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The recently discovered lithium-rich cathode material Li;Mn(BOs)s has a high theoretical capacity and
an unusual tetrahedral Mn?* coordination. Atomistic simulation and density functional theory (DFT)
techniques are employed to provide insights into the defect and redox chemistry, the structural changes
upon lithium extraction and the mechanisms of lithium ion diffusion. The most favourable intrinsic
defects are Li/Mn anti-site pairs, where Li and Mn ions occupy interchanged positions, and Li Frenkel
defects. DFT calculations reproduce the experimental cell voltage and confirm the presence of the
unusually high Mn" redox state, which corresponds to a theoretical capacity of nearly 288 mA h g%
The ability to reach the high manganese oxidation state is related to both the initial tetrahedral
coordination of Mn and the observed distortion/tilting of the BOs units to accommodate the contraction
of the Mn—O bonds upon oxidation. Molecular dynamics (MD) simulations indicate fast three-dimensional
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1. Introduction

The implementation of layered LiCoO, as the cathode in recharge-
able lithium-ion batteries heralded the revolution in portable
electronics. Since then, the search for alternative cathode materials
has generated considerable research activity,"® particularly for
large-scale applications such as electric vehicles or grid storage.
Significant interest has focused on materials such as olivine-
structured LiFePO,,"™” where the strong binding in the poly-
anion unit leads to a stable framework with long cycle life and
high safety. Further polyanionic framework systems have been
explored, and several promising candidates have been identified,
including: Li,MSi0,,%° LiMSO,F,'**? Li,MPO,F,"* Li,MP,0,,"*
and Li,M(SO,),">*® (M = Fe, Mn, Ni).

The borate family of cathode materials LIMBO;"">® offer high
capacities due to the low mass of the borate polyanion. Yamada
et al."” demonstrated capacities of about 190 mA h g~ for the
monoborate system LiFeBOj; (theoretical capacity 220 mA h g™ %),
which is considerable compared to LiCoO, and LiFePO, with
theoretical capacities of 272 and 170 mA h g~ ' respectively.”*®
More recently, the new borate system Li;Mn(BOs); with a rare
tetrahedral Mn coordination environment was discovered®’
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lithium diffusion in line with the good rate performance observed.

(Fig. 1), which displays an extremely large theoretical capacity
of ~288 mA h g~" upon extraction of 3 lithium ions per formula
unit. After preparation of nano-composite electrodes, the material
was found to deliver first charge and discharge capacities of about
280 and 154 mA h g~ respectively, and was subsequently cycled
in the range 4.7-1.7 V at 10 mA ¢~ ' h™" with moderate capacity
losses.>” The first charge capacity corresponds to an unusually
high oxidation of manganese from Mn" up to Mn".

However, such redox behaviour in this system is not fully
understood. Indeed, knowledge of the fundamental solid-state
properties at the atomic scale is required to better understand the
factors influencing the electrochemical behaviour of Li,Mn(BO3);.

(a) (b)

Fig. 1 Two representations of the observed crystal structure of Li;Mn(BOs)s
seen along [001]; Key: O-red, B-green, Li-blue, Mn-violet. (a) columns of
MnQy, tetrahedra expanding along the c-axis. (b) complex framework of LiO,
(x = 3, 4, 5) polyhedra (blue) that encloses the MnO,4 columns and is
interconnected through trigonal BOs units (green).
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In this study, well-established atomistic simulation
density functional theory®' ™ (DFT) techniques are employed to
examine key issues related to point defects, Mn redox chemistry
and lithium diffusion. This computational study will provide
useful insights into this promising manganese borate system,
and may trigger renewed interest into the related class of lithium-

rich electrode materials.

