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bstract

Infrared and Raman spectroscopy have been used to investigate the Li-ion battery cathode materials Lix(MnyFe1−y)PO4 for 0 < x ≤ 1 and y = 0.0,
.5 and 1.0. In the Raman spectrum of Li(Mn0.5Fe0.5)PO4, the frequency of the PO3−

4 symmetric stretching mode is very similar to that found
n LiFePO4 and LiMnPO4, suggesting that the P–O bond lengths are similar across the entire Li(MnyFe1−y)PO4 solid-solution series. The more
ocalized �1 and �3 bands (symmetric and antisymmetric PO3−

4 stretching modes, respectively) in the infrared spectra exhibit two-mode behavior
or all three Li(MnyFe1−y)PO4 compositions studied, whereas the PO3−

4 antisymmetric bending modes (�4) and the Li+ cage mode frequencies vary
ith Mn2+ concentration. The vibrational modes in Lix(Mn0.5Fe0.5)PO4 are sensitive to lithium content (x) and are, thus, used to investigate changes

n the (Mn0.5Fe0.5)PO4 framework under cycling. The lack of spectral changes during the Fe2+/Fe3+ redox couple (3.7 V versus Li+/Li) suggests that
he PO3−

4 anions have similar local environments in Li(Mn0.5
(II)Fe0.5

(II))PO4 and Li0.5(Mn0.5
(II)Fe0.5

(III))PO4. Two-phase behavior is confirmed during
he Mn2+/Mn3+ redox couple (4.2 V), and the infrared spectrum for (Mn0.5

(III)Fe0.5
(III))PO4 is similar to that of FePO4 since both phases contain PO3−

4

nions coordinated only to trivalent transition metal ions. However, the PO3−
4 anions are much more distorted in (Mn0.5

(III)Fe0.5
(III))PO4 compared
o FePO4, probably as a result of deformation of the MnO6 octahedra induced by Jahn–Teller active Mn3+ ions in the (Mn0.5
(III)Fe0.5

(III))PO4

tructure. Raman spectra suggest that the carbon layer coating the Li(Mn0.5Fe0.5)PO4 particles (to improve electronic contact between particles) is
redominantly composed of sp2-hybridized carbon atoms.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Over the past few years, there has been considerable research
nto developing phospho-olivine LiMPO4 (M = Fe, Mn, Co or
i) compounds for the next generation of lithium recharge-

ble batteries. Most of this research effort has been focused on
iFePO4 because of its high theoretical capacity (170 mAh g−1)

1], 3.5 V operating potential versus Li+/Li, excellent coulom-
ic efficiency under optimal conditions [2], and environmentally
enign constituents [3]. Lithium extraction occurs in a topotac-

ic two-phase process, whereby Li+ ions are removed from the
ryphilite phase (LiFePO4) to form the heterosite phase FePO4
1,4]. Recently it has been shown that the situation is somewhat

∗ Corresponding author. Tel.: +1 918 444 3835; fax: +1 918 458 2325.
E-mail address: burba@nsuok.edu (C.M. Burba).
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ithium-ion batteries

ore complicated [5,6]. In the very early stages of delithia-
ion, lithium ions diffuse from the LiFePO4 particles through

single-phase reaction pathway, leaving the cathode with an
pproximate composition of Li0.97FePO4. At this point, lithium
xtraction becomes two-phase and a shell of lithium-deficient
i0.03FePO4 is produced on the surface of the particles. As the
ells are further charged, the Li0.03FePO4 shell grows inward at
he expense of the Li0.97FePO4 core. At the end of the charging
tep, the cathode undergoes a second single-phase reaction to
roduce FePO4.

In the original studies, only a minor fraction of the theo-
etical specific capacity was achieved for LiFePO4, especially
t higher rates [1]. This was attributed to the diffusion-limited

ransfer of Li+ ions across the phase boundary of LiFePO4 and
ePO4 [1], which is related to the poor intrinsic electronic con-
uctivity of LiFePO4 (between 10−9 and 10−8 S cm−1 at room
emperature) [7]. Several approaches have been employed to

mailto:burba@nsuok.edu
dx.doi.org/10.1016/j.jpowsour.2007.05.075
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mprove the cycling performance of LiFePO4-based cathodes.
ne has been to optimize the synthesis conditions so that the

ormation of Fe3+ impurities is suppressed and the particle sizes
re minimized. These smaller particles have a larger surface area
vailable for Li+ (de)intercalation [8]. Other material process-
ng strategies has been to try to increase the effective electronic
onductivity of the LiFePO4 electrode to technologically useful
evels [9–13]. These efforts include coating the particles with a
hin layer of carbon [14].

