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The phase stability of binary Fe and Mn olivine materials is extensively studied with temperature-
controlled in situ X-ray diffraction (XRD) for various Fe/Mn ratios and state of charges (SOCs). We
identify that the thermal behavior of partially charged olivine materials is sensitively affected by the Fe/
Mn ratio in the crystal. While Fe-rich binary olivine materials readily formed a solid solution phase of
Li,_,Fe;_ Mn,PO4 near room temperature or with only slight heating, the Mn-rich binary olivine
retained its two-phase characteristic up to ca. 250 °C before decomposition into non-olivine phases.
The thermal stability and decomposition mechanism of fully delithiated olivine materials are more
sensitively affected by the Fe/Mn ratio in the crystal. The decomposition temperature varies from 200
°C to 500 °C among the different Fe/Mn ratios. It is generally observed that the Mn-rich binary olivine
materials are inferior to the Fe-rich ones with respect to the thermal stability in the delithiated state.

1. Introduction

Lithium transition metal phosphate LiMPO, (M = Mn, Fe, Co,
and Ni) with an olivine structure is one of the most promising
cathode candidates for lithium rechargeable batteries.” As the
need for cost-effective, stable, and safe energy storage becomes
unprecedentedly high due to the development of various types of
electric vehicles and the large-scale energy storage systems for
renewable energy sources, lithium rechargeable batteries based
on LiMPO, cathodes have attracted much attention. In partic-
ular, naturally abundant Fe or Mn containing olivine LIMPO,
has been most thoroughly investigated.!®*® The stable nature of
the olivine-type structure with a (PO,)*~ polyanion and a strong
P-O covalent bond provides an excellent cycle-life in a safe
manner. Moreover, a very high power capability has been
demonstrated for the LiFePO, cathode material.>'*'® However,
single component LiFePO, suffers from the intrinsic low energy
density due to its relatively low Fe?*/Fe** redox potential (ca.
3.4 V vs. Li*/Li).**'7!8 On the other hand, LiMnPO, can theo-
retically deliver a higher energy density due to the high redox
potential of Mn**/Mn** (ca. 4.1 V vs. Li*/Li), while its power
capability is significantly reduced. To counterbalance such an
effect, binary LiFe;_.Mn,PO, olivine cathodes have been
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explored by researchers.'®'"!* Recent works have shown that the
electrochemical properties of binary LiFe, . Mn PO, cathodes
are sensitively dependent on the Fe/Mn ratio in the material.’**3
Power capability, energy density, and even the charge/discharge
mechanism (one-phase vs. two-phase) vary with different Fe/Mn
ratios clearly indicating that the optimal composition of Fe/Mn
in the binary LiFe;_.Mn PO, needs to be determined.>!*!*-2!

In the present work, the phase stability of binary
LiFe,_ . Mn PO, (x = 0, 0.25, 0.5, 0.75, and 1) was investigated
with different Li compositions and temperatures with tempera-
ture-controlled in situ XRD. Since the safety and stability of the
battery is strongly influenced by the phase stability of the cathode
at different SOCs and temperatures, this work can provide useful
information in determining the optimal composition of binary
LiFe,_,Mn,PO, cathodes. Earlier work on the thermal stability
of single component LiFePO, and LiMnPO, with experiments
and DFT calculation?>25 showed that both LiFePO, and
LiMnPO, remain stable up to fairly high temperatures; however,
partially or fully delithiated Li , MnPO,4 decomposes at ca. 200 °C
with O, evolution and heat generation in the process, while
delithiated FePOy is stable until ca. 500 °C.?** In this study, we
were able to confirm the higher stability of FePO,4 compared to
MnPO,, and further demonstrate the difference in the relative
stabilities of the phases in delithiated LiFe;_ . Mn, PO, with
comparative analyses of the in situ XRD patterns using different
Fe/Mn ratios in LiFe;_ Mn PO,.

