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ABSTRACT: To elucidate the microscopic origin of the difference
behaviors, first-principles calculations were performed to investigate the
thermal and mechanical stabilities of Li FePO, and Li MnPO,. The calculated
free energies suggested that LiFePO, and LiMnPO, are thermal stable with
respect to relevant oxides both in their pristine and fully delithiated states.
According to the calculations, it can be identified that the shear deformations
are more easier to occur with respect to the volume compressions in
Li,FePO, and Li,MnPO,, and this phenomenon is related to M—O(I) and
M—O(II) bonds. Typically for MnPO,, Li* extraction from the host
structures further weakens the Mn—O(I) bonds by about 33%, and it thus
becomes very brittle. The shear anisotropy (Ag) of MnPO, is abnormally
large and has already reached 19.05 %, which is about 6 times as large as that
of FePO,. Therefore, shear deformations and dislocations occur easily in
MnPO,. Moreover, as the Mn—O(I) bonds in MnPO, are mainly spread
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within the {101} and {101} crystal planes, the relevant slip systems thus allow the recombination of bonds at the interfaces,
leading to the experimentally observed phase transformation. It can be concluded that mechanical reason will play an important

role for the poor cycling performance of MnPO,.
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1. INTRODUCTION

Lithium-ion batteries have continuously gain scientific and
commercial concerns in the present age of portable electronics
and electric transportation.' > The main efforts are to optimize
several factors, including the energy density, rate capability,
economy, safety and sustainability.” To achieve these goals,
there have been intensive researches for new materials with
promising electrochemical capacity for use as cathodes.
Recently, olivine-type LiMPO, (M = Fe, Mn, Co, and Ni)
cathode materials have been proved to be one promising
candidate class for lithium-ion batteries due to their low cost,
large energy density, and particularly high thermal and
electrochemical stabilities.””® However, LiCoPO, and LiNiPO,
are still difficult to be used in conventional electrolytes at the
moment due to the high voltage plateaus close to 4.8'° and 5.1
V.!' LiFePO, and LiMnPO, offer a moderate redox potential of
34 and 4.1 V vs Li*/Li, which are considered to be the
maximum accessible limit to most liquid electrolytes. Therefore,
phosphor-olivine-type LiIMPO, (M = Fe, Mn) compounds have
attracted much research and technological interests, and many
researches are now focused on the olivine LiFePO, and the
more challenging LiMnPO,."* But their sluggish kinetics
significantly hindered the application. LiFePO, cathode in
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principle satisfies the main requirements for a cathode material,
but the intrinsically low ionic/electronic conductivity and small
tap density were addressed as major problems to be solved
before it could be deployed on a commercial scale.">”'°
Previous studies of LiMnPO, suggested numerous limitations
related to its intrinsic electrochemical properties, such as poor
electronic conductivity,'® the instability of MnPO,," the
distortion of the Jahn—Teller active Mn** ion,"® and the large
volumetric change between LiMnPO, and MnPO, during
charge/discharge processes.'” Despite of the above pioneer
works, however, a clear understanding about the microscopic
origin of these effects have not yet been achieved. In the
meantime, first principles computation methods have showed
superiority in developing and optimizing new energy storage
and conversion materials, and the predictions of the material
properties are also possible thanks to the density functional
theory (DFT).***' To determine some structure-performance
relationship of LiMPO, (M = Fe, Mn), detailed and
systematical theoretical investigations are still very urgent.
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Except of the structure—performance relationship, another
important criteria for successful implementation of a cathode
material is safety, which is usually related to the structural
stability of materials. In general, the unstable compounds are
easily decomposed due to the thermal reasons. The unstable
lattice vibrations (phonons) can also cause a phase trans-
formation, as well known in the soft mode theory. Under
external stress, deformations are also available, and the
materials would sometimes become mechanically unstable if
the condition is appropriate. These factors together govern the
structural stability of a compound. In LIBs, it is expected that
the host structures of cathode materials should be as stable as
possible, because this character may help the cathode to
maintain excellent cycling performance and safety. Although it
is well known that LiFePO, and delithiated FePO, have high
thermal stabilities, MnPO, is believed to be highly unstable. It
is reported experimentally that MnPO, transforms into
Mn,P,0, at 120—210 °C with evolution of O,.** But some
recent reports argue that no evidence is found that MnPO, or
[MnFe]PO, have lower thermal stability than FePO,>* The
exothermal reactivity of de-lithiated olivine phase materials was
found to follow the order, Li;;MnPO, > Lij;,sMn, ¢Fe,,PO, >
LigosFePO, while using 1 M LiPFs in EC:DMC as the
electrolyte, whereas the above trend was reversed while using 1
M LiPF, in EC/ PC.* To clarify the issue, in this paper, it is our
target to contribute understanding towards the relationship
among geometries, thermal and mechanical stabilities, and
bonding characteristics of the compounds, and to discuss the
microscopic origin for the different behaviors of Li, MPO, (M =
Fe, Mn).