2. Methodology

Since this study employs well-established atomistic and DFT
techniques, which are described in detail elsewhere,****” only
a general outline will be given here. The interatomic potentials
comprise a long-range Coulombic term and a short-range com-
ponent representing Pauli repulsion and van der Waals inter-
actions, represented by Buckingham potentials®® of the form

Cij

b (rl-j) = Ajexp (—rl> -—

1
Pij rif® 2

where r;; is the distance between interacting species i and j,
and the exact shape of the potential is determined by potential
parameters 4, p and C. Structure optimisation and defect energy
calculations were performed using the GULP code®® (v4.0). Defect
energies were calculated using the Mott-Littleton scheme,®
where the lattice is partitioned into two regions, with ions located
in an inner sphere being relaxed individually, whilst the outer
region is treated by quasi-continuum approaches.

Lithium diffusion at finite temperature was modelled using
molecular dynamics (MD) with DL_POLY*’ (v4.05). An 8 X 7 x 6
supercell, containing 25 939 atoms, was employed. 10% lithium
vacancies were introduced at random to give a composition of
Lis 3sMn(BOs);. To maintain charge neutrality, a corresponding
excess charge was distributed across all the manganese ions.
The system was allowed to equilibrate for 1 ns, with the main
production runs performed with a 2 fs time step for almost
1 ns. The calculations were conducted at temperatures in the
range of 325-1025 K at intervals of 100 K using the NPT
ensemble with a Berendsen thermostat.*" It is worth noting that
such large supercells and long time-scales are not yet accessible
by ab initio methods. Such potentials-based MD methods are
well established in the simulation of ion diffusion in lithium
battery materials.*>>°

DFT calculations used the plane wave code VASP*" (v5.3.5).
The basis set was converged against the stress, instead of the
forces, due to its higher sensitivity to an under-converged basis
set. A cutoff energy of 800 eV with a k-point mesh density larger
than 0.04 A~ was required to adequately converge the stress
(3 x 3 x 3 grid). PAW pseudopotentials®>® and the PBEsol
exchange-correlation functional®**® were used. Calculations of
various spin configurations found the ferromagnetic state to be
favourable. To account for the strong correlation effects asso-
ciated with the manganese d-electrons, a DFT+U methodology was
used, with an effective Hubbard U= U — J = 5.1 €V (J = 1.0 eV);
this value is in agreement with previous theoretical studies of
Mn-based cathode materials.>®
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DFT-based methods are well-established in examining lithium
insertion/extraction properties of electrode materials,"**> and
have been successfully applied to predict trends in cell voltages.
Upon deriving the correct delithiated structure, the average open
circuit voltage can be calculated using:

v ¢{LiyMn(BO3);} — &{Li,Mn(BO3); } — {7 — x}u{Li}
T—x

(2)

where &{Y} is the total energy of Y and (7 — x) is the amount of
lithium atoms that are extracted per formula unit. In this study,
three lithium atoms per formula unit have been removed to
probe the delithiated structure Li;Mn(BO3);. Several thousand
possible ordering schemes for the Li vacancies were compared
by performing interatomic potentials based structural optimisa-
tion on each configuration. The lowest energy structure obtained
in this way was then optimised again using DFT to obtain the total
energy used in eqn (2). Bulk lithium metal was used to determine
the chemical potential of lithium {Li}, which is standard practice
for cell voltage calculations.

3. Results and discussion

3.1. Structure and intrinsic defect chemistry

The triclinic Li,Mn(BO3); compound has previously been pre-
sented as a new structure type of space group P,>” and contains
Mn”" species in an unusual tetrahedral coordination environ-
ment. The lithium ions sit inside a range of different LiO,
polyhedra with x = 3, 4, 5. The structure (Fig. 1) comprises
pillars of MnOj, tetrahedra linked via borate groups and extending
along the c-axis. Around these pillars expands a complex frame-
work of edge- and vertex-sharing lithium polyhedra, enclosing
additional borate units.