2. Experimental

LiFe,_ Mn PO, powder was synthesized using the conventional
solid-state  synthesis. Li;CO; (Junsei Chemical, 98%),
Mn(CH;COO),-4H,0 (Junsei Chemical, 98%), FeC,04-2H,0
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(Sigma Aldrich, 98%), and NH4H,PO, (Fluka, 98%) with molar
ratiosof 0.5: x: 1 —x:1(x=0,0.25,0.5,0.75, and 1) were used
as precursors. They were dispersed into acetone, thoroughly
mixed, and ground by wet ball-milling. After evaporating the
acetone, the precursors were then fired at 350 °C under Ar
conditions for 3 hours. The mixture was then re-ground and
manually pelletized using a disk-shaped mold. After pre-heating,
we calcined the pellets at 600 °C under Ar conditions for 10
hours.

To prepare the Li;_,Fe;_ Mn,PO, samples, the synthesized
LiFe;_Mn, PO, was chemically delithiated by NO,BF,
(Aldrich, 95%) according to the following reaction.

LiFel,XMnXPO4 + yN02BF4 g Lil,yFel,le’leO4 + yLlBF4
+ yNO,

NO,BF, is a strong oxidizing agent with a high redox potential
of NO,*/NO, at 5.1 V ws. Li*/Li. The composition of
Li,_,Fe;_ MnPO, was controlled by governing the time of the
reaction between the LiFe;_ ,Mn,PO, and NO,BF, with a molar
ratio of 1: 1 in acetonitrile (Aldrich, 98%) in an Ar-filled glove
box. The stoichiometry of the delithiated compound was deter-
mined by inductively coupled plasma-atomic emission spectros-
copy (ICP-AES). The atomic ratios of Li, Fe, and Mn in as-
prepared, partially delithiated, and fully delithiated
Li,_,Fe;_ MnPO, (x =0,0.25,0.5,0.75,and 1; 0 = y = 1) are
summarized in Table S1f. The crystal structure was
determined by XRD (Rigaku D/Max 2500) with Cu Ka radia-
tion (= 1.54178 A) operating at 30 kV and 400 mA. For the
temperature-dependent phase stability study, samples were
heated from 25 °C to 700 °C in a vacuum during the XRD
investigation. The heating rate was 5 °C min~'; the waiting time
between heating and measurement was 3 min, and the scan speed
was 1° min~'. Structural refinements were done by the Rietveld
method with a general structure analysis system (GSAS).

3. Computational details

The hypothetical (Fe; . Mn,)3(POy), and (Fe,_,Mn,),P,0; (x =
0.25, 0.5, and 0.75) structures were calculated from the first prin-
ciples, starting from the Fe3(PO,), and Fe,P,0O; structures.?®
Calculations were done on the entire Fe/Mn ordered configurations
to find the most stable structure of the solid solution. The spin-
polarized generalized gradient approximation (GGA) was applied
with the Perdew—Burke-Ernzerhof exchange-correlation parame-
terization®” for the density functional theory (DFT). A plane-wave
basis set and the projector-augmented wave (PAW) method were
used as implemented in the Vienna ab initio simulation package
(VASP).»® PAW potentials have been widely used for battery
materials and have shown good predictive capability.*=> Plane-
wave bases with a kinetic energy cutoff of 500 eV were used, and
appropriate k-point meshes were chosen to ensure that the total
energy converged within 5 meV per formula unit.

4. Results and discussion

The phase purity and reference thermal behavior of as-prepared
LiFe;_ . Mn, PO, were first checked, as shown in Fig. S1-S31 and

Tables S2 and S31. Also, the phase purity of the delithiated
Li;_,Fe;_ Mn,PO4 samples is confirmed in Fig. S4f. The
obtained samples are used in the following thermal phase
stability studies.