Phospho-olivine LiMnPO4 has also been investigated as a
otential cathode material for lithium rechargeable batteries,
ince it has a higher operating potential than LiFePO4 (4.1 V
ersus Li+/Li) [15–18]. Here, lithium extraction also proceeds
ccording to a two-phase mechanism between LiMnPO4 and
nPO4 [18]. However, the rate capability of this material is

ery poor compared to LiFePO4 [17]. This may be because
iMnPO4 is an insulator with a ∼2 eV spin exchange band gap,
hereas LiFePO4 is a semiconductor with a ∼0.3 eV crystal
eld band gap [19]. A number of workers have shown that the
n2+/Mn3+ redox couples can be accessed at reasonable rates

y forming the Li(MnyFe1−y)PO4 solid-solution [1,19–24].
hese compounds are isostructural with their LiFePO4 and
iMnPO4 end-members, adopting the same olivine-like struc-

ure as LiFePO4: space group Pnma (D16
2h) [22–24]. The divalent

ransition metal ions are randomly distributed over 4c sites
Cs symmetry). Tetrahedrally coordinated P5+ cations are also
ocated on 4c sites and bridge the MO6 chains to form an
nterconnected three-dimensional structure. The Li+ ions are
ctahedrally coordinated and situated on 4a sites (Ci symmetry).
ithium (de)intercalation proceeds over two voltage plateaus at
.5 and 4.1 V, corresponding to the Fe2+/Fe3+ and Mn2+/Mn3+

edox couples, respectively [1], with the relative length of each
lateau depending on the manganese concentration.

The two-dimensional phase diagram of Lix(MnyFe1−y)PO4
0 ≤ x, y ≤ 1) has been investigated extensively with X-
ay diffraction, X-ray absorption, magnetic susceptibility and

össbauer techniques [23,25–27]. Yamada et al. reported
nusual phase behavior for compounds with intermediate
ithium concentrations [23]. Specifically, they noted that the
resence of Mn2+ ions introduces a single-phase mechanism
uring the Fe2+/Fe3+ redox couple as Li+ ions are extracted
rom Lix(MnyFe1−y)PO4 [23]. At high Mn2+ concentrations,
he Fe2+/Fe3+ couple proceeds entirely by this single-phase

echanism, while for low Mn2+ concentrations, the Fe2+/Fe3+

ouple is associated with a two-phase followed by a single-
hase mechanism. Furthermore, lithium extraction during the
n2+/Mn3+ redox couple is described by a two-phase reaction

egardless of manganese concentration. Recently, Bramnik et
l. have used high resolution X-ray diffraction to propose two-
hase delithiation reactions for both Fe2+/Fe3+ and Mn2+/Mn3+

edox couples in Lix(Mn0.6Fe0.4)PO4 [28]. However, their data
as consistent with a single-phase region 0.55 ≤ x ≤ 0.67 in
ix(Mn0.6Fe0.4)PO4 [28].
Although there have been several investigations into the local
tructure of these LiMPO4 compounds, the majority have used

össbauer spectroscopy and X-ray absorption spectroscopy to
ocus on the transition metal ions [4,8,21–27,29,30]. Tucker et

A
t
O
1
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l. utilized 7Li and 31P magic angle spinning nuclear magnetic
esonance (MAS-NMR) to investigate local structure around the
i and P atoms in some LiMPO4 materials [31,32]. A number
f researchers have shown that vibrational spectroscopy is very
seful in probing fundamental lithium intercalation reactions in
variety of crystalline electrode materials [33–42]. For example,

he LiFePO4–FePO4 phase change could be easily identified in
ixFePO4 (0 ≤ x ≤ 1) cathodes using vibrational spectroscopy

42]. The vibrational modes of the phosphate anions are expected
o be quite sensitive to lithium extraction in Li(MnyFe1−y)PO4
ecause the lithium and transition metal ions are coordinated to
he oxygen atoms of the covalent P–O bonds in the tetrahedral
O3−

4 anions. Thus, a vibrational spectroscopic investigation of
he carbon-coated compounds Lix(MnyFe1−y)PO4 (y = 0, 0.5,
) compounds will provide a unique perspective on the lithium
de)intercalation reactions accompanying cathode cycling.

