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a b s t r a c t

In this work, we substituted Mn2+ at the 4c site of LiFePO4 to prepare LiMn0.25Fe0.75PO4 in order to
raise the working voltage. In order to study the phase transformation of lithium bi-metal phosphate
(LiM′M′ ′PO4) during the lithiation/delithiation, in-situ synchrotron X-ray diffraction has been used. At
eywords:
iMPO4
n-situ XRD
hase transformation
livine structure

0.05C charge/discharge, X-ray patterns reveal that LiMn0.25Fe0.75PO4 undergoes two two-phase transfor-
mations during the delithiation, resulting from Fe2+/Fe3+ and then Mn2+/Mn3+ redox reactions. However,
the phase transformation for lithiation is different, becoming a two-phase (Mn2+/Mn3+) reaction and
single-phase (Fe2+/Fe3+) reaction. Even at a higher charge/discharge rate (0.5C), the results are the same.
LiMn0.25Fe0.75PO4 also has a good cyclability, since there is no significant capacity fading during the cycling
test. The X-ray patterns reveal that LiMn0.25Fe0.75PO4 still maintains a good crystal structure after 40 cycles
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because of its stable olivin

. Introduction

Since the compound LiFePO4 was used in rechargeable lithium
on batteries by Goodenough and co-workers [1], it has attracted

great deal of attention due to its low cost, safety and environ-
ental friendliness [2–6]. LiFePO4 has a stable olivine structure

nd a unique lithiation/delithiation mechanism. Lithium ions
eintercalate from LiFePO4, in association with the two-phase
ransformation (LiFePO4/FePO4). LiFePO4 and FePO4 both belong to
he stable olivine structure, which makes LiFePO4 very safe during
he cell charge/discharge process. However, LiFePO4 has a lower
orking voltage compared with other cathode materials, such as

iCoO2, LiCoNiO2 and LiMnO2, due to the Fe2+/Fe3+ system reac-
ion at 3.4 V. Recently, many olivine-type cathode materials such
s LiMnxFe1 − xPO4 and LiCoxFe1 − xPO4 have been studied in order

o raise the working voltage [7,8], since the redox potentials of

n2+/Mn3+ and Co2+/Co3+ are 4.1 V and 4.9 V, respectively.
Synchrotron X-ray diffraction is a powerful tool for studying

he structure of materials because of its high energy continuous
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ax: +886 3 5710290.
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pectrum, excellent collimation, low emittance and high resolu-
ion. Consequently, synchrotron X-rays have been widely applied
n the study of the structure of cathode materials for lithium
on batteries [9–12]. Chemical oxidation is a good way to accu-
ately extract lithium ions from the cathode materials but this
ethod cannot reveal the phase transformation and the lithia-

ion together. In this work, we have prepared lithium bi-metal
hosphate (LiMn0.25Fe0.75PO4) as the cathode material. In-situ
ynchrotron X-ray analysis has been used to observe the real
ime phase transformations of LiMn0.25Fe0.75PO4 during lithia-
ion/delithiation.

. Experimental

.1. Powder preparation and cell fabrication

The compound LiMn0.25Fe0.75PO4 was prepared by solid-
tate reaction between the compounds FeC2O4·2H2O, MnCO3,
H4H2PO4 and Li2CO3. Some glucose was added in order to

nhance the conductivity and prevent the formation of Fe3+. The
recursors were dispersed into ethanol and ground by ball-milling.
fter evaporating the ethanol, the mixtures were first heated at
50 ◦C for 10 h in N2 gas. The resulting LiMn0.25Fe0.75PO4 was sub-
equently sintered at 700 ◦C for 10 h in a N2 gas.

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:hcshih@mx.nthu.edu.tw
dx.doi.org/10.1016/j.jpowsour.2008.07.088
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Fig. 1. The X-ray diffraction pattern of LiMn0.25Fe0.75PO4.

For the in-situ X-ray experiment, the LiMn0.25Fe0.75PO4
athode was fabricated into an aluminum packaged film bat-
ery (4 cm × 2.5 cm × 1.5 mm) with a lithium metal anode.
he cathode was constructed from LiMn0.25Fe0.75PO4/carbon
lack/polyvinylidene fluoride with a weight ratio of 85/8/7 on
he aluminum film. The cells were charged and discharged at
5 ◦C between fixed voltage limits (4.5–1.5 V) at constant cur-
ent densities of 0.1 mAcm−2 and 1 mAcm−2 (approximating to
he 0.05C and 0.5C rates) on an Arbin BT2400 battery tester.
he structures were determined by X-ray diffraction (Siemens
6000Diffractometer).