4.1 Revisit of Li;_,FePO4 and Li; _,MnPO4 (0 <y = 1)

—y

While the FePO, phase retained its original XRD pattern from
25 °C to 450 °C (Fig. S5(a)t) in agreement with a previous
report,?? it started to decompose into a new phase at 500 °C. As
shown in Fig. 1(a), a new phase with main peaks located at 25°,
29°,31°, and 35° arose at 500 °C, which correspond to the typical
XRD pattern of Fe;(POy4),. The XRD peaks for Fe;(POy),
significantly reduced at 600 °C, and those of Fe,P,0 started to
appear and grow at this temperature. Especially, the growth of
a new phase was remarkably clear at ca. 29°, which is the main
XRD peak of Fe,P,O5. This observation agrees with the analysis
of thermal stability of FePO, by Ong et al. that predicted a three-
step decomposition using DFT calculations: FePO, —
0.1(Fe7(POy4)s + Fes(P207)2) — 0.167(Fe3(POy), + Fes(P20O7),)
— 0.5Fe,P,07.25 Although we did not observe the first step of
the decomposition they predicted, the second and the final steps
of the decomposition indicated the sequential formation of
Fe3(POy4), and Fe,P,O7 consistent with our experimental obser-
vation. Nevertheless, we could not determine the Fe;(P,07),
phase with certainty. The decomposition of FePO, into
Fe3(POy4), would result in an imbalance of the Fe : P stoichi-
ometry. Thus, another new P-rich phase had to be formed.
However, it was not possible to clearly define a new P-rich phase
indicating that amorphorization had occurred to some extent at
the phase transition. It should be noted that compositions with
high phosphorus content are known to be very good glass
formers.*?

In the case of partially delithiated Liy¢FePO,, a two-phase
reaction of LiFePO, and FePO, is clearly confirmed from 25 °C
to 350 °C in Fig. S6(a)t. When the temperature was elevated to
ca. 400 °C, the XRD patterns of both LiFePO, and FePO,
started to merge with the appearance of broad patterns for the
solid solution phase as highlighted with the circle in Fig. 1(b).??
At the temperatures higher than ca. 600 °C, the solid solution
Lig ¢FePO, phase began to decompose into Fe,P,05, as shown in
Fig. 1(c). The emergence of XRD peaks of Fe,P,0; becomes
clear at or above 600 °C. In addition, it should be noted that the
solid solution LigcFePO, pattern was very similar to that of
LiFePO, from 600 °C. The change in XRD patterns from solid
solution to fully lithiated LiFePO, was easily observed at the 26
range between 37° and 40°. The comparison of the lattice
parameter as a function of temperature in Fig. S7(a)t clearly
demonstrates the formation of LiFePO, from the Liy¢FePOy,
solid solution between 550 °C and 600 °C. Previously, Delacourt
et al. reported that the partially delithiated Li;_,FePO4 decom-
poses into Fe;(PO,)s.2> However, except for the XRD peaks of
ca. 29° and 35°, most of the XRD peaks of Fe;(PO,)s did not
correspond to those of the new non-olivine phase. Instead, we
observed that these new XRD peaks were similar to those of
decomposition products of fully delithiated FePO,4 at 700 °C,
which is equivalent to Fe,P,O-, as shown in Fig. S7(b)¥. It means
that the solid solution Liy¢FePO, decomposes into Fe,P,O,
leaving the fully lithiated olivine phase (LiFePO,) behind.

This journal is © The Royal Society of Chemistry 2012
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Fig. 1 (a) In situ XRD patterns of fully delithiated FePO, at tempera-
tures from 450 °C to 600 °C and at 26 from 24° to 40°, (b) in situ XRD
patterns of partially delithiated Lijy ¢FePOy at temperatures from 300 °C
to 400 °C and at 26 from 15° to 45°, and (c) in situ XRD patterns of
partially delithiated Liy¢FePO, at temperatures from 500 °C to 650 °C
and at 260 from 15° to 45°.

