the TSH path (now marked as
TSH-V, path) has a lower kinetic barrier of 0.35 eV.

Figure S. The two paths (ODH and TSH) for Li vacancy diffusion
in LiMnO, without (left) and with (right) a neighbour V.

Note that, although LiMnO, and LiCoO, share the same
layered structure, the Li diffusion behavior shows some
differences between them. In LiCoO,, the diffusion barrier of
the ODH path is about 0.8 eV, and it is only 0.2 eV for the
TSH-V;; path, 0.6 eV lower. However, the difference in
LiMnO, is only 0.15 eV. Two possible reasons account for this
difference: one is the smaller resistance when Li diffuses along
ODH path in LiMnO,. The octahedral volume occupied by Li
ions in LiMnO, is 13.78 A®, which is larger than 13.14 A’ for
LiCo0O,. This indicates that there is more empty volume

available for Li diffusion between two octahedral sites in
LiMnO, and therefore a slight preference for the ODH
diffusion path. Also, the nearest neighbor Li-Li distance in
LiMnO, is 3.10 A, which is larger than 2.91 A in LiCoO,. On
the other hand, Bader charge analysis results in a charge state
of +0.872¢" for Li in LiMnO, and +0.864¢” in LiCoO,,
respectively. Combining charge state and atomic distance data,
the Coulombic repulsive energy between nearest neighboring
Li ions in LiCoQ, is estimated to be roughly 1.114 times larger
than in LiMnO,, which will contribute to a more favorable
TSH Li diffusion path when a V7, is created in LiCoO,.

Another reason might be the different lattice distortion
observed for the two diffusion paths in LiMnO,. Figure S1(a)
shows the lattice distortions in the Mn-O bonding during Li
migration along the TSH-V;; path in LiMnO,. When the
Lithium vacancy is formed, a charge compensation is induced
in the surrounding Mn atoms, leading to the result that the
nearest neighbor Mn ion transforms from Mn*" into Mn*", with
the subsequent changes in the length of two Mn-O bonds,
from ~2.3 A to 2.0 A. The lattice distortion is observed in both
ODH and TSH-V;; pathways. This interesting behavior is
closely related to the Jahn-Teller effect of Mn®", which is also
important for the charge transport as will be discussed in detail
latter. In order to quantify the lattice distortion difference
between ODH and TSH-V}; paths, we compared the atomic
displacements of Mn and O atoms when Li diffuses from the
initial state to the saddle point (in the middle of the diffusion
path) of each path. Larger atomic displacements indicate larger
lattice distortions due to Li diffusion. As shown in Fig. S2,
larger Mn and O displacements were obtained for the ODH
path. For the TSH-V;; path, only O displacements were
observed. This finding indicates that the LiMnO, lattice
undergoes a larger distortion when Li diffuses along ODH
path, which lowers the total energy of saddle point and
therefore the diffusion barrier.
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Table 1. The Li vacancy diffusion barriers in doped
LiMnO,. The diffusion barrier in pure LiMnQ, is 0.50 eV.