2. THEORETICAL AND COMPUTATIONAL DETAILS

The calculations were performed by means of the CASTEP
package in the density functional theory (DFT) framework.**
The Perdew-Wang generalized gradient approximation form
(GGA-PW91)** of the exchange correlation energy has been
used within its spin-polarized version. To deal with the strong-
correlated systems, the Hubbard U parameter was tested as
shown in Figure 1, and then introduced in relevant calculations.
During the calculations, the plane-wave technique was
employed and the energy cutoff was set to 380 eV. To obtain
a good numerical sampling of electron densities in Brillouin
zone, a Monkhorst-Pack mesh® (3 X 4 X 5) was applied. The
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Figure 1. Relationship between intercalation voltage and Hubbard U
values.

original valence configurations for the ultrasoft pseudopoten-
tials were 2522p4 for O, 3523p3 for P, 3d°4s? for Mn, 3d%s? for
Fe, and 1s®2s' for Li. For the geometry optimization, a
Broyden—Fletcher—Goldfarb—Shanno (BFGS) algorithm27
was used, and the optimization procedure was repeated until
the force on each atom was less than 0.05 eV-A™". This set of
parameters also ensured that the total energy of system can be
accurately evaluated, and the energy convergences of systems
are within 1.0xX10° eV-atom™".

The calculation models for olivine structure LiFePO, and
LiMnPO, were shown in Figure 2. Their space groups are both

LiFePO4

LiMnPO4

Figure 2. Calculation models for olivine structure LiFePO, and
LiMnPO,.

Pnma containing four formula units. The Li and Fe are located
in octahedral sites and P is located in tetrahedral sites with a
distorted hexagonal close-packed framework. A MO4 (M = Fe,
Mn) octahedron is edge shared with two LiOg octahedrons and
one PO, tetrahedron, and there is no continuous network of
MOg (M = Fe, Mn), and the PO, tetrahedron is in the middle
of the octahedral. Within the crystal structure, there is a one-
dimensional tunnel formed by the edge shared LiOq
octahedrons, and the Li* are mobile in this tunnel.

3. RESULTS AND DISCUSSION

3.1. Geometries, Intercalation Voltages, and Thermo-
dynamic Properties. All optimized lattice constants, together
with the experimental values taken from refs 28—30 are listed in
Table 1.

The differences between calculated and experiments values
are found to be small, indicating that the theoretical method
applied is moderate. When lithium deintercalates from the
cathode, a and b axes slightly decrease while ¢ axis increases,
which is consistent with the experimental findings. The volume
change of LiFePO, upon de/lithiation is calculated to be about

Table 1. Optimized Geometries and Intercalation Voltages
of LiMPO, (M = Fe, Mn; x = 0, 1)

voltage (vs Li/

a (A) b (A) ¢ (A) vV (A3) Li*)
LiFePO, 10339 6029 4725  294.565 3.52°
exptl?® 10323 6.005 4693 290917
FePO, 9949 5994 4903  292.387
exptl.” 9.8142 57893 4782 271982
LiMnPO, 10573 6185 4784  312.802 4.03°
exptl* 10452 6.105 4745 302.776
MnPO, 9918 6051 4927 295735
exptl.* 9.947 5918 4781  281.440

“GGA+U method was applied.
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Table 2. Calculated Formation Enthalpies (in kJ'mol") and Gibbs Formation Energies (in kJ'mol ") of Some Cathode Materials

compounds AH, o
LiFePO, —1682.36

FePO, —1343.13

LiMnPO, -1835.11

MnPO, —1446.58

LiCoO, —670.90 (—679.40)°
Co0, —262.28

LiNiO, —587.91 (—593.00)°
NiO, —186.28

LiMn,O, —1380.77 (—1380.90)°

Mn,0, —1118.70

AGpa® AE® A G

—1569.47 —287.51

—1230.24 339.23 —142.05 (206.89)7

—1722.21 —297.79

—1333.69 388.53 —103.41 (152.34)
—628.79 —133.54 (—142.54)°
—238.44 390.35 —24.24
—541.35 —48.76 (=56.21)¢
—158.02 383.33 53.52

—1268.62 —81.87 (—82.47)¢

—1008.92 249.6 —78.64

“Gibbs formation energies from elements. (Elemental phases were taken as reference points.) “Changes of Gibbs formation energies from elements
due to Li* extraction. “Gibbs formation energies from oxides. The absolute values correspond to the Gibbs free energies of relevant decomposition
reactions (Oxides were taken as reference points.). MO (M,05) is the favorable decomposition product for LIMPO, (MPO,). 4Gibbs free energy for
the decomposition reactions, MPO, — 0.5 M,P,0; + 0.25 O,. “Experimental formation enthalpies (AH,, ) are taken from refs 39—41.