The starting point of the computer modelling study was to
reproduce the experimentally observed crystal structure. The
interatomic potential parameters used in this work are pre-
sented in Table 1. A direct comparison of the calculated and
experimental unit cell parameters is presented in Table 2,
which shows deviations from experiment within 3% and in
most cases much less. There were several structural complexi-
ties to be dealt with while developing the potential model. The
first is a lithium split site,>” which has to be modelled explicitly
in the simulation, removing the inversion centre. Another
challenge was posed by the wide range of individual boron-
and lithium-oxygen bond lengths (d(B-O) = 1.31-1.43 A, d(Li-O) =
1.87-2.21 A).*” Despite the complexity, the potentials-based and
DFT simulations were able to reproduce the observed crystal
structure.

Table 1 Short-range Buckingham potential parameters for Li;Mn(BO=)s

Interaction A (eV) p (A C (ev A%
Li*-0%*~ 638.712146 0.290560 0.00
Mn**-0%*~ 2580.723796 0.277521 0.00
B*-0%" 539.797394 0.340031 0.00
0> -0*" 22764.3 0.149 46.94
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Table 2 Comparison of calculated and experimental®”

meters and mean bond lengths of Li;Mn(BOs)3

unit cell para-

Expt. Calc. (potentials) Calc. (DFT)

a/A 8.3234 8.2814 8.3015
b/A 9.1952 9.4215 9.1935
c/A 11.248 11.539 11.216
a/° 71.495 69.926 71.639
BI° 79.525 79.953 79.686
/° 71.368 71.193 71.400
Li-O/A 1.99 2.03 1.98

Mn-O/A 2.05 2.07 2.06

B-O/A 1.38 1.31 1.39

Atomic-scale insight into the defect chemistry of cathode
materials is essential to better understand their electrochemical
performance. The determination of formation energies of Frenkel-
and Schottky-type defects in the Li,Mn(BO3); compound required
the calculation and subsequent combination of a series of isolated
point defect (vacancy and interstitial) energies. A general Kroger-
Vink representation of the relevant defect equations is given
below:

Li Frenkel: Lij, — Vi, + Lif (3)
Mn Frenkel: Mngy, — Vi, + Mn* (4)

Schottky: 7Lij; + Mngy, + 3By + 905 .
— TV, + Vi, + 3VE +9VE + Li;Mn(BOs),

In addition, the Li/Mn “anti-site” pair defect was investigated,
which involves a Li* ion (radius 0.76 A) and a Mn?" ion (radius
0.83 A) exchanging positions, according to:

Li/Mn anti-site: Lij; + Mngj, — Liy, + Mnj; (6)

This type of defect is worth considering because Li/M anti-site
or cation exchange effects have been observed in other poly-
anionic materials such as LiFePO,.”® Such disorder can inhibit
long-range lithium migration in systems with low dimensional
lithium-ion diffusion.

The formation energies of all these types of intrinsic defects
are presented in Table 3, from which several conclusions can be
drawn. First, the high energies associated with the occurrence
of Mn Frenkel and Schottky defects suggest that such intrinsic
disorder is not significant in this system. Second, the most
favourable types of defect in Li,Mn(BOj3); are predicted to be the
Li/Mn anti-site pair and Li Frenkel disorder, with the low energy of
the cation intersite exchange being in line with calculations in an
earlier study of LiFePO,.”® The concentration of anti-site disorder
would be temperature sensitive and consequently depend on
experimental synthesis conditions. Finally, the low formation

Table 3 Energies of intrinsic defects in Li;Mn(BOs)3

Disorder type Eqn Energy/eV
Li Frenkel (3) 0.35
Mn Frenkel (4) 2.05
Schottky (5) 51.02
Li/Mn anti-site (6) 0.44
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energies of lithium interstitial defects indicate a certain degree
of flexibility of the lithium framework, which is an interesting
property for an intercalation system.