Bggits Dif.fusion Bggits Dif.fusion
Barrier (eV) Barrier (eV)
Mg 0.42 Co 0.43
Ti 0.42 Ni 0.27
A% 0.42 Cu 0.48
Nb 0.50 Al 0.79
Fe 0.45 N 0.78
Ru 0.43 F 0.68
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Since our main goal is to understand the influence of the
dopants on the diffusion barriers, we therefore focus on how
the external dopants affect the diffusion along the ODH
pathway. The doping site along the ODH path is illustrated in
Figure S1(b) and the obtained kinetic barriers are listed in
Table 1, which shows that most of the cationic dopants lower
the diffusion barrier, but only by less than 0.1 eV. Two
remarkable exceptions are Ni, which decreases the barrier by
0.23 eV, and Al, which largely increases the barrier by 0.3 eV.
Both N and F also increase the barrier by 0.28 eV and 0.18 eV
respectively. The mechanism of how these dopants influence
the diffusion barrier may be understood from the Jahn-Teller
effect of Mn®". Previous discussion has shown that strong
lattice distortion happens along Li diffusion path and the
distortion at the transition state will influence the diffusion
barrier. Figure 6 shows the distortions of Mny-O (Mnyy is
illustrated in Figure S1(b)) bonds in the transition state for
pure LiMnO, and three doped phases. In pure LiMnO, without
any Lithium vacancy, two Mn-O bonds are elongated to be
~2.3 A and the other four are kept at ~2.0 A because of Jahn-
Teller effect. As shown in Figure 6, when Li is migrating in
pure LiMnO,, two long Mn-O bonds of one Mnyy are shorten
back to 2.0 A. But with Ni doping, the long Mn-O bonds of
both two Mnyy are shorten back, but no long Mn-O bonds are
shorten in Al and F doped phases. These results indicate that
Ni facilitates the suppression of the Jahn-Teller distortion and
the transition state experiences large structure relaxation
during Li migration, which leads the structure to a lower
barrier. Meanwhile, Al and F keep the Mn-O bond distortion
of pure LiMnO,, and the transition state undergoes no
additional structure relaxation, therefore raising the diffusion
barrier.
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Figure 6. Mn-O bond length distributions of two Mnyy in the Li
diffusion ODH path transition states of pure LiMnO,, Ni, Al and F
doped LiMnO, phases and the corresponding diffusion barriers.
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Figure 7. Li vacancy diffusion paths in doped Li,MnO;. Purple,
dark green, light green and red atoms represent Manganese,
Lithium in Li-layer, Lithium in Li-Mn mixed-layer and Oxygen
respectively. Blue and Yellow mark the cation and anion doping
sites. 2¢, 2b and 4h are the different Li vacancy sites. (1), (2) and

(3) are used to differentiate the three different 4h<—>2c paths.

Li;MnQO; and Li,Mn,¢;5M, 1,503 phase. Ionic diffusion in
Li;MnO; is more complex, due to the appearance of
both interlayer (2b-2c, 2b-4h) and intralayer (2c-4h, 4h-4h)
diffusion pathways. The diffusion between 4h and 2c sites is
also divided into 3 different pathways, depending on their
distances to the dopants, as shown in Figure 7. A summary of
Li vacancy diffusion barriers in pure and doped Li,MnO; is
listed in Table 2. Because of the asymmetric initial and final Li
vacancy sites, the diffusion barriers are direction dependent. In
the pure Li,MnO; phase, for V; diffusion from 2b site to 2¢ or
4h, i.e., Li diffusion from a Li-layer to a Li-Mn mixed-layer,
the barriers are all around 0.5 eV. But when the V;; diffuses
back, the barriers are 0.11~0.16 eV higher. Intralayer diffusion
generally shows barriers around 0.6 eV, except for the 2c-4h
diffusion along b direction, which are about 0.8 eV. Because of
the complex pathways in Li,MnQO;, the dopants show different
effects on the diffusion paths. Overall, Mg, Ti, V, Nb, Fe, Ru
and Co can facilitate the interlayer diffusion. Among these
dopants, Nb shows the most remarkable influence, decreasing
the barrier of V7, from 2c and 4h to the 2b site by 0.26 eV and
0.29 eV, respectively. This result indicates that Nb doping will
strongly activate the Li atom diffusion in Li-Mn mixed-layers.
On the other hand, Mg, Ti, V, Nb, Fe, Ru, Ni, Al and N can
facilitate the intralayer diffusion, whereas Mg, Ru and Al
lower the kinetic barriers of the three paths between 2¢ and 4h
sites.



Table 2. The Li vacancy diffusion barriers in doped Li,MnO; relative to pure Li,MnQO;. A—B means Li vacancy will
diffuse from the A site to B site.

