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First-principles studies of Mn-doped LiCoPO/*
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This paper investigates Mn-doped LiCoPO4 material using first-principles calculations. Results indicate that the

volume change of LiMn;Co1_;PO4 to Mng;Co1_;POy4 is smaller than that of undoped LiCoPO4, which is responsible

for the excellent tolerance of repeated cycling in lithium ion batteries. Combining first-principles calculations with basic

thermodynamics, we calculate the average intercalation voltage of Mn-doped LiCoPOy4. It is shown that the redox

couple Mn3+/Mn2+ can be observed with increasing Mn content. Therefore, the Mn ion displays some electrochemical

activity during discharge/charge of LiMng;Co1—_,PO4 due to the coexistence of Co and Mn.
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1. Introduction

In recent years there has been interest in the use
of lithium transition metal phosphates with olivine
structure LIMPO,4 (M=Fe, Mn and Co) as potential
cathode materials for Li-ion batteries.l'=% This crys-
talline structure has an orthorhombic unit cell with
space group Pmnb, which accommodates four units of
LiMPOy4. The distorted M Og octahedrons are corner
shared and cross linked by the PO, tetrahedron and
thus form a three-dimensional network. Their theoret-
ical capacity of 170 mAh/g~! provides higher energy
density than that of LiCo0,.[4 For LiFePQy, it has
been proved by molecular dynamics simulations that
the diffusion channel of the Li ion is one-dimensional
and the metal doped on Li-site will block the one-
dimensional diffusion pathway.’~7 In addition, by
doping with transition metal ions, the properties of
these compounds can be improved.[$=1% For example,
Ni, Co, Mg, Rh doping in the Fe-site of LiFePO, can
improve the capacity and the electronic conductivity
of the material.['%11] The olivine type LiMPO, com-
pounds and their solid solution system operate at 3.1—
4.8 V versus Li/Lit. Padhi et al.l') reported that for
the Li(Mn,Fe; _,)POy solid solution system the width
of the 4.1 V plateau (Mn3*/Mn?27") relative to that of
the 3.4 V plateau (Fe?* /Fe?") increases with increas-
ing Mn content y. In other words, the charge and
discharge potential of LiFePO, improves to 4.1 V by
Mn doping due to the coexistence of Fe with Mn at the
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octahedral 4c site in Li(Mn,Fe; _,,)PO4. The adoption
of LiMnPO, takes account of the compatibility of its
4.1 V redox coupling of Mn3*/Mn?* and its high en-
ergy density with present lithium-ion batteries. Satya
Kishore and Varadaraju('?l have studied Mn?*-doped
LiCoPO,4 but the reductive peak at ~4.1 V from
studying cyclic voltammograms (CV) was not ob-
tained, which suggests that Mn2* is not oxidised dur-
ing de-intercalation of lithium from LiCoy_,Mn,POy,.
Therefore, the difference in the electrochemical prop-
erties of Mn in Mn-doped LiFePO, and Mn-doped
LiCoPO,4 becomes apparent.

In this work, we perform first-principles calcula-
tions for the LiMn,Co;_,PO, system and investigate
its crystal structure, electron structure, and average
intercalation voltage in order to illuminate the elec-
trochemical properties of Mn in Mn-doped LiCoPOQy.

2. Computational datails

The calculations are based on density func-
tional theory with the general gradient approximation
(GGA) using the Perdew—Wang form for the exchange
correlation energy['®l as implemented in the Vienna ab
initio Simulation Package (VASP).[13-18] Doped sys-
tems are simulated by Mn atoms replacing Co atoms
in an 84-atom super-cell. The interactions between
valence electrons and ions are represented with the

projector augmented wave (PAW) pseudo-potentials.
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The wave functions are expanded in plane waves with
an energy cutoff of 450 eV. Brillouin zone integration
of the band structure is performed with a 2 x 1 x 4
Monkhorst—Pack mesh. The formation energies are
well converged to within 1072 eV with respect to k-
point integration. The Fermi level is smeared by the
Gaussian method with a width of 0.2 eV. In order to
obtain the orbital-projected electronic structure infor-
mation, the Wigner—Seitz radii of 0.80, 1.40, 1.40, 1.20
and 1.20 A (1 A=0.1 nm) for Li, Mn, Co, P and O ion
are adopted.