MnPQ, exhibited a similar thermal decomposition mechanism
to FePO,4. At low temperatures from 25 °C to 200 °C, no
noticeable phase transition of MnPO, was observed
(Fig. S5(b)T). However, at temperatures above 200 °C, the
MnPOQO, phase decomposed into a new non-olivine phase. At the
temperature range from 200 °C to 400 °C, Mn;(PQOy,), (main peak
at ca. 25°) was formed and it is consistent with our previous

report.** Similar to the decomposition of FePO, into Fe;(POy),,
the decomposition of MnPO, into Mn;(PO,), would also result
in an imbalance of the Mn : P stoichiometry. We expect that an
amorphous P-rich phase that is not detectable by XRD would
have formed during the decomposition to compensate for the
imbalance of composition. A further increase of the temperature
completely amorphorized the sample at 550 °C followed by the
formation of Mn,P,0; at 600 °C, as shown in Fig. S8.

The phase transition of partially delithiated LigsMnPOy,
occurred at a similar temperature range, from 250 °C, as shown
in Fig. 2(a) (full temperature scan of Liy sMnPOy is provided in
Fig. S6(b)t). Instead of forming the solid solution of Li; sMnPO,
at high temperature, the fully delithiated phase MnPO, gradually
disappeared and the Mn3(PQOy), phase started to appear. The
formation of Mn;3(PO,), is consistent with the decomposition
case of the fully delithiated MnPO,4 sample. At 550 °C, Mn,P,0,
was finally formed from Mn3(POy), as shown in Fig. 2(b).

4.2 Phase stability of an Fe—Mn binary olivine at elevated
temperatures

4.2.1 Lil_yFe0_75Mn0.25PO4 (0 < y = 1). Fully delithiated
Fep.7sMng,sPO4 began to decompose into new non-olivine
phases from 500 °C (full temperature scan of Fey75sMng »sPOy is
provided in Fig. S5(c)T). As shown in Fig. 3(a), the peaks at ca.
25°,29°, 31°, and 35° became embossed at 500 °C. These peaks
corresponded to the general XRD patterns of M3(PO,), (M = Fe
or Mn). At this point, it is not clear if Feg7;sMng »5sPO4 decom-
posed into a mixture of Fe3(POy4), and Mn3(POy), or a solid
solution (Fep75Mng»5)3(POy4),. It appears that the observed
XRD peaks do not exactly match with either Fe;(POy), or
Mn;3(POy),, but lie between those two patterns. This strongly
implies that a solid solution, (Fey75Mng »5)3(POy),, had formed.
In order to confirm it, we did a DFT (Density Functional
Theory) calculation on the (Feg75Mng5)3(POy4), to predict its
crystal structure and generated an XRD pattern from the
structure. The dotted line in Fig. 3(a) is the XRD pattern for the
hypothetical (Feg75Mng »5)3(POy4),, which perfectly agrees with
the observation. Therefore, we supposed that Fey;5MngsPOy4
decomposed into (Feg 75sMng »5)3(POy),. As in the case of FePOy
and MnPO,, the decomposition of Fey75sMng,sPO,4 into
(Feg.75sMng »5)3(POy4), resulted in an imbalance of the (Fe,
Mn) : P stoichiometry. Thus, the formation of an amorphous
P-rich phase is expected.

With a further increase of the temperature, new peaks at ca.
29° and 35°, characteristic of the M,P>,0O; (M = Fe or Mn) XRD
pattern, dominantly grew with the disappearance of
(Feg.7sMng »5)3(PO4), at 550 °C. This behavior is analogous to
the decomposition mechanism of Fe3(PO,), to Fe,P,0; for
FePO4 and Mn3(POy), to Mn,P,0; for MnPOy4. The observed
XRD peaks also did not exactly match with either Fe,P,O; or
Mn,P,05. Instead, the calculated XRD pattern from the hypo-
thetical (Feg75sMng »5),P>O7 from the DFT calculation perfectly
agreed with the observed XRD pattern (dashed line in Fig. 3(a)).