Dopant

Li,MnO;
Mg
Ti
v
Nb

Fe

Co
Ni
Cu

Al

2b—2c¢

0.52

-0.05

-0.04

+0.02

-0.04

0.00

-0.06

-0.06

0.00

-0.03

+0.03

-0.14

-0.09

Interlayer diffusion (eV)

2¢—2b

0.63

-0.06

-0.08

-0.04

-0.26

-0.03

-0.06

+0.06

+0.06

+0.01

-0.01

-0.06

+0.04

2b—4h

0.51

+0.02

-0.01

+0.02

+0.02

-0.03

0.00

-0.08

-0.01

-0.04

+0.03

+0.26

+0.08
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4h—2b

0.67

-0.29

-0.02

-0.12

-0.19

+0.09

+0.10

-0.08

+0.13

+0.08

2¢—4h
(1)

0.57
-0.07
-0.05
-0.09
-0.06
-0.10
-0.08
+0.12
-0.04

-0.10
-0.02

+0.02

+0.02

4h—2c¢
(1)

0.61
-0.05
-0.06
-0.08
-0.06
-0.05
-0.09
+0.04
+0.01

+0.01
-0.04

+0.13

+0.01

2c—4h  4h—2c

Intralayer diffusion (eV)
2c—4h  4h—2c
() () (€))
0.56 0.60 0.76
-0.11 -0.09 -0.05
-0.09 -0.10 +0.02
0.00 +0.01 -0.06
-0.09 -0.09 +0.01
+0.04 +0.09 -0.08
-0. 08 -0.08 -0.06
-0.01 -0.01 +0.01
-0.05 0.00 -0.10
+0.03 +0.14 -0.11
-0.02 -0.04 -0.04
-0.25 -0.14
-0.08 -0.09

&)
0.80
-0.08

+0.01

-0.03
-0.10
-0.08
-0.03
-0.09

-0.11

-0.05

4h<4h

0.58

-0.06

-0.05
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d. Electronic conductivity. LiMnO, phase. If we remove
an electron from the LiMnO, phase, the extra hole will be
trapped by the lattice distortion and form a small polaron due
to the Jahn-Teller effect of Mn®". In LiMnO,, the Mn atoms
are bound to O ions in an octahedral cage formed by 6 O
atoms, with their five d orbitals split into 3 t,, orbitals with
lower energy and 2 e, orbitals with higher energy. According
to the Hund rules, 3 electrons of Mn’" occupy the t,, orbitals
with the same spin, and the other electron will occupy a
twofold degenerate e, orbital. Therefore, the lattice distortions
eliminate this degeneracy, leading the system to a more stable
energy state. This effect has been shown in many Mn oxides,
such as LaMnO;, LiMn,O4 and LiMnO,, and plays an
important role in determining their properties.”””*” In the
current LiMnO, layered structure, each Mn atom is bound to 6
0, with four Mn-O bonds showing a similar length of 2.0 A,
and the other two Mn-O bonds stretched to 2.3 A, which is
consistent with a Jahn-Teller lattice distortion.

When one extra hole is introduced into our LiyyMny,Oyug
model, the two stretched 2.3 A Mn-O bonds shorten to 2.0 A
after the structural relaxation. Figure 8 shows the charge
density difference between pure LiMnO, and LiMnO, with an
extra hole. The hole is localized on one of the Mn'" atoms,
which therefore transforms into Mn*. Four d electrons of
Mn®" now occupy 3 t,, orbitals and 1 e, orbital in a high-spin
state. When Mn*" forms, one of the energetically higher €,
electrons is extracted, as shown in the density of states (DOS)
plotted in Figure 8, where one of the spin-up states is pushed
above the Fermi level. The quasiparticle formed by the hole
and the lattice distortion induced in its surrounding is called a
hole polaron. The transportation of holes in LiMnO, is
therefore coupled with the migration of polarons, indicating
that when an electron is migrating between two different sites,
the motion will drag a series of lattice distortions which
ultimately increase the motion resistance. As this migration
process exponentially depends on the activation energy, i.c.,
the migration barrier, we obtained the energy barrier for the
migration of a hole polaron between two neighboring sites.