When more than one Co atom is replaced by Mn,
12 cobalt lattice sites result in multiple nonequiva-
lent metal-doped configurations. To avoid compu-
tational complexity in the calculation of AE due to
enormous doped configurations, we adopt a reason-
able doping model to calculate the total energy and
estimate the average intercalation voltage, which is
described by Shi et al.'® This model suggests that
two doped atoms are located as far as possible away
from each other and the sum of the distance over all
doped atoms should be maximised.

The average Li insertion potential could be ob-
tained through total energy calculations.[2%21 If AG,
is the Gibbs free energy for the reaction:

CoPOy(cathode) + Li(anode) — LiCoPOy(cathode),

then the average insertion voltage is given by

_ AG,
= 1
v=-=2, (1)

where F' is the Faraday constant. Since the effects due
to changes in volume and entropy are small, the Gibbs
energy difference is approximated by the internal en-
ergy difference at 0 K, supplied by our first-principles
total-energy calculations through

AEr = ELiCoPO4 - ELi - ECOPO4~ (2)

Here the cohesive energy of Li is calculated from its
bce structure, which corresponds to the structural
phase of the Li anode.

3. Results and discussion

We perform the optimisation of spin structure and
calculate the total energy for the ferromagnetic (FM),
antiferromagnetic (AFM), as well as the nonmagnetic
(NM) configurations, which are listed in Table 1 to-
gether with the relaxed lattice parameters. The re-
sult indicates that the AFM configuration shown in

Fig. 1 has the lowest total energy, which is lower than
that of the NM and FM configurations by 0.64 eV
and 0.47 eV, respectively. Therefore, the Co ions are
AFM coupled in the ground state of the LiCoPOy sys-
tem. This is in agreement with the ground state of
LiFeP0,4.??l In addition, it is noted that optimised
lattice parameters for the calculated AFM configura-
tion are in good agreement with the experimental val-
ues to within 1% error. Therefore, the stable AFM
configuration is adopted in our following calculation
of compounds with different Mn doping. For the Mn-
doped LiFePOy system, Yamada et all?® have con-
firmed that its AFM phase is not changed due to Mn
doping.

Table 1. Relaxed lattice parameters of LiCoPOy4 and its
total energy with different magnetic configurations.

a/A b/A c/A E/(eV/fu.)
Expt. 10.202 5.922 4.699
NM 9.816 5.869 4.691 —46.902
FM 10.126 5.918 4.719 —47.068
AFM 10.110 5.923 4.717 —47.542

Fig. 1. The stable AFM spin configuration of LiCoPOy4.

The optimised lattice parameters and volume for
the pure and Mn-doped LiCoPQy4 are shown in Figs. 2
and 3, together with the experimental values. The
calculated volume of the unit cell is 0.68% smaller
than the experimental value for LiCoPQOy4, and is
basically in agreement with the calculated result of
Deniard et al? Tt is interesting to note that the
lattice parameters a, b and c increase with increas-
ing Mn concentration, which is in good agreement
with the experimental investigation by Satya Kishore
and Varadaraju.'? The increase in lattice parame-
ters may enlarge the move channel of lithium ions
and thus improve the ionic conductivity. It is also
found that the crystalline structure is obviously dis-
This distortion
was also found in Li(Mn,Fe;_,)PO4 compounds by
Padhi et al.,[} and Deniard et al.,?* which is harmful

torted with increasing Mn content.
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to the intercalation and deintercalation performance
of the cathode materiall®¥ and assists the electronic

[25] The Mn doping affects not

conductive performance.
only the structure of lithiated compounds but also
All the lattice pa-

rameters of delithiated compounds increase with in-

that of delithiated compounds.

creasing Mn content if we hypothesise that all lithium
ions can be entirely extracted. The volume change
for Mn,Coy_,PO4/LiMn,Coy_,PO4 with different
content is shown in Fig. 3.
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Fig. 2. Crystal parameter expansion of Mn doped

strucutre with different = for (a) LiCoi—;Mn;PO4 and
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Fig. 3. Volume change of LiCoj_;Mn,PO4 and
Co1_Mn,POy4 with different x values.