.2. In-situ XRD measurements

In-situ synchrotron X-ray studies were carried out in transmis-
ion mode at 16 keV (� = 0.774 Å) at the Wiggler beam line 01C of the
ational Synchrotron Radiation Research Center, Hsinchu, Taiwan.
he exposure time was 3 min and the XRD spectra were recorded
n the Mar 345-image plate detector. All in-situ XRD patterns were
alibrated using standard samples (Ag + Si) before further analysis.

. Results and discussion

.1. Structure analysis

Fig. 1 shows the X-ray diffraction pattern of the
iMn0.25Fe0.75PO4 powders; all diffraction peaks can be indexed
n the orthorhombic Pnma space group. The powders are solid
olutions of LiFePO4 and LiMnPO4. The lattice parameters were cal-
ulated by the least squares method and gave a = 6.03 Å, b = 10.35 Å,
= 4.71 Å. In-situ XRD was then applied in order to study the phase
ransformation of LiMn0.25Fe0.75PO4.

.2. Electrical performance

Fig. 2 (a) and (b) shows the electrical performance (at 0.05C
nd 0.5C) of the LiMn0.25Fe0.75PO4 electrode later used for the
n-situ XRD experiments. In order to observe the phase transfor-

ation, the cell is operated at a low charge/discharge rate (0.05C)

or the first cycle. There are two distinct plateaux, at 4 V and
.5 V, from the Mn3+/Mn2+ and Fe3+/Fe2+ redox systems, respec-
ively. The capacity is 153 mAh g−1 and the average working voltage
ises to 3.53 V compared with 3.4 V for pure LiFePO4. When the
iMn0.25Fe0.75PO4 cell was used in the second cycle, at the 0.5C

L
A
a

t

ig. 2. The electrical performances of LiMn0.25Fe0.75PO4 for in-situ XRD experiments
a) the first cycle 0.05C charge/discharge, (b) the second cycle 0.5C charge/discharge.

harge/discharge rate, the potential plateau of Mn3+/Mn2+ became
ndistinct and the cell capacity decreased to 112 mAh g−1, as shown
n Fig. 2(b). Because olivine-type cathode materials have poor elec-
rical conductivity, cells charged and discharged using a lower
urrent density (<0.05C) may perform better and approach the the-
retical capacity (170 mAh g−1) [13].

.3. In-situ X-ray diffraction analysis during the first cycle (0.05C
harge/discharge)

Fig. 3 (a) shows the in-situ XRD patterns of LixMn0.25Fe0.75PO4
s a function of the lithium content x during the cell charge
t 0.05C. Before the cell charge (x = 1), the XRD pattern shows
he LiMn0.25Fe0.75PO4 electrode. Because the wave length is
.774 Å, the LiMn0.25Fe0.75PO4 (0 2 0) peak appears at 8.60◦, shifted
ith respect to Fig. 1. During the delithiation, the in-situ XRD
atterns confirm that LiMn0.25Fe0.75PO4 undergoes two two-
hase transformations. The first two-phase transformation is
aused by the Fe2+/Fe3+ redox reaction in LiMn0.25Fe0.75PO4. At
= 0.62, the XRD pattern shows that the LixMn0.25

2+Fe0.75
3+PO4

0 2 0) peak begins to appear, indicating the coexistence of
ixMn0.25

2+Fe0.75
2+PO4 and LixMn0.25

2+Fe0.75
3+PO4. The phase

ecomes entirely LixMn0.25
2+Fe0.75

3+PO4 at x = 0.30 because the
ixMn 2+Fe 2+ PO (0 2 0) peak disappears in the XRD patterns.
0.25 0.75 4
fterwards there is a single-phase transformation between x = 0.30
nd 0.23.

The second two-phase transformation is caused by
he Mn2+/Mn3+ redox reaction in LiMn0.25Fe0.75PO4. The
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and a serious Jahn-Teller effect [15,16]. This result is also reflected
by the XRD patterns. The phase is not transformed completely to
LixMn0.25

3+Fe0.75
3+PO4 when the cell charge process ends.