1%, which not only guarantees its good structure stability but is
also helpful for improving the cycling reversibility. For
LiMnPO, compound, it exhibits a larger volume change
(~6%) between the two-end phases. Although the calculated
volume changes for LIMPO, (M = Fe and Mn) compounds are
smaller than the reported experimental values,*”*! the trend is
identical. Meethong et al. suggested that the misfit at the phase
boundary between Li-rich and Li-poor phases for LiMnPO,
(~10%) is larger than that for LiFePO, (~6.6%) because of the
Jahn-Teller effect of Mn* ions.>

To obtain the intercalation voltage, a rather crucial quantity
for lithium ion batteries, we have performed some relevant
calculations. As we know, the electrochemical reaction of
LiMPO, (M = Fe, Mn) cathode can be explained as follows:

Li, MPO,(s, Pnma)

ha
& Li, MPO ), (s, Pnma) + (x, — xl)Ll
discharge
+ (%, — x))e (1)

The open-cell voltage depends on the chemical potential of
lithium in a lithium anode and that in an olivine-type lithium
phosphate cathode

cathode( ) _ Anode

Vix) =~ F @)

where F is the Faraday constant; p{3"°%(x) is the chemical

potential of Li in the intercalation compounds; "% is the
chemical potential of metallic Li, and n is the charge (in
electrons) transported by lithium through the electrolyte. To
obtained the voltage averaged over the charge states between x,
and x,, eq 2 can be rewritten as

V ) /'xz( cathode ﬂli)dx B AGr
(%, = xl)F (%, — x)F (3)

Because the entropy change and volume effect of solid materials
(AG, = AE, + PAV, — TAS,) are very small and usually can be
neglected, the calculations are significantly simplified by further
approximations, and AG, thus can be replaced by the change of
internal energy (AE,).* eq 3 can be rewritten as>>>*

_ AG,
V) = - (xy — x)F

_ [B(xy) = E(x)] = [(xy — ) E(Li)]
(%, — %) 4)

where E(x) is the total energy of Li, MPO, (x, > ;). To obtain
the average voltage, the total energy of lithium metal (solid,
Im3m) is needed, and the correspondmg total energies and
standard state experimental data® of other relevant substances
can be found in Table S1 of the Supporting Information (SI).
According to eq 4, the average intercalation voltages for
Li FePO, and Li,MnPO, are calculated to be 3.52 and 4.03 V
at the range of 0 < x < |, respectively, while the experimental
values for LiFePO, and LiMnPO, are reported to be about
3.5% and 4.1 V.¥ Our calculated values are quite consistent
with the experimental ones.

Except of the intercalation voltage, the thermodynamic
stability is another very important quantity for the solid state
electrode materials. Especially in lithium ion batteries, such a
quantity is usually associated with the cycling performance and
safety issue.®® To evaluate the thermodynamic properties of
LiMPO, (M = Fe, Mn) cathode, the Gibbs formation energies
(AfGyye) from elements and the Gibbs formation energies
(A/G,.x) from oxides were calculated. The thermodynamic
reactions and computational algorithms are given in detail in SL
Table 2 listed the calculated enthalpies and free energies of
some cathode materials. It can be found that the Gibbs
formation energies of LiFePO, and LiMnPO, from element
phases are calculated to be —1569.47 and —1722.21 kJ-mol ",
respectively. The Gibbs formation energy of LiMn,O, from
elements (—1268.62 kJ-mol™") is also very negative. For
LiCoO, and LiNiO,, their Gibbs formation energies from
elements are much less exothermic. The result seems suggest
that LiFePO,, LiMnPO, and LiMn,O, are much more
thermodynamically stable than LiCoO, and LiNiO,. However,
Ong and Ceder have proposed a theoretical method to
investigate the full thermodynamic phase diagram of some
cathode materials, and it is pointed out that a negative
formation energies relative to elemental phases is not sufficient
to prove that a material is thermodynamically stable,**
because the cathode materials may decompose into oxides
rather than the element phases during the working process. In
this circumstance, the reaction free energies of relevant
decomposition reactions (Gibbs formation energy from oxides)
are more reasonable and preferred.

dx.doi.org/10.1021/am4054833 | ACS Appl. Mater. Interfaces 2014, 6, 4033—4042
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The Gibbs formation energies of the cathode materials from
oxides (A,G,, ), defined as the free energies that are released
when the oxides react to form corresponding cathode materials,
were also listed in Table 2. For LiFePO, and LiMnPO,, the
Gibbs formation energies from oxides are —287.51 and
—297.79 kJ-mol ™" respectively, which are much less exothermic
than their values from elements (A;G, ). This result
suggested that LiFePO, and LiMnPO, are hard to decompose
into element phases, while they can decompose into relevant
oxides much easier during the charge/discharge process. For
LiCoO,, LiNiO,, and LiMn,O, compounds, the values from
oxides are —133.54, —48.76, and —81.87 kJ-mol ™", respectively.
The result identified that LiMn,O, is less thermodynamically
stable with respect to its corresponding oxides than LiCoO,,
although it has a much negative Gibbs formation energy from
elements. Furthermore, as the Gibbs formation energies of
LiFePO, and LiMnPO, from oxides are more exothermic than
those of LiCoO,, LiNiO,, and LiMn,Q,, it can be deduced that
LiFePO, and LiMnPO, are more thermodynamically stable
with respect to their oxides than LiCoO,, LiNiO,, and
LiMn,0O, compounds.