It can be seen that the volume increases with in-
creasing Mn content. The main reason is that the radii
of Mn?* (0.97 A) and Mn?* (0.79 A) ions are larger
than those of Co?* (0.89 A) or Cot (0.75 A) ions.
The volume change rate for Mn-doped compounds is
smaller than that of CoPO,4/LiCoPOy (15.44%) and
decreases with increasing Mn content. In other words,
Mn doped systems are more stable than pure LiCoPO,
during the lithium extraction/reinsertion process. It
has been suggested by Bramnik et al.[26] and Wolfens-
tine et al.l?” that the change of structure is responsible

for the fade of capacity. It is clear that the stability
of the structure should be beneficial in improving the
retention rate of capacity. It has been reported that
a small amount of metal ion doping may improve the
capacity delivery and cycle performance of the lithium
ion battery.[1228:29] Hence, the tolerance of Mn-doped
LiCoPQOy4 can be improved during repeated cycling of
lithium ion batteries.

Analysis of the electronic structure may provide
insight into the characteristic features of cathode ma-
terials. In Fig. 4, we show the total electronic den-
sity of states (TDOS) for LiMn,Coq_,POy4 for z = 0,
0.08, 0.25, 0.50 and 0.75. It is found that the Fermi
level lies in a band which is formed by hybridisation
of cobalt d-states, phosphorus p-states and oxygen p-
states. Therefore, these compounds show a metallic
character, which illustrates the good electronic con-
ductivity of the compounds during discharge/charge.
For lithiated phases LiMn,Co;_, POy, the calculated
TDOS curves are very similar to each other for vari-
ous Mn concentrations. With increasing Mn content
the conduction bands are shifted to the right, while
the valence bands are shifted to the left according to
the Fermi level and widen the width of the band gap
above the top of the valence band.

TDOS

—10 -5 0 5
Energy/eV

Fig. 4. Total density of states of LiCo1_;MnzPOy; the
Fermi level is set as a reference.

In order to display the role of Co and doped
Mn ions in compounds, Fig. 5 shows the partial
density of states (PDOS) of Co and Mn ions for
LiMn,Co; PO, for x = 0.25, 0.50 and 0.75. It
can be noted that the band near the Fermi level is
dominated by Mn,Co;_, d-states. By comparing the
PDOS of Co and Mn ions with different Mn content,
it can be found that the distribution of the Co and
Mn d-states for x = 0.5 and 0.75 is similar and has
a clear difference from that of Co and Mn d-states
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for £ = 0.25. For x = 0.25, electronic states near the
Fermi level mainly come from the up-spin Mn d-states,
but for z = 0.5 and 0.75 electronic states at the Fermi
level come from mainly the up-spin Co d-states.

——LiCog.5Mng.5PO4
| ----LiCog.25Mng.75 PO4
""" LiCoq.75 Mng 25 PO4

PDOS

——LiCog.5Mng.5PO4
J----LiCog.25 Mng.75 PO4
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Energy/eV
Fig. 5. The PDOS of Co and Mn atoms in

LiCo1—4MnzPO4/Co1—_4Mn,POy4 for z = 0.25, 0.5

and 0.75.

The Li insertion potential plays an important
role in its application to the cathode material of
rechargeable Li ion batteries. The calculated aver-
age intercalation voltages of the pure and Mn-doped
LiCoPOy4 according to Egs. (1) and (2) are listed in
Table 2. They indicate that the GGA calculated re-
sult underestimates the average intercalation voltage
by 1.3 eV with respect to experiment. But our re-
sult is basically in good agreement with the calcu-
lated result of Le Bacq and Pasturel® using the
GGA method. Therefore, the results calculated us-
ing the GGA method, which adopts a very approx-
imate treatment of the electron correlation in tran-

sition metal orbitals, can reflect the voltage change

trend. From Table 2, it is found that the theoretical
average intercalation voltage of the Mn-doped sample
is about 3.48 eV when z = 0, 0.08 and 0.25, which
is in agreement with the redox couple Co®*/Co®*.
In other words, Mn?* is not oxidised during extrac-
tion of lithium from LiCoq_,Mn,PO4 when x < 0.25,
which is reflected by corresponding experimental re-
sults on LiMn,Co;_,PO,.["?l Tt was reported that
the reduction potential Co®*/Co?* peak in the CV
profile of Mn-doped compounds is not changed and
the reduction potential of Mn®**/Mn?** in ~4.1 V is
not observed in LiMn,Co;_,PO4 when z < 0.2.112
When x = 0.5, the average intercalation voltage be-
comes 3.24 eV, which is lower than the redox couple
Co3T /Co?T. By increasing Mn content to 0.75, the av-
erage voltage decreases 3.10 eV, which is in agreement
with the redox couple Mn3*/Mn?*, and thus Mn2?*
ions show electrochemical activity when x = 0.75.
The average intercalation voltage 3.24 eV for x = 0.5
is the mixing of the redox couple Co3t/Co?* and
Mn?* /Mn?*, which shows that the Co and Mn ions
display some electrochemical activity under x = 0.5.
Therefore, the LiMn,Co;_,PO4 solid solution struc-
ture satisfies a similar electrochemical charge and dis-
charge characteristics to LizFel,yMnyPO4.[31] The
two-dimensional phase diagram of Li,Fe;_,Mn,PO,
shows the two-phase redox region with a potential of
4.1 Vvs. Li/Li* when x > 0.75, and the redox region
with a potential Co®T/Co?* of 4.8 V vs. Li/Li* when
r < 0.25 as well as the Mn3T /Mn?* and Co3*/Co?*
redox co-existent region when 0.25 < x < 0.75. Hence,
the coexistence of Co and Mn can improve the elec-