Unlike the aforementioned single component olivine materials
(= LiFePO,4 and LiMnPO,), the partial delithiation (Li = 0.44)
of LiFey75Mng25PO4 resulted in a single phase at 25 °C.*
Heating of this sample until 500 °C did not induce any noticeable
phase transformation demonstrating its high thermal stability
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XRD patterns of partially delithiated Liy sMnPOy at temperatures from 500 °C to 600 °C and at 26 from 15° to 45°.
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Fig. 3 (a) In situ XRD patterns of fully delithiated Feq ;sMn,sPO, at temperatures from 450 °C to 550 °C and at 26 from 24° to 40° and (b) in situ
XRD patterns of partially delithiated Lij44Feg 7sMng »sPO4 at temperatures from 500 °C to 600 °C at 26 from 15° to 45°.

(Fig. S6(c)T). Only the thermal expansion of the olivine crystal
Lig.44Fe 7sMng »5sPO4 was observed as indicated by the shift of
the XRD peaks at elevated temperatures. However, Fig. 3(b)
shows that the single phase Liy44Feq75Mng»sPO4 decomposed
into fully lithiated olivine LiFey;5sMng,sPO4 and non-olivine
phases at 550 °C analogous to the behavior of the partially
delithiated Li,_,FePO,. The growth of the XRD peaks at ca. 29°
and 35° began at 550 °C, which indicates the formation of the
M,P,0; (M = Fe, Mn) phase. Simultaneously, all XRD peaks of
solid solution Lig 44Feg 75Mng »sPO,4 were shifted toward those of
the fully lithiated LiFeq 75Mng sPO,4 (Fig. S9(a)t). The thermal
decomposition at 550 °C resulted in M,P,0; (M = Fe, Mn) with
its XRD peaks different from either Fe,P,O; or Mn,P,0-. These
XRD peaks corresponded to the (Fey75Mng »5),P,05 structure
that we predicted from the DFT calculation.

4.2.2 Li;_,FeysMnysPO4 (0 < y = 1). The overall decom-
position mechanism of Fey sMn, sPO4 appeared to be similar to
that of Fey75Mng,sPO,4 except the relatively lower decomposi-
tion temperature of 350 °C. Fig. 4(a) shows that Feg sMng sPO4

starts to decompose into (FegsMng s5)3(POy4), at 350 °C. The
emerging peaks in the XRD pattern at this temperature corre-
sponded with the hypothetical (FeysMngs)3(POy), structure
from the DFT calculation. When the temperature rose to 550 °C,
new XRD peaks such as at ca. 29° and 35° started to grow. We
also found that they were close to the calculated XRD peaks of
the hypothetical (Fey sMng 5),P,05 structure predicted from the
DFT calculation, as shown in Fig. 4(b). Thereafter, the
(Feg.sMng 5),P,0; phase grew at the expense of FegsMng sPOy
and (Feg sMny 5)3(POy),. It should be noted that slightly higher
Mn contents (25% vs. 50%) in binary olivine materials signifi-
cantly decrease the decomposition temperature of the delithiated
phase from 500 °C to 350 °C.

Dissimilar to the partially delithiated Lig44Feq75sMng25POy,
which was in a single phase at room temperature, the partially
delithiated Lig4FeosMng sPO, exhibited the mixed behavior of
one-phase and two-phase (Fig. S6(d)t). However, with a slight
increase in the temperature, the residual two phases merged into
a single phase as highlighted with a circle in Fig. 4(c). Once the
solid solution phase of Lig4FeosMngsPO,; was formed, its

This journal is © The Royal Society of Chemistry 2012

J. Mater. Chem., 2012, 22, 11964-11970 | 11967


http://dx.doi.org/10.1039/c2jm30733b

Downloaded by Korea Advanced Institute of Science & Technology / KAIST on 01 August 2012

Published on 13 April 2012 on http://pubs.rsc.org | doi:10.1039/C2JM 30733B

View Online

Intensity(a.u.) )

(c)
-
=
©
=
= )
c 250°C
) 200°C
b
= 150°C

[LiFe, Mn, PO,
Fe, ,Mn PO
: 1 1 1 * Il 1 =

15 20 25 30 35 40 45

26(Deg.)