7 6 5 4 3 2 4 0 1 2 3 4 5 6
E-E (eV)

Figure 8. The density of states (right) and charge density (left) of
the hole polaron in LiMnO,.
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Figure 9. The diffusion paths (a and b) and corresponding barriers
for hole polaron diffusing between nearest neighbor positions.

Figure 9 shows the two considered pathways and the
corresponding migration barriers. According to our results,
LiMnO, is more stable in the antiferromagnetic (AFM) phase,
and the kinetic energy barriers along the two paths are 0.31 eV
and 0.32 eV. If we consider the ferromagnetic (FM) phase, the
kinetic barriers decrease by about 0.1 eV. This fact can be
understood in terms of the double-exchange mechanism,
where an electron migrates between two Mn atoms through an
O network, being the process more favorable if the spins of the
two neighboring Mn atoms are aligned in the same direction.

During the initial discharge cycle, the migration of the polaron
may be affected by neighboring Li vacancies. Previous reports
on the study of polarons in LiFePO, and LiMnPO, indicate
that the barrier is increased by about 0.1 eV if there are some
neighboring Li vacancies.”” We therefore considered two
different situations in order to analyze the influence of
vacancies on the polaron migration (see Figure 10): in one
case the Li vacancy is sitting in the middle of the path and in
the other case, the vacancy is close to the end of the path.
However, our results show that, for LiMnO,, the influence of
Li vacancies on the hole polaron migration barrier is almost
negligible, and the barrier is increased by only 20 meV (path
a) or remains constant (path b) .

Unlike hole polarons, electron polarons are not observed in
LiMnO,, indicating that the electrons will be transported
through the Conduction Band Minimum (CBM) following
rigid-band theory. The parabolic curvature of CBM between
each high symmetric K points (as shown in Figure S3) also
indicates the light electronic effective mass. Consequently, as
long as free electrons are generated in LiMnO,, the electronic
mobility should be relatively high. Based on the above
understanding, the strategy for improving electronic
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conductivity of LiMnO, should be the inhibition of hole
polaron formation or the introduction of shallow n-type
doping.

0.33eV

0.31eV

Migration barrier (V)
Migration barrier (eV)

Figure 10. The hole polaron diffusion barriers with different Li
vacancy environments.

\ L X‘/ W‘T‘r j

Figure 11. Hole polaron migration paths, from Mn(1) to Mn(2), in
M doped LiMnO,.

Doped LiMnO, phase. In this section, we will discuss how

the dopants influence the behaviors of hole polaron in LiMnO,.

Figure 11 shows the model used in our calculations of the hole
polaron in doped LiMnO,, where Mn(1) and Mn(2) are the
two nearest neighbor polaron sites of the dopant M, set as the
initial and final positions of the migration path. Mg doping
shows no influence on the polaron properties, with a migration
barrier of 0.30 eV. After relaxation of the other doped phases
with an extra hole, no polaron formation is observed, which
indicates that all the considered dopants inhibit the polaron
formation. However, if we provide an initial perturbation to

10

the Mn-O bonds before relaxation, the hole polaron is formed
for the Fe, Co, Al, Ni and Cu doped phases. The charge
distribution difference is illustrated in Figure S4, taking Al
doping as an example. When the polaron is not formed, the
hole is distributed evenly in the whole structure, i.e., in the
VBM, but when the polaron forms, the hole is localized on a
certain Mn site, which also leads the structure to a more stable

state. Table 3 lists the energy
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Table 3. The hole polaron formation state (¥ represents
form and N represents not form), polaron migration
barrier E,, Energy difference AE (AE = Epasc without polaron
E 11450 with potaron) aNd doping type in pure LiMnO, and doped
LiMnO,.