During the charging process, Li* will deintercalate from the
cathode, while the electrons will transfer through the external
circuit to the anode. The structural changes in cathode
materials lead to variable thermodynamics properties. Accord-
ing to similar algorithms, the Gibbs formation energies of
FePO, (Pnma) and MnPO, (Pnma) from elements were
calculated to be —1230.24 and —1333.69 kJ-mol "/, respectively.
In comparison to LiFePO, and LiMnPO,, the calculated Gibbs
formation energies from elements increase respectively by
about 339.230 and 388.527 kJ-mol™". Such differences are also
found in LiCoO,, LiNiO,, and LiMn,O, compounds and
mainly originated from the chemical bonds between Li and O
ions. For the Li,O pure ionic compound, the Gibbs formation
energies is —562.104 kJ-mol™,** and the bond energy of one
pure Li—O ionic bond is thus about —281.052 kJ-mol™". In
LiMPO,, compounds, lithium ions are six coordinated with O
(LiO4 octahedron), while they are four coordinated with O
(LiO, tetrahedron) in Li,O. Therefore, it is not difficult to
image that the Gibbs formation energy change of MPO, from
elements with respect to LiMPO, is slightly larger than the
bond energy of pure Li—O ionic bond. And lithium should exist
in LIMPO, compounds as pure ions.

Furthermore, it should be noted that Li* extraction from the
host structure can also lead to an increase of the Gibbs
formation energies from oxides. For FePO, and MnPO,, the
values have increased by about 145.46 and 194.38 kJ-mol ™", but
they can remain much negative. Therefore, FePO, and MnPO,
are still thermodynamically stable with respect to their oxides.
However, the situations in CoO, and NiO, compounds are
different. The Gibbs formation energy of CoO, (R3m) from
oxide (—24.24 kJ-mol™") is very close to zero, while the value
(53.52 kJ-mol™") for NiO, (R3m) has already become positive.
The results indicated that layered CoO, (R3m) is relatively
unstable with respect to relevant oxides, while NiO, (R3m) will
decompose into nickel oxide (Fm3m) spontaneously. As a
result, oxygen evolution in the two compounds can be
anticipated, as it has been often observed in experiments.**
Our calculated Gibbs free energies of relevant decomposition
reactions confirmed that the thermodynamic stabilities of
LiMPO, and MPO, (M = Fe, Mn) relative to their oxide forms
are good. It can be expected that their cycling performances
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would be also good, and they may be suitable for high safety
battery applications.

Experimentally, it has already been confirmed that LiFePO,
and FePO, have high thermal stabilities and they also exhibit
excellent cycling stabilities.>’ For LiMnPO, and its derivatives,
there are still some controversies. It is reported that FePO, is
stable up to 500—600 °C in air without losing oxygen,** and it
is once believed that the charged MnPO, compound would
match the excellent thermal stability of FePO,. However, some
recent investigations have cast doubt on this assumption by
demonstrating the decomposition of MnPO, into Mn,P,0; at
120-210 °C with evolution of 0,>** This seems in stark
contrast to FePO,, and oxygen evolution during decomposition
at elevated temperatures would limit the use of LiMnPO, as a
cathode because it raises critical safety problems. However,
relying on differential scanning calorimetry (DSC), thermo-
gravimetric analysis coupled with mass spectrometry (TGA-
MS), powder X-ray diffraction (XRD), and high-resolution
scanning electron microscopy (HRSEM) techniques, Martha
and coworkers have performed comparative studies of pristine
LiMPO, (M = Fe, Mn, MngsFe,,), LCoO,, Li-
Nij3Cog15Aly 05O, and their electrochemically delithiated
counterparts before and after heating to 400 °C, and they
could not find pronounced differences in the thermal behavior
of LiFePO, and LiMnPO, compounds at both fully lithiated
and delithiated states.*” They suggested that LiFePO, and
LiMnPO, cathode materials have comparable thermal stability
in their pristine and fully delithiated states, and no evidence is
found that MnPO, or [MnFe]PO, have lower thermal stability
than FePO,.*’

Although the Gibbs formation energies of MPO, (M = Fe,
Mn) from oxides are very close and both negative, the phase
transformation for MnPO,, is indeed observed in experiments.*®
To provide some relevant information, the reaction free
energies for the decomposition pathways, MPO, — 0.5
M,P,0, + 0.25 O,, were also calculated (Table 2 and Table
S2 of SI). The result indicated that the decomposition reaction
from MnPO, to Mn,P,0, is endothermic (152.34 kJ-mol™),
and the counterpart reaction for FePO, compound (206.89 kJ-
mol™!) is more difficult to occur, which is well consistent with
experimental findings. It should be noted that except of the
thermodynamic reasons, there are still some other possibilities
that can cause a phase transition. Especially in lithium ion
batteries, the repeated intercalation or deinterclation of Li*
from the cathode usually result in local stress and strain within
the interior of the crystal particles. Excellent reversibility
requires that the cathode materials can sustain good structures
at specific deformation and remain mechanically stable under
stress. To investigate the mechanical behaviors of the two end
structures, we have performed some calculations, as discussed
below.