Fig. 4 (b) shows the in-situ XRD patterns of LixMn0.25Fe0.75PO4
at the 0.5C discharge rate, which are consistent with the 0.05C
ig. 3. In-situ XRD patterns of LixMn0.25Fe0.75PO4 as a function of the lithium content
during the cell (a) charge and (b) discharge at 0.05C.

ixMn0.25
3+Fe0.75

3+PO4 (0 2 0) peak begins to appear at x = 0.14
nd the phase changes to LixMn0.25

3+Fe0.75
3+PO4 at x = 0.02. The

esults are similar to those of Yamada et al. [14]. They used
hemical oxidation to extract the lithium ion from LiMnxFe1 − xPO4
nd constructed a phase diagram of LiMnxFe1 − xPO4 during the
elithiation. But the one-phase region should be more limited in
omposition.

However, a different phase transformation is found dur-
ng the lithiation, as shown in Fig. 3(b). Mn0.25Fe0.75PO4
ndergoes a two-phase and a single-phase transformation

nstead of two two-phase transformations. The two-phase
ransformation is caused by the Mn3+/Mn2+ redox reaction
LixMn0.25

3+Fe0.75
3+PO4/LixMn0.25

2+Fe0.75
3+PO4) between x = 0.02

nd 0.16. The two-phase transformation of Fe2+/Fe3+ redox is not
ound in the lithiation process but is a single-phase reaction. The
ixMn0.25Fe0.75PO4 (0 2 0) peak shifts to the lower angle as the
ithium ions intercalate, indicating that there is a solid solution
f LixMn0.25

2+Fe0.75
3+PO4 and LixMn0.25

2+Fe0.75
2+PO4 in this region

0.27 < x < 0.90).

.4. In-situ X-ray diffraction analysis of the second cycle (0.5C
harge/discharge)
The XRD patterns show that LixMn0.25Fe0.75PO4 also under-
oes two two-phase transformations at the higher charge rate,
s shown in Fig. 4 (a). The first two-phase transformation is the
e2+/Fe3+ redox reaction in LixMn0.25Fe0.75PO4 and the second is
ig. 4. In-situ XRD patterns of LixMn0.25Fe0.75PO4 as a function of the lithium content
during the cell (a) charge and (b) discharge at 0.5C.

he Mn2+/Mn3+ redox reaction. The cell charge process ceases at
= 0.09, meaning that lithium ions cannot deintercalate completely

rom the LixMn0.25Fe0.75PO4 structure at this higher charge rate
ecause LiMnPO4 has a poorer electrical conductivity than LiFePO4
Fig. 5. The cyclic test of LiMn0.25Fe0.75PO4 at 0.2C charge/discharge.
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ig. 6. Synchrotron XRD patterns of LiMn0.25Fe0.75PO4 before (black line) and after
red line) cycling. (For interpretation of the references to colour in this figure legend,
he reader is referred to the web version of the article.)

ischarge rate. They show that LixMn0.25Fe0.75PO4 follows the
ame phase transformations (two-phase and single-phase) even
t the higher discharge rate.

.5. Analysis of cyclic test

Fig. 5 shows the cyclic test of LiMn0.25Fe0.75PO4 at the 0.2C
harge/discharge rate. The capacity is about 120 mAh g−1 and there
s no significant fading during the cycling, showing that it has
ood cyclability. Synchrotron X-ray diffraction was also used to
tudy the relationship between the cyclability and structure. Fig. 6
hows the synchrotron XRD patterns of LiMn0.25Fe0.75PO4 after
ycling. Compared with a fresh electrode, the XRD patterns reveal
hat LiMn0.25Fe0.75PO4 still maintains a good olivine structure after
ycling, indicating that this cathode material has a stable structure
nd a good reversibility. This result is consistent with the cyclic test.
. Conclusions

In this work, synchrotron X-ray diffraction has been applied
o study the phase transformation of lithium bi-metal phosphate.

[
[

[

ources 189 (2009) 790–793 793

wo significant two-phase transformations are observed by in-situ
RD during the delithiation. The first two-phase transformation

s caused by the Fe2+/Fe3+ redox reaction at 3.4 V and the other
s the Mn2+/Mn3+ redox reaction at 4.1 V. However, other phase
ransformations are found during the lithiation. The two-phase
ransformation of Mn3+/Mn2+ redox is also found in the lithiation
ut only the single-phase transformation of the Fe3+/Fe2+ redox.
he LiMn0.25Fe0.75PO4 retains good cyclability even after 40 cycles
ue to its stable olivine structure.
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