trochemical activity of Mn.

Table 2. Calculated lithium intercalation voltage for pure and Mn doped LiCoPOy4. The experimental

value for LiCoPOy is 4.8 eV (Ref. [2]).

z in LiCo1_;Mn,POy4 0 0.08
Voltage/V -3.48 -3.47

0.25 0.50 0.75 1.00
-3.49 -3.24 -3.10 -3.09

To examine the local charge transport with Mn doping, the calaculated number of electrons of d-states

around Co and Mn atoms are summarised in Table 3. It can be found that the number of electrons around Co

and Mn atoms decreases with increasing Mn content. It illustrates that there is direct coupling between the 3d

bands of Mn and Co. In the case of highest Mn doping, the number of electrons around the Mn and Co atoms

changes by 0.031 e and 0.051 e, respectively.

Based on the simple point-charge interaction approximation,

the change of the intercalation voltage upon Mn doping can be estimated. The length of the Li—O bond is
2.11 A (3.988 a.u.) and the distance between Li and metal is 3.03 A (5.727 a.u.), 3.05 A (5.765 a.u.) and
3.06 A (5.783 a.u.) for z = 0.25, 0.5, 0.75, respectively. Therefore, according to the simple point-charge model

(assuming Li ionicity of +1), the total energy difference AE between LiCoj_,Mn,PO, and LiCoPO4 may be
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written as follows:
AFE =4x N x

1

1
3.988  bondlengthr;i_netal

hartree,

where NNV is the average transferred charge number of the metal atoms. The results are shown in Table 3. They
show that the intercalation voltage of LiCo;_,Mn,PO, decreases by 0.018, 0.15 and 0.35 V, respectively. This
is in agreement with 0.01, 0.24 and 0.38 V given by first-principles total-energy calculations. Hence, from the

viewpoint of charge transport, the decrease of average intercalation voltage with increasing Mn content is due

to the fact that there are some charges transferred between metal and oxygen, and the energy change is due

mostly to the Coulombic interaction between ions.

Table 3. Number of electrons around Co and Mn ions as well as the total energy difference AE between

LiCo1_,Mn,PO4 and LiCoPOy.

T 0.00 0.08 0.25 0.50 0.75
Co 8.044 e 8.047 e 8.043 e 8.024 ¢ 8.013 e
Mn 5.761 e 5.755 e 5.739 e 5.710 e

AE/eV 0.018 0.17 0.35

4. Conclusion

In this paper, the electronic structure of Mn-
doped LiCoPOy is investigated using first-principles
calculations. The results display that the lattice pa-
rameters ‘a’ and ‘b’ increase with increasing Mn con-
tent and there is insignificant change in the ‘¢’ pa-
rameter; the change of lattice parameter is in good
agreement with experimental investigation. It is
found that the volume change of LiMn,Co;_,PO4 to
Mn,Co;_,POy is smaller than that of pure LiCoPOy4
material, which is beneficial in improving the retention

rate of capacity. Combining first-principle calcula-

tions with basic thermodynamics, the average interca-
lation voltage of Mn-doped LiCoPQy is calculated. It
can be seen that the redox couple Co®* /Co?* is dom-
inant when < 0.25 and with increasing Mn content
the redox couple Mn®* /Mn?* is also found. There-
fore, It illustrates that the discharge/charge properties
in LiMn;Co;_,PO4and LiFe;_,Mn,PO4 are similar:
the manganese can display some electrochemical activ-
ity under the coexistence of Co and Mn. In addition,
the change of intercalation voltage upon Mn doping
is estimated by the simple point-charge model, which

also gives the same varying trend.
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