3.2. Mechanical Properties of LiMPO, and MPO, (M =
Fe, Mn) Compounds. The mechanical response of an
electrode material to the stress fields intimately depends on
the material’s intrinsic elastic properties. When the cathode
materials became mechanically unstable under deformations,
phase transition may occur, leading to the degradation of the
batteries. Therefore, it can be anticipated that there is an
important relationship between the mechanical stability and
cycling performance during the charge—discharge process. To
obtain the knowledge of elastic properties, the elastic stiffness
(C;) and compliance (S;) constants should be calculated first.
The algorithm for calculating the mechanical properties is

dx.doi.org/10.1021/am4054833 | ACS Appl. Mater. Interfaces 2014, 6, 4033—4042
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Table 3. Calculated Elastic Constants (in GPa) of Li, MPO, (M = Fe, Mn; x = 0, 1) Compounds

Cn Ci Cis Cyp
LiFePO, 140.22 69.87 58.84 187.40
ref 51 138.90 72.80 52.50 198.00
FePO, 182.38 27.62 66.65 115.53
ref 51 175.90 29.60 54.00 153.60
LiMnPO, 127.49 68.87 48.24 156.73
MnPO, 99.62 -36.09 21.19 166.07

Cy Cy3 Cu Css Ces
49.76 174.16 39.04 45.70 44.99
45.80 173.00 36.80 50.60 47.60
13.34 131.60 31.49 48.26 44.15
19.60 135.00 38.80 47.50 55.60
42.60 151.16 32.82 37.24 39.52
—10.60 73.57 16.96 48.71 17.93

Table 4. Bulk Modulus (B, in GPa), Shear Modulus (G, in GPa), Young’s Modulus (E, in GPa), and Poisson’s Ratio (v) for

Polycrystalline Li MPO, (M = Fe, Mn; x = 0, 1) Compounds

By By B Gy
LiFePO, 94.55 95.41 94.98 45.93
ref 51 93.00 94.70 93.90 47.20
FePO, 64.85 71.64 68.25 43.36
ref 51 72.70 74.50 73.60 50.30
LiMnPO, 83.36 83.87 83.62 38.78
MnPO, 31.49 32.03 31.76 27.90

Gy G B/G E v
47.50 46.72 2.04 120.41 0.289
49.60 48.40 1.92 123.90 0.280
46.24 44.80 1.52 11027 0231
52.50 51.40 1.45 125.00 0220
4030 39.54 213 102.46 0.296
41.04 34.47 092 75.94 0.102

showed in SI, while the calculated elastic constants of Li, MPO,
(M = Fe, Mn; x = 0, 1) compounds are listed in Table 3.

Born and Huang™ have systematically investigated the lattice
mechanical stability and formulated the stability criteria in
terms of the elastic constants C;, and they pointed out that the
criterion for a mechanically stable lattice requires that the
elastic energy density be a positive definite quadratic function
of strain. For orthorhombic crystals, the specific criterions
related to the elastic constants (SI) should be further
considered.**°

It can be found that the mechanical stability conditions are
satisfied for both LiFePO, and FePO,. Our calculated results
are also highly in accordance with the GGA+U values obtained
by Maxisch.* Usually, C,;, C,,, and Cs; measure respectively
the g, b, and ¢ directional resistance to the linear compressions,
while C,y, Cg, and Cg are related to the shear resistance
regarding to the {100}, {010}, and {001} planes, respectively.
The values from Table 3 clearly showed that C,;, C,,, and Cy
are much larger than Cyy, Css, and Cgq in Li,FePO,. The result
indicated that the resistance of materials against uniaxial
tensions is rather strong, while the shear deformations are
much easier to occur. When Li* is deintercalated from the
cathode, C,,, Cj3, Cy,, and C,; decrease obviously while C;,
increases by about 42.16 GPa in FePO,. This anomaly is also
observed by Maxisch et al,>' and they proposed that under a
compression along a axis, the PO, tetrahedrons are slightly
rotating while moving towards the unoccupied lithium sites,
leading to an increase of C,;. Although each C; value of
LiMnPO, decreases slightly with respect to LiFePO,, its elastic
constants show rather similar characteristics, which implies that
the bonding features of the two compounds would be
analogous. Nevertheless, different from FePO,, Li" extraction
from LiMnPO, results in an entirely different set of elastic
constants. Except of Cy, and Cs;, other C;; values in MnPO, are
all reduced, and Cj, and C,; even turn into negative. Such an
abnormality suggested that the bonding characteristics of
MnPO, would be changed significantly.

Despite of the elastic constants, there are still many
quantities that can further describe the mechanical properties
of a crystal. At present, the cathode materials are usually
synthesized as sintered powder, and larger single crystal is
barely used in batteries not only because of the preparation
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difficulties but also because of its poor electrochemical
activities. As the sintered powder can be considered as
polycrystalline samples aggregated by single phase mono-
crystals with a random orientation, to obtain a reasonable
result, the moduli for polycrystalline materials should be used in
the present case. There are two approximation methods to
calculate the polycrystalline modulus, namely, the Voigt scheme
and the Reuss one. For orthorhombic crystals, the shear
modulus (G) and the bulk modulus (B) according to Reuss (Gy
and By) and Voigt (Gy and By) approximations can be
calculated in terms of the elastic constants (SI).