T 1
( b) : : i (IFleo.smno.s)zpzo7
I 1
— il 1
= 1 W
« %
=
= . : 700°C
(") 1 i GSOOC
o MM\/\\,MGOO o
1 0
g [ § sso°c
e, Mn_PO,
£ MO | l
FeszO7 i [ 11
Mn_PO, 1
L " 1 : e 1 .| ! 1 "
24 28 32 36 40

I
(d ) : I "t - (Fe,,Mn,,).,P,0,

] 1} | I 1" 1]
— ! !
5 | :
& |

U
F 600°C
7 550°C
c ~ 1 500°C
m LlFeo.sMnn.sﬁoA | | | | |
vt 1 '
R i S i T

Fezpzo, II I Il Il

anPZO7
! ; 1 L o

15 20 25 30 35 40 45

20(Deg.)

Fig. 4 (a) In situ XRD patterns of fully delithiated Fe, sMng sPO,4 at temperatures from 250 °C to 400 °C and at 26 from 24° to 40°, (b) in situ XRD
patterns of fully delithiated Fey sMn, sPO,4 at temperatures from 550 °C to 700 °C and at 26 from 24° to 40°, (c) in situ XRD patterns of partially
delithiated Lij 4Fey sMng sPO, at temperatures from 150 °C to 250 °C and at 26 from 15° to 45°, and (d) in situ XRD patterns of partially delithiated
Lip 4Feo sMng sPO4 at temperatures from 500 °C to 600 °C and at 26 from 15° to 45°.

decomposition path became analogous to that of Lig44Feq 75-
Mny »5POy4, where the mixture of the fully lithiated olivine phase
(= LiFey.sMng sPO,4) and (Feg sMny 5),P,07 appeared at 550 °C
(Fig. 4(d) and S9(b)7t).

4.2.3 LiI,yFeo_stno_75PO4 (O < y = 1). From 25 °C to
250 °C, noticeable changes in the XRD pattern of
Feg,5Mng ,5sPO,4 were not observed similar to the other deli-
thiated Fe,_ Mn,PO, samples (Fig. S5(e)t). However, upon
heating higher than 300 °C, new XRD peaks appeared. As shown
in Fig. 5(a), Feg»>sMng 75PO4 decomposed into
(Feg.25Mng 75)3(PO4), whose structure was calculated from the
DFT calculation. This behavior was consistent with the other
Fe, .Mn,PO,. However, it should be noted that the decompo-
sition temperature significantly decreased from 550 °C to 300 °C.
This strongly suggests the disadvantage of high Mn content
binary olivine materials in terms of phase stability. In addition, it
should be emphasized that the Mn effect on inferior thermal
stability began to be observed when Mn = 50% for partially
delithiated binary olivine materials, but for the fully delithiated
phase, the effect was observed for higher contents of Mn (Mn =
75%). Upon further heating higher than 550 °C,
(Feg.25sMng 75),P,0O7 was formed, as shown in Fig. 5(b).

As in the case of Lig 46Feg 2sMng 75POy, the two-phase mixture
was converted to a solid solution of Liy 46Feg 2sMng 75PO4 with
a slight increase in temperature shown in Fig. 5(c). However, the
phase transition temperature of Lig46Feg 25Mng 75POy4 increased
from 250 °C to 300 °C, compared to that of Lig 4Fey sMng sPO,.
It indicates that the higher Mn content binary olivine prefers
a two-phase separation more strongly. This is mainly due to
a stronger lattice distortion induced by Jahn-Teller active Mn**
in the Mn-rich olivine materials. When the lattice mismatch
becomes significantly bigger, the elastic strain cannot be stored
by the lattice distortion and the precipitates tend to be separated
from the mother phase.>**® Once the solid solution phase of
Lig46Fep2sMng 7sPO, was formed, its decomposition path
became analogous to that of Ligg44Feg75Mng PO, and
Lig 4Feg sMng sPO4, where the mixture of the fully lithiated
olivine phase (Lip44Feg25Mng75POy4) and (Feg2sMng 75):P207
appeared at 550 °C (Fig. 5(d) and S9(c)¥).