3.2. Mn redox activity

Stable Mn" oxides are relatively rare. Examples include Li;MnQ,,””®

Ba;Mn,0g,”° brownmillerite®® Ba,In,_,Mn,Os_, and a number
of Mn-doped apatite and spodiosite arsenates, phosphates and
vanadates.®*®* In all these compounds a tetrahedral MnO,*~
coordination environment is observed. One rationale behind
this is that the small size of the Mn" ion (ionic radius 0.47 A)
makes octahedral coordination unfavourable. From ligand field
theory®®®? it is known that coordination has a strong influence on
the redox chemistry. The t, and e energy levels of the d-orbitals in
tetrahedral coordination are high in energy and closely spaced.
Oxidation from Mn*" to Mn®" can occur almost as readily as
oxidation from Mn** to Mn*". By contrast, in octahedral coordina-
tion, the e, and t,, orbitals are lower in energy and more widely
spaced. Significant energy is required to oxidise Mn** to form
octahedrally coordinated Mn>". For this reason there are no stable
Mn" oxides reported with manganese in octahedral coordination.
For battery applications this suggests that to reach higher oxida-
tion states of manganese, and hence higher capacities, the parent
structure must contain tetrahedrally coordinated manganese
prior to lithium extraction.

Such a tetrahedral Mn coordination environment is found in
Li;Mn(BO;); and it facilitates the oxidation of manganese from
Mn" up to Mn". The first charge capacity has been reported as
~280 mA h g™, corresponding to the removal of around three
lithium ions per formula unit.”

A key issue in transition metal redox chemistry is “redox
stress”: as the transition metal is oxidised the transition metal
to oxygen bonds shorten and introduce stress into the structure
which can cause severe distortion. It was suggested®” that in
Li;Mn(BO;); the Mn oxidation states as high as +5 may be
stabilised by the borate network compensating for redox stress.
To investigate this unusual redox activity, ab initio DFT calcula-
tions were carried out on both the lithiated and delithiated
structures. The calculated and experimental unit cell para-
meters and mean bond lengths of the lithiated structure are
given in Table 2 and show good agreement with experiment,
with differences within 0.8% of experiment.

Using the computed total energies of both the lithiated and
the delithiated structures, it is possible to calculate the voltage
for the following reaction (employing eqn (2)):

Li,Mn"(BO3); — Li;Mn"(BOs); + 3Li" (7)

The calculated cell voltage of 4.1 V is in excellent agreement with
the experimentally observed average voltage during first charge
(x4 V).*’ Furthermore, analysis of the electronic structure
reveals that on lithium extraction the spin on each Mn atom
decreases from 5 to 2, indicating a d°-d” transition corre-
sponding to oxidation from Mn"" to Mn". These results suggest
two important features: (i) the as-synthesised bulk structure
remains in place during the first cycle. (ii) on the first cycle the
+5 oxidation state of Mn is obtained.

Phys. Chem. Chem. Phys., 2015, 17, 22259-22265 | 22261
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Table 4 Calculated (DFT) B-O and Mn-0O mean bond lengths, and Baur
distortion of the BOs units in Li;Mn(BO=)s and delithiated Li;Mn(BO3)3

Mean B-O Mean Mn-O B-O distortion
Compound bond length/A  bond length/A  coefficient x 10>
Li,Mn(BO;);  1.39 2.06 1.2
Li;Mn(BO;);  1.39 1.95 5.3

To further understand the stabilisation of such an unusually
high redox state, the DFT structural data was analysed. It has
been suggested that distortions within the BO; framework could
be present to accommodate the redox stress.”” To examine this,
the Baur distortion coefficient®

(®)

was computed. Here, /; is the distance from the central atom to
the ith coordinating atom, and [, is the mean bond length to
n coordinating atoms. The data in Table 4 shows that upon
delithiation, a number of BO; units experience strong distortions
whilst keeping their trigonal-planar shape. This combination of
distortion and tilting within the borate framework seems to help
accommodate the redox stress.