It has been proved that the Voigt and Reuss equations
represent the upper and lower limits of the true polycrystalline
constants.>” The arithmetic average of the Voigt and the Reuss
bounds, which is the best estimation of the theoretical
polycrystalline elastic modulus, is called the Voigt—Reuss—
Hill (VRH) average,

Gy + Gy
G=2 VvV
2 ()
By + By
2 (6)

Young modulus (E) and Poisson coefficient () can be further
determined by using the following relations:>>

9BG

E= ———
3B+ G (7)

3B — 2G

V= ——
6B + 2G (8)

Using the relations above, the calculated values are summarized
in Table 4. The bulk moduli are a measure of resistance to
volume change by an applied pressure, whereas the shear
modulus is a measure of resistance to reversible deformations
upon shear stress. It can be found that the bulk moduli of
LiFePO,, LiMnPO,, and FePO, are much larger than the
corresponding shear moduli, suggesting that they have a higher
resistance to volume deformations under isotropic hydrostatic
pressure. However, the bulk modulus (31.76 GPa) of MnPO, is
smaller than its shear one (34.47 GPa). It is not difficult to
image such an unusual behavior, since the modulus is calculated
according to Cj, which have already been discussed above.

dx.doi.org/10.1021/am4054833 | ACS Appl. Mater. Interfaces 2014, 6, 4033—4042
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Table S. Anisotropic Properties of Li MPO, (M = Fe, Mn; x = 0, 1) Compounds

A A, A,
LiFePO, 0.794 0.698 0.958
ref S1 0.712 0.724 0.995
FePO, 0.697 0.876 0.728
ref 51 0.766 0.761 0.822
LiMnPO, 0.721 0.669 1.079
MnPO, 0.519 0.747 0.212

Ay Asse Ag (%) Ag (%)
0.662 0.821 1.68 0.45
0.573 0.846 2.44 0.87
3.278 2.502 3.21 4.97
1.654 1.709 2.11 1.26
0.729 0.956 1.92 0.30
0.842 1.087 19.05 0.85

Being of the most importance, the B/G ratio is a relationship
empirically linking the plastic and elastic properties of
materials.>* A high B/G ratio is associated with ductility,
whereas a low value corresponds to brittleness. The critical
value distinguishing the two behaviors was fixed at about 1755
The ratios for LiFePO, and LiMnPO, are 2.04 and 2.13
respectively, and they both have excellent ductility. With Li*
deintercalation, the value for FePO, is changed to 1.52, and
FePO, is slightly brittle. However, the value for MnPO,, (0.92)
is much lower than 1.75, and it can be anticipated that the crack
tip stress will exceed the theoretical tensile stress before the
theoretical shear stress was reached. Orthorhombic MnPO, is
thus rather brittle.

Poisson’s ratio (v) measures the stability of a crystal against
shear. A smaller (larger) value indicates that the material is
relatively stable (unstable) against shear. The Poisson’s ratio of
FePO, (0.231) is smaller than those of LiFePO, (0.289) and
LiMnPO, (0.296), and FePO, will be more stable under shear
situation. Moreover, it is interesting to note that the Poisson’s
ration of MnPO, (only 0.102) is very small, which implies that
MnPO, would be rather stable against shear. However, in
consideration of the definition of this quantity (eq 8), it can be
found that the Poisson’s ratio depends heavily on the difference
between bulk and shear modulus. The very close bulk and shear
modulus of MnPO, is thus responsible for the smallest
calculated Poisson’s ratio. As the shear modulus of MnPO, is
too small, such an intrinsic shortcoming can still make the shear
deformation happen easily. Together with its brittle feature, it
can be expected that the volume change of MnPO, with respect
to LiMnPO, is very large.

It is well known that the induced micro cracks in ceramics are
due to the anisotropic thermal expansion coefficient as well as
the elastic anisotropy.>>® Especially in lithium ion batteries,
repeated insertion/extraction of Li" will change the elastic
anisotropy of the cathode materials, leading to the micro cracks
and capacity fade of batteries. For orthorhombic materials,
elastic anisotropy arises from two aspects, the shear anisotropy
and linear bulk modulus anisotropy. The first one provides a
measure of the anisotropy degree in the bonding between
atoms in different planes. In cubic system, the shear anisotropy
is sufficient to describe the elastic anisotropy, because the latter
one is the same for all directions. The shear anisotropic factor
for the {100} shear planes between the (011) and (010)
directions is>®

4Cy,

A=———"——
Cii+ G55 —2C;

)
For the {010} shear planes between the (101) and (001)

direction, it is
4Cg

Ay= ———F7F7—
Cyp + Cy5 — 2Cy

(10)
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For the {001} shear planes between the (110) and (010)
direction, it is

3 = —-—
C11 + sz - 2C12

(11)
The obtained shear anisotropic factors are given in Table 5.