Dopant (S; ? ;fe) ExleV) (meV/unit) D;i::g
LiMnO, Y 0.31 - -
Ti N - - D-n
v N - - D-p
Nb N - - D-n
Ru N - - D-n
Mg Y 0.30 - S-p
Fe Y 0.30 14.3 D-p
Co Y 0.26 11.2 D-p
Al Y 0.27 12.3 D-p
Ni Y 0.35 30.7 D-p
Cu Y 0.36 25.6 D-p

“S-p: Shallow p-tpye; S-n: Shallow n-type; D-p: Deep p-type;
D-n: Deep n-type

differences, which range from 11.2 meV/unit cell to 30.7
meV/unit cell. Among the dopants considered in our study, Fe
shows almost no influence on the migration barrier. Co and Al
reduce the kinetic barrier by 0.05 eV and 0.04 eV, respectively.
Assuming a simple Arrhenius relation for the electronic
conductivity, this reduction of the energy barrier could
improve the hole conductivity up to 7 times. Ni and Cu show
specific features, because we found the formation of two
polarons at two nearest neighbor Mn sites of the dopant even
though there is only one extra hole in the system. This leads
the LiMnO, doped phase into a much more stable energy
configuration, 30.7 (Ni) and 25.6 (Cu) meV/unit cell lower in
total energy than the phase without polaron formation. The
polaron migration barriers are also increased by 0.04 eV and
0.05 eV for Ni and Cu, respectively. On the other hand, no
polaron can be formed in the Ti, V, Nb and Ru doped phases,
even if an initial perturbation is provided. From this point of
view, these 4 dopants can be viewed as good candidates to
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inhibit the hole polaron formation. As also shown in Table 3,
no dopant is found to be shallow n-type doping and Mg is
shallow p-type doping.

Based on the charge transportation mechanism we proposed
and the different doping effects we discussed, the influences of
dopants can be summarized as follows: Ti, V, Nb, Ru can
inhibit the hole polaron formation and therefore increase the
hole conductivity. Although Co and Al do not inhibit polaron
formation, they slightly decrease the polaron migration barrier,
which may increase the hole conductivity up to 7 times. Mg,
Fe, Ni, Cu do not inhibit polaron formation and, among them,
Ni and Cu even increase the polaron migration barrier, and Mg
introduces shallow p-type doping. Therefore, these four
dopants may even lower the electronic conductivity.

Li,MnO; phase. Similarly to the hole polaron formation in
LiMnO,, an electron polaron can be formed in Li,MnO; (with
the subsequent reduction of Mn*" to Mn®"). But the process is
slightly different: when one electron is added to the
Li3,Mn;0,45 model, the formation of an electron polaron is not
observed, even though an initial perturbation was introduced
in the Mn-O bonds. However, if two electrons are added to the
Li,MnO; phase, the system tends to form two electron
polarons (after the corresponding initial perturbation in the
Mn-O bonds), with an energy of 25.6 meV/unit cell lower than
that of the phase without polarons. In the laboratory, the initial
perturbation required to activate the polaron formation might
be achieved through thermodynamic vibrations, with an
estimated activation energy of only 0.05 eV. The charge
density of the two polarons is shown in Figure 12, where the
two polarons (pl and p2) are found to be more stable if staying
at different layers. The two-center bipolaron (TCBP)
phenomenon observed in the current materials has been widely
studied in some semiconductors, ionic crystals and high-
temperature superconductors.61’62’63‘64 Understanding of TCBP
is often done through the hydrogen molecule or Deigen’s F,-
center model, in which the polaron wells play the role of
positively charged nuclei.* The exchange interactions between
polaron electrons in the singlet state will attract the
neighboring polarons and stabilize the bipolaron system,
whereas Coulomb repulsion will keep the polarons at a proper
distance. This may be the reason why, in our case, two
polarons are found to be more stable at different layers (as
compared to staying at the same layer), because the repulsion
interaction would be overridden by the exchange interaction
and the balance of these two interactions will finally stabilize
the polarons at different layers. On the other hand, by
observing the charge density (the integral of the squared wave-
functions) in Figure 12, it can be noted that O is stretched into
the Li-layer due to elongation of Mn-O bonding after the
formation of an electron polaron. This will facilitate the
overlapping between the wave-functions of the two polarons
or, in other words, the exchange interaction in Li,MnO; is
more non-negligible, which would be the reason why
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bipolaron formation is unexpectedly more favorable. To obtain
the kinetic migration barrier, we fix p2 and allow p1 to migrate
to its nearest neighboring site. The obtained barrier (see Figure
12) is about 0.20 eV, 0.11 eV lower than that of the hole
polaron migration barrier obtained for the AFM LiMnO,
phase, but similar to the one obtained for the FM LiMnO,
phase. The Li,MnO; phase is more stable in the FM state, and
these two polaron migrations can therefore be viewed as
mirrored processes (Mn*" reduces to Mn’" and Mn’* oxidizes
to Mn"") in the same magnetic configuration.