The changes in the Mn polyhedra are also important. In
most polyanionic systems, oxidation of the transition metal
leads to large contractions of the M-O bonds (M = Fe, Mn, Co,
Ni). For example, in the Li,Mn(SO,), material the Mn-O mean
bond length in the MnOg octahedra decreases by ~7% during
oxidation from Mn" to Mn"™.** Here, the mean bond length
contracts by ~5% during much greater oxidation, from Mn" to
Mn" (Table 4). This suggests that less stress is introduced into
the system upon oxidation of tetrahedrally coordinated Mn.
However, there are major changes to the Mn coordination as
lithium is removed and the BO; units tilt and rotate. The result
is that half of the Mn polyhedra become square pyramidal or
trigonal bipyramidal (delithiated structure presented in Fig. 2).
This has a significant effect on the electronic structure. To
illustrate this, the electronic density of states (DOS) has been
computed and is presented in Fig. 3. For Li;Mn(BOs); the DOS
contains a large band gap of around 5 eV, consistent with the
known insulating behaviour and as expected for a tetrahedral
crystal field splitting. In Li,Mn(BO;);, however, the band gap is
not present since the unoccupied d-states are shifted up in energy.
The change in coordination from tetrahedral to pyramidal thus
removes the crystal field splitting. An interesting consequence of
this is that Li,Mn(BO3); is predicted to change from electronically
insulating to (semi)-metallic on delithiation to form Li,Mn(BO3);.

These significant coordination changes in the Mn polyhedra
could partly explain the capacity loss of almost 50% reported
after the first cycle®” since they may prevent the structure from
re-admitting all lithium ions upon discharge. A number of other
factors could also cause the capacity fade, including structural
disintegration, amorphisation and thermal decomposition via
the release of O,. For example, recent work by Ceder et al.®® has
suggested that in transition metal borates the temperature at
which O, is released drops from around 500 °C for transition

22262 | Phys. Chem. Chem. Phys., 2015, 17, 22259-22265
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Fig. 2 Calculated (DFT) delithiated crystal structure of LizMn(BO3)s seen
along [001]; key: O-red, B-green, Li-blue, Mn polyhedra-violet.

101 Mn d-orbitals

— Mn s,p-orbitals

E-E; (eV)

=h

Li; Mn(BO, ), Li,Mn(BO, ),

30 20 10 0 10 20 30
DOS (states/eV)

Fig. 3 Manganese electronic density of states in Li;Mn(BOs)s
Li4Mn(BO3)3 (I’Ight)

(left) and

metals in a +3 oxidation state to around 250 °C for transition
metals in a +4 oxidation state. It seems likely that for Mn" the
O, release temperature could be even lower, perhaps within the
typical operating temperature of the battery, which warrants
further study as well as possible disproportionation®” of Mn"
into other oxidation states.

To summarise, although it is difficult to isolate the impact of
individual structural features upon the voltage, it would seem
that the initial tetrahedral coordination of Mn together with the
distortion and tilting offered by the BO; units both act to
minimise the redox stress and allow for higher Mn oxidation
states to be stabilised; this allows more lithium to be extracted
and higher electrode capacities to be reached. However, changes
in the Mn coordination environment may inhibit subsequent
lithium intercalation, in line with the dramatic capacity loss
observed on first discharge.””

3.3. Lithium-ion diffusion

Knowledge of Li-ion transport properties is vital for a better
understanding of electrode kinetics in potential cathode materials.
In this study, MD calculations over long simulation time scales
were performed for the Li,Mn(BO3); system for a range of
temperatures.

This journal is © the Owner Societies 2015
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Fig. 4 Arrhenius plot of the lithium diffusion coefficient (D) for Lig sMNn(BO3)s.