For an isotropic crystal, A}, A,, and A; must be one, while
any values deviated from 1 corresponds to a certain degree of
elastic anisotropy. For LiFePO,, A; (0.958) is very close to 1,
whereas A, is (0.698) a little bit smaller than 1. The results
indicated that the atomic bonding in the {001} planes shows
isotropic characteristics, and it is anisotropic in the {010}
planes. After Li* extraction, A; and Aj; are reduced, while A,
increase, suggesting significant anisotropy changes in Li,FePO,.
Moreover, it can be found that the deviations of A,, A,, and A,
in LiMnPO, are slightly larger than those in LiFePO,, and the
atomic bonding in {100}, {010}, and {001} planes is more
anisotropic in LiMnPO,. For MnPO,, A; (0.519) and A, (0.
212) are abnormally small. Therefore, the atomic bonding of
MnPO, concerning the {100} and {001} planes will undergo
drastic changes to display strong anisotropic properties, which
deserves our further considerations.

To investigate the linear bulk modulus anisotropy, we have
calculated the bulk modulus along the crystal axis, defined as B,
= a(dP/da), B, = b(dP/db), and B, = c(dP/dc).>> The
anisotropy of the bulk modulus along a axis with respect to b
and ¢ axes can be written as A, = (B,/B,) and A,/ = (B,/B,).
Like the shear anisotropy, a value of 1 indicates isotropy, while
any values deviated from 1 correspond to a certain degree of
anisotropy. For Li,FePO,, A,/ and A/, are changed from 0.662
and 0.821 to 3.278 and 2.502 respectively, indicating linear bulk
modulus anisotropy exists in the compounds. For Li,MnPO,,
their anisotropies of the linear bulk modulus are smaller than
those of Li,FePO,, since the relevant values are more close to 1.
Although the above quantities provide some useful information
on the elastic anisotropy of compounds, the analysis is still
quite qualitative. To provide a more practical concept on the
anisotropy in percenta_;e, we applied the definition proposed by
Chung and Buessem®

A = By — By

"7 B, + By (12)
A = Gy — Gy

“7 Gy + Gy (13)

where B and G are the bulk and shear moduli, and the
subscripts V and R represent the Voigt and Reuss bounds. For
these two expressions, a value of zero represents elastic isotropy
and a value of 100% is the largest possible anisotropy. The
results clearly showed that the elastic anisotropy caused by the
shear component is much larger than that by linear bulk
counterpart in LiFePO, and LiMnPO,. After Li* extraction, the
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anisotropy from shear and linear bulk modulus increases
obvious in FePO,, and Ay becomes even larger than Ag.
However, the situation in MnPO, is entirely different. The Ay
value for MnPO, is 0.85%, while Ag; has already reached
19.05%. Therefore, in MnPO, compound, the elastic anisotropy
is mainly originated from the shear component. The very larger
shear anisotropy in MnPO, will make the micro cracks and
dislocations very easy to occur during the charging and
discharging process, leading to performance degeneration of the
batteries. It should be emphasized that the abnormal A is
connected to A; and A; (or C,, and Cg). More specifically,
such an abnormality is also related to the anisotropic bonding
characteristics of the compounds at certain crystal planes.

Because the macroscopic mechanical properties are repre-
sentations of microscopic bonding, to bridge the relationship
between them, the electronic structures should be investigated
in detail, which will be discussed below.

3.3. Microscopic Bonding of LiMPO, and MPO, (M =
Fe, Mn) Compounds. It is certain that the high spin
arrangement of Mn ions in MnOg octahedrons of the
compounds does result in a very large Jahn-Teller distortion.
This phenomenon is well known and approved by many
literatures of LiMn,0,,*® Li,MnSiO,,** and LiMnPO,.* After
analyzing the bonding characteristics, we found pronounced
differences between the Li,FePO, and LiMnPO,. For
LiFePO,, Li* deintercalation leads to shorter Fe—O(I) and
longer Fe—O(II) bonds as given in Table 6, and the two kinds

Table 6. M—O Bond Length (in A) for Li MPO, (M = Fe,
Mn; x = 0, 1) Compounds

M-O(I) M-0() M-0O(Il) M-0(I)/M-0(1)®
LiFePO, 2258 2,062 2159 1.095
FePO, 2.176 2.106 1.922 1.033
A (in %)  —3.63 213 -10.98
LiMnPO, 2.307 2162 2225 1.067
MnPO, 2.365 2028 1.923 1.166
A (in %)* 2.51 —-6.19 —13.57

“Positive and negative values mean compression and expansion,
respectively. bAn indicator for evaluating the distortion of the MOy
octahedron equatorial planes.

of bonds trend to be equal. This result means that the
distortions of FeOg octahedrons within the equatorial plane will
diminish. On the contrary, Mn—O(I) and Mn—O(II) bonds
display an opposite trend in Li,MnPO, systems. For MnPO,,
the Mn—O(I)/Mn—O(II) ratio has reached 1.166, the largest
value among the investigated models. More importantly,
because of the structural changes, the spatial charge
distributions would be entirely different.