On the other hand, the formation of hole polarons is not
observed, indicating that the hole carrier will be transported
through the VBM. Figure S5 gives the band structure of
Li,MnO;, which also shows the parabolic curvature between
high-symmetry K points in the valence band, indicating the
light effective mass of the hole. Contrary to LiMnO,, the
strategy for improving electronic conductivity of Li,MnO;
should be the inhibition of electron polaron formation and also
the introduction of shallow p-type doping.

0.20eV

Diffusion barrier (eV)

Figure 12. Charge density of electron polaron in Li,MnOs and its
diffusion barrier to neighboring position.

Doped Li,MnO; phase. Table 4 summarizes our obtained
results on polaron formation for the doped Li,MnO; phase.
Our goal is to analyze whether the formation of both p1 and p2
polarons can be inhibited by doping and how the migration of
one of the polarons is affected by the presence of the other one
(see the model in Figure S6a). Our results show that Mg, Ru
and Ni inhibit the formation of both polarons. On the contrary,
Nb, Fe, Co, Cu and Al partially inhibit the electron polaron
formation. Taking Al as an example, the electron density
distribution (see Figure S6b) shows that a polaron is formed in
an undoped Li-Mn mixed layer and another one is evenly
distributed in the CBM. This finding shows that the formation
of pl is inhibited by Nb, Fe, Cu, Co and Al, but not p2, also
indicating that the doping effect on polaron formation is
restricted to the layer where the impurity is located. The
migration barrier of p2 is hardly altered by the doping, due to
the large distance between the polaron and the impurity (see
Figure S6a and Table 4). Finally, Ti and V doping will allow
the polaron formation, but with an increase in the migration
barrier of 0.02 eV and 0.10 eV respectively. Table 4 also
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shows that all the dopants considered in this work increase the
energy difference with respect to the Li,MnO; phase without
polarons (by amount between 1.8 and 53.7 meV/unit cell),
thus contributing to stabilize the polaronic structures.

Among the dopants, Mg, Ru can Ni can inhibit the electron
polaron formation in Li,MnO;, with Mg also showing shallow
p-type doping, which will facilitate the hole transport. This is
also consistent with the experimental observation that, by 15%
Ru doping (substituting Mn), the conductivity of Li,MnO; can
be increased by 10" times.” Co, Al, Cu, Nb and Fe partially
inhibit the polaron formation, i.e., their effects are localized
within the doping layer. Al and Fe also show shallow p-type
doping, indicating that although they can not totally inhibit
electron polaron formation, they can introduce more
conductive holes. Finally, Ti and V were found to stabilize the
polaron formation structure, and also to increase the migration
barrier.

Table 4. The electron polarons formation state (Y
represents form, /NV represents not form and Y/N represents
partly form), polaron migration barrier E;,, Energy
difference AE (AE = Ejppase without polaron = Ephase with polaron) and
doping type in pure Li,MnO; and doped Li,MnO;.