First, the mean squared displacements (MSDs), {[r(¢)]*), of
lithium ions have been calculated. Examples of these are pre-
sented in Fig. S1 (ESIt) and indicate significant lithium-ion
diffusion in this system. The lithium ion diffusion coefficient (Dy;)
was determined from the MSD data for a number of different
temperatures. There is currently no experimental conductivity
data available for this system. However, the calculated Dy;
value, of the order of 107° cm® s at 325 K, is in agreement
with other electrode materials, such as the conventional
cathode LiCoO, and its solid solution derivative Li(Ni,Mn,Co)O,,
for which experimental lithium diffusion coefficients between
107" and 10® ¢cm® s ' have been reported for comparable
temperatures.®””°

The data is presented as an Arrhenius plot (InD vs. 1/T) in
Fig. 4, from which an estimation of the migration activation
energy (Eaet) can be derived. The resulting activation energy of
0.25 eV suggests considerable Li-ion mobility in this system,
which is in line with its good rate capability found by experi-
mental investigations.?”

A key property of any electrode material is the dimension-
ality of lithium diffusion. Systems with lithium movement con-
strained to 1D channels often need careful control of particle
morphology to reduce the influence of blocking defects on the
electrode rate capability and systems with 3D lithium migration
offer advantages. Scatter or density plots of the locations of Li
ions during MD simulations are a powerful tool to visualize the
most frequently traversed trajectories inside the lattice. Density
plots of a section of the simulation cell are shown in Fig. 5. The
diffuse distribution of lithium ion positions, overlapping to
form a coherent network of migration paths expanding in all
three dimensions, indicates the presence of 3D lithium diffu-
sion in the Li;Mn(BO;); cathode material. Observation of the
lithium motion in Li,Mn(BOs); reveals that the diffusion is
cooperative whereby the motion of one lithium ion affects
nearby ions causing several ions to move in each event, which
might be a consequence of the high lithium density in this
material. Finally, as noted, Li/Mn anti-site pairs are expected to
be present in the compound. These anti-site defects are not
expected to significantly inhibit long-range lithium migration
since the 3D network of diffusion trajectories allows lithium
ions to bypass “blocked”” migration pathways and substantially
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Fig. 5 Lithium density plots from MD of a section of the supercell — in
(a) seen along [001] and in (b) along [100] — with migrating lithium ions
(blue) visualised superimposed over the initial configuration of Li;Mn(BO3z)s,
indicating 3D lithium diffusion. Key: tetrahedral MnOy4 (violet), trigonal BO3
(green).

diminishes the impact of such disorder on the electrode’s
rate capability.

4. Conclusions

This study of the Li-rich battery material Li,Mn(BO;); has
employed well-established atomistic simulation and DFT tech-
niques to provide deeper fundamental insight into the defect
and redox chemistry, and the mechanisms of lithium diffusion.
The main findings can be summarized as follows:

(1) A new interatomic potential model successfully repro-
duces the observed complex structure of Li,Mn(BOj3); with its
unusual tetrahedral Mn** coordination. The most favourable
intrinsic defects are Li/Mn anti-site pairs, where Li" and Mn**
ions exchange positions, and Li Frenkel disorder, indicating a
certain degree of flexibility of the lithium framework. The
degree of disorder would be sensitive to synthesis conditions
and thermal history.

(2) Molecular dynamics (MD) simulations reveal a low
migration activation energy (x0.25 eV) and 3D lithium diffu-
sion. These results are consistent with the good rate capability
found by electrochemical measurements. The presence of a
coherent 3D network of migration pathways reduces the influ-
ence of “channel blocking” anti-site defects.

(3) For the lithium extraction process from Li;Mn(BOj3); to
Li,Mn(BO;); DFT calculations derive a cell voltage of 4.1 V, in
good agreement with the experimental voltage during first charge
(*~4 V). The results indicate the activation of the unusual Mn"
redox state. On lithium extraction to form Li;Mn(BO3); a 5%
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contraction of the Mn-O bonds is found, together with distor-
tion and tilting of the BO; units, which relieves the redox stress
and allows the higher oxidation state (and higher capacity) to
be reached. However, during this lithium extraction, half of the
Mn tetrahedra become square pyramidal or trigonal bipyramidal;
these structural rearrangements may impede subsequent inser-
tion of lithium back into the structure and could be the cause of
the significant capacity loss observed after the first cycle.
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