4.3 Phase stability map of an Fe—Mn binary olivine as
a function of temperature and Li amount in the structure

From the extensive series of XRD results above, it was found
that the Li;_,Fe;_Mn,PO4 (0 = x, y = 1) displayed different
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Fig.5 (a) In situ XRD patterns of fully delithiated Fe, »5Mng 75POy4 at temperatures from 250 °C to 400 °C and at 26 from 24° to 40°, (b) in situ XRD
patterns of fully delithiated Feg,sMng ;5PO, at temperatures from 500 °C to 600 °C and at 26 from 24° to 40°, (c) in situ XRD patterns of partially
delithiated Lig 46Feo25Mng 75sPO4 at temperatures from 200 °C to 300 °C and at 26 from 15° to 45°, and (d) in situ XRD patterns of partially delithiated
Lig 46Fe 2sMng 75PO4 at temperatures from 500 °C to 600 °C and at 26 from 15° to 45°.

thermal characteristics depending on the Fe/Mn and Li contents
in the olivine structures. A summary of the stable phases of
Li;_,Fe;_\Mn,PO, (0 = x = 1) upon heating is shown in Fig. 6
and 7 with respect to the Li and Fe/Mn contents. While the fully

700
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600 I (Fo, Mn (PO, ! P b
— +(F‘e‘.,Mni)zP2:)27 + Amorphous P-rich Iphase [ -é_:'r::;rephnus
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=
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xin Fe, Mn PO,

Fig. 6 The phase stability map of fully delithiated Fe; ,Mn,PO,4 (0 =< x
= 1) as functions of temperature.

lithiated LiFe; .Mn,PO,4 (0 =< x = 1) phases were highly stable
at high temperature, it was observed that delithiated phases were
susceptible to partial phase transformation upon heating. In the
phase stability map of fully delithiated phases of Fe; . Mn,PO,
(0 = x = 1) in Fig. 6, we observed that the thermal decomposi-
tion temperature generally declined with an increase in the Mn
content in the olivine structure. A significant drop in the
decomposition temperature was observed when the Mn content
exceeded the Fe content in the olivine. In the phase stability map
of partially delithiated phases of Li,_,Fe; . Mn, PO, (0 = x =1,
y = 0.6) in Fig. 7, the two-phase characteristic of (1 — y)
LiFe, Mn,PO, + yFe,_ Mn,PO, disappeared upon a slight
increase in the temperature. In the case of Fe-rich binary olivine
materials, a solid solution behavior was observed even at room
temperature, while a higher Mn content in binary olivine mate-
rials exhibited a stronger two-phase preference. Contrary to the
sensitivity of solid solution formation depending on the Fe/Mn
content, the decomposition temperature into (Fe;_,Mn,),P,O,
was similar among samples. Notable is the fact that Fe-rich
binary olivine materials exhibit a wider temperature window for
the solid solution phase before decomposing into
(Fe;_Mn,),P,0;.

This journal is © The Royal Society of Chemistry 2012
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Fig. 7 The phase stability map of partially delithiated
Li,_,Fe;_Mn,PO, (0 = x = 1, y = 0.6) as functions of temperature.

5. Conclusion

In summary, the phase stability of Li;_,Fe;_.Mn,PO4 (0 = x,
= 1) during delithiation and lithiation was investigated as
a function of the temperature, the Li composition, and the Fe or
Mn amounts in the structure with temperature-controlled in situ
XRD. Fully lithiated LiFe;_ Mn,PO4 (0 = x = 1) remained
stable up to high temperatures (>700 °C). However, the thermal
stability of delithiated Li,_,Fe;_Mn,PO,4 (0 = x, y = 1) was
influenced sensitively by the Fe/Mn content in the structure.
Furthermore, the delithiation mechanism (one-phase vs. two-
phase reaction) was dependent on the Fe/Mn ratio. It was
generally observed that higher Mn content binary olivine mate-
rials exhibited inferior thermal stabilities in the charged states
and a stronger preference for the two-phase behavior.
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