AE i
e (S; 7 ;/e) EleV) (meV/unit) Dt())’f’l;g

Li,MnO; Y 0.20 25.6 -
Mg N - - S-p
Ru N - - D-n
Ni N - - D-p
Co Y/N 0.20 274 D-p
Al Y/N 0.20 35.6 S-p
Cu Y/N 0.20 58.6 D-p
Nb YN 0.20 61.4 D-n
Fe YN 0.20 79.3 S-p
Ti Y 0.22 64.0 D-p
\Y% Y 0.30 68.5 D-p

“S-p: Shallow p-tpye; S-n: Shallow n-type; D-p: Deep p-type;
D-n: Deep n-type

Another important point is, as not all the charge carriers can
form polarons, what is the main carrier in both LiMnO, and
Li,MnO;. If we consider only a realistic charging process, the
Li" ion will be firstly extracted and enter the surrounding
electrolyte, leaving an extra electron in the cathode, which will
go across the cathode to finally enter in the external circuit. At
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the same time, because of the large band gaps of both oxides
(1.58 eV for Li,MnO; and 1.64 eV for LiMnO, as shown in
Figures S2 and S4), thermal excited hole/electron pairs are
difficult to create. In this sense, although polarons were found
to be formed in both oxides, the main charge carriers should
be electrons during the charging process. This may be the
reason why, although both oxides have relatively low
electronic conductivity, but conductivity of LiMnO, phase (10
* ~ 107 S/cm) is still much larger than that of the Li,MnO,
phase (10” S/cm).

CONCLUSIONS

In this study, we have examined in detail the influence of 10
cationic (Mg, Ti, V, Nb, Fe, Ru, Co, Ni, Cu, Al) and 2 anionic
(N, F) dopants on the redox potential, ionic and electronic
conductivities of both LiMnO, and Li,MnO; cathode
materials. Our results show that all the cationic and F doped
phases are thermodynamically stable with negative heats of
formation. N doped phase is not stable from a thermodynamic
point of view, due to the strong binding between N atoms.
8.33% Mg, Ti, V, Ru or 4.17% F dopants decrease the redox
potential of LiMnO, for the 8.33% Li by 0.4~1.0 V and Nb for
the 16.67% Li by 2.70~3.03V. On the other hand, 12.5% V,
Nb, Fe, Ru or 4.17% F also strongly lowers the redox potential
of 6.25% Li in the Li,MnOs phase by 0.7~2.5 V. These results
can be a reference in considering doping concentration in
realistic application. The so-called ODH pathway is
energetically more favorable for Li vacancy diffusion, with a
migration barrier of 0.5eV, and most of the considered dopants
decrease that barrier, except Nb, Al, N and F. Li vacancy
diffusion in Li,MnO; is a bit more complex, due to the
availability of more diffusion paths. Our results show that Mg,
Ti, V, Nb, Fe, Ru and Co facilitate the interlayer diffusion,
whereas Mg, Ti, V, Nb, Fe, Ru, Ni, Al and N can promote the
intralayer diffusion. With respect to the electronic
conductivity, hole polarons and electron polarons are formed
in the LiMnO, and Li,MnOj; phases, respectively, due to the
Jahn-Teller effect of the Mn®". The influence of dopants on
charge conductivity can be derived through their influence on
polaron migration barrier. If the dopants inhibit the polaron
formation, there is no barrier for charge migration. The hole
polaron migration barrier in LiMnO, is 0.31 eV; the hole
conductivity can therefore be increased by about 10° times if
the polaron formation is inhibited. For Li,MnOs;, the electron
polaron migration barrier is 0.2 eV. Thus, the inhibition of
polaron formation will increase the electron conductivity by
2x10* times. In LiMnO,, Ti, V, Nb, Ru can improve the
conductivity through inhibiting hole polaron formation. Co
and Al slightly lower the polaron migration barrier and Mg,
Fe, Ni and Cu might further lower the electronic conductivity
as they increase the migration barrier or introduce shallow p-
type doping. For the Li,MnOj; phase, Mg, Ru and Ni can
inhibit the formation of electron polarons and increase the
conductivity, and Mg also shows shallow p-type doping,
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increasing hole concentration. Co, Al, Cu, Nb and Fe only
partly inhibit polaron formation, and their ability to improve
the conductivity is then limited. But, among them, Al and Fe
are also shallow p-type dopants, indicating the hole
conduction can be activated. Ti and V are not the best
candidates to improve the electronic conductivity, as they
stabilize the polaron formation and increase the polaron
migration barrier.
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