As confirmed by Table 6 and Figure 3, M—O(I) bonds are
much weaker than other covalent bonds. For a covalent crystal,
weaker chemical bonds will lead to two consequences. The first
one is that the bonds are easier to break or cleave, which is
related to the brittle characteristics of the crystals. Second,
weaker bonds will make some slip systems become active and
the shear deformations at certain direction are easier, which is
related to the ductile properties of the crystals. The two
behaviors compete and cooperate to determine the overall
mechanical properties of the crystals. Our calculation suggested
that the very weak M—O(I) bonds are responsible for the small
C,4 and Cg, while the M-O(II) bonds lead to a small Css (SI).
Moreover, it is interesting to note that the weak M—O(I)
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P-O(I) Fe-O(D)
0.60 0.12

- Mn-O(I
P-O(I) g ( )?
: : nl

P-o(m),
.66 0.25
©%65) (0B5)
“ Fe-O(III)

(a) LixFePO4

(b) LixMnPO4

Figure 3. Mulliken overlap populations (bond orders) for (a)
Li,FePO, and (b) LiMnPO, (x = 0, 1). Black values are for
LiMPO, materials, while blue ones in parentheses for MPO,. In
LiMPO, compounds, the Li—O bond populations are calculated to be
about 0.01, which means pure ionic bonds.

bonds are further weakened by about 33% (0.08) in MnPO,,
which is opposite to the LiFePO, case. If the crystal
orientation is taken into account, it can be identified that the
Mn—O(I) bonds are mainly spread within the {101} and {101}
crystal planes, as depicted in Fig. 4.

Therefore, the slip systems concerning these two crystal
plane family (parallel to y axis), that is, (010){101},(101)
{101}, (010){101}, and (101){101} ones, will become very
active in MnPO,, which well explains why Css (yy, 48.71 GPa)
can still retain a relative larger value while C,, (xx, 16.96 GPa)
and Cg (2zz, 17.93 GPa) decrease obviously with respect to
LiMnPO,. It should be emphasized that the very weak Mn—
O(I) bonds in MnPO, also play an important role in the linear
compressions along the [100] and [001] directions. As can be
confirmed from Table 3, C;; and C;; are abnormally reduced,
and Cj, and C,; even become negative after Li* deintercalation.
The bulk modulus of MnPO, thus significantly decreases,
making the material very brittle as suggested above.

Owning to the very active slip systems in MnPO,, the shear
deformation and dislocation will occur easily. As illustrated in
Fig.4, the dislocations along (101) and (101) planes allow two
adjacent MnOg octahedrons form a shared edge, and the two
nearest PO, tetrahedrons are connected through one shared
oxygen vertex. One redundant O atom per Mn,P,0; unit will
be release at the interface. Therefore, the chemical reaction®

2MnPO, — Mn,P,0, + 0.50,

Pnma C2/m

become possible, although this decomposition reaction is found
to be endothermic. The result is highly coincident with the
observed phase transformation. As a result, the mechanical
reason will play an important role for the poor cycling stability
of MnPO,, which makes MnPO, entirely different from FePO,.

4. CONCLUSION

Relying on first-principles technique, we have investigated the
thermodynamic stabilities of two representative olivine-type
LiMPO, compounds. The results identified that Li FePO, and
Li,MnPO, have comparable thermal stability in their lithiated/
delithiated states, and they are also much more stable with
respect to the relevant oxides than some other classic cathode
materials (LiNiO,, LiCoO,, etc.). However, the relatively good
thermodynamic stability of MnPO, cannot guarantee the
absence of the well known phase transformation from
MnPO, to Mn,P,0,. To reveal the microscopic origin and
driving force, systematical investigation on the mechanical
properties of the compounds is performed. It is found that the
M—0(I) bonds are much weaker than other covalent bonds,
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Figure 4. Phase transformation mechanism for MnPO, compound. [010] direction (y axis or yy in the Voigt notation) is perpendicular to the paper.

and this feature can be associated with the relative small C,,
and Cg of Li,MPO, compounds. While M—O(II) bonds are
responsible for the small Cs. Because Li* deintercalation
further weakens the Mn—O(I) bonds, MnPO, thus becomes
very brittle. Moreover, the anisotropic properties of the
compounds, which usually relate to the micro cracks of
materials, are also discussed. The elastic anisotropy of MnPO,
is abnormally large and mainly originated from the shear
component (Ag, 19.05%), which indicates that the shear
deformation and dislocation in MnPO, are very easy to occur.
Therefore, the phase transformation in MnPO, will appear. As
the unusually mechanical properties of MnPO,, are dominant
by the Mn—O(I) bonds spread within the {101} and {101}
crystal planes, it can be deduced that the mechanical factor will
play an important role for the phase transformation of MnPO,,
which makes MnPO, different from FePO,. The present
applied method can be useful to better predict an intricate
relationship between the electrochemical performance and the
structure configuration, and it will contribute to the develop-
ment of safe and stable new type electrode materials.
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