. Experimental methods

Samples of LiFePO4 and LiMnPO4 were received from Kerr-
cGee Stored Power Company. Lithium ions were chemically

xtracted from LiFePO4 using a sufficient quantity of bromine
n acetonitrile to form FePO4 [42]. The product was washed
horoughly with acetonitrile and dried overnight under reduced
ressure. Samples of LiFe0.5Mn0.5PO4 were prepared by the
olid-state reaction of stoichiometric amounts of FeC2O4·2H2O,

nCO3, NH4H2PO4 and Li2CO3. These starting materials were
horoughly mixed and ground together with 4 wt% cellulose
cetate. The synthesis was conducted under a flow of nitro-
en gas to prevent oxidation of the Fe2+ ions. The mixture was
lowly heated to 700 ◦C and annealed for 24 h. The crystal struc-
ure was confirmed by X-ray powder diffraction (STOE & Cie
mbH STADI powder diffractometer). Exposures were made in

ransmission mode with Ge-monochromatized Co K�1 radiation
λ = 1.78897 Å).

Lithium ions were electrochemically extracted from the car-
on-coated Li(Mn0.5Fe0.5)PO4 to form the Lix(Mn0.5Fe0.5)PO4
aterials. To this end, cathodes were prepared by mixing 87 wt%

ctive material, 5 wt% KS-6 graphitic carbon (TimCal, Ltd.),
wt% Super P and 3 wt% Teflon. The resulting mixture was

hen pressed into a thin sheet. Circular disks were cut from the
heet (0.62 cm2 and 4.0 ± 0.6 mg) and dried overnight at 150 ◦C
n a vacuum oven. Coin cells were constructed using a lithium

etal anode and an electrolyte of 1 M LiPF6 in a 1:1 solution of
thylene carbonate (EC) and diethyl carbonate (DEC). The cell
otential was swept potentiostatically between 4.60 and 2.85 V
t approximately 55 ◦C using a 0.5 mV s−1 rate. All of the cells
ere taken through one complete cycle before they were charged

o the desired voltage. Afterwards, the cells were disassembled
nder an argon atmosphere, washed twice in DEC, dried under
educed pressure at room temperature and stored under argon.

Raman scattering experiments were conducted on a Jobin-
von ISA T64000 spectrometer in the triple subtractive mode.

532 nm laser (Spectra-Physics Millennia Vs) was focused onto

he surface of the powders through the 80× objective lens of an
lympus microscope, and all of the spectra were recorded in a
80◦ back-scattering configuration using a CCD detector. The
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aser power was set to approximately 10 mW at the laser head
o avoid thermal damage to the samples. Transmission FT-IR
pectra were recorded at 1 cm−1 resolution with a Bruker IFS
6v spectrometer equipped with a KBr beam splitter and a DTGS
etector.

. Results and discussion

.1. The Raman spectrum of Li(Mn0.5Fe0.5)PO4

The Raman spectrum of Li(Mn0.5Fe0.5)PO4 is presented in
ig. 1. Two broad bands at ca. 1595 and 1342 cm−1 domi-
ate the spectrum; these bands are due to the carbon coating
n the surface of the particles. At the Brillouin zone center,
he vibrational modes of crystalline graphite are distributed
mong the irreducible representations of the D6h point group
A2u + 2B2g + E1u + 2E2g) [43]. Only the two E2g modes are
aman-active in first-order scattering experiments [43]. These
ibrational modes correspond to the in-plane motion of the car-
on atoms and have been observed at 42 and 1581 cm−1 (G band)
44]. Several researchers have reported additional bands in the
aman spectrum of microcrystalline graphite between 1318 and
355 cm−1 (D band) and at 1623 cm−1 (D’ band) [43–46]. These
ands are thought to be non-Brillouin-zone-center phonons aris-
ng from the crystal boundary regions in the microcrystalline
raphite. Tuinstra and Koenig [43] and Nikiel and Jagodzinski
46] have shown that the integrated intensity ratio of the G and D
ands is inversely proportional to the intraplane crystallite size,
a, in polycrystalline graphite. The linewidths of the G, D and

’ bands are also somewhat dependant on La [46].
Doeff et al. characterized a series of carbon-coated LiFePO4

ompounds with Raman spectroscopy and determined that the
lectrochemical discharge capacity depends on the integrated

ig. 1. Raman scattering spectrum of carbon-coated Li(Mn0.5Fe0.5)PO4. The
agger (†) denotes the Ag mode of �1.
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ntensity ratio of the D and G bands and on the relative amount
f sp2- and sp3-hybridized carbon [47]. Materials with a low
/G ratio were predominantly composed of sp2-type carbon

nd gave the best electrochemical performance. Wagner et al.
48] and Ramsteiner and Wagner [49] used resonance Raman
pectroscopy to probe the relative abundance of sp2- and sp3-
ybridized carbon in amorphous carbon and microcrystalline
raphite. The resonance Raman technique is sensitive to the
lectronic �–�* transition that occurs between 3.5 and 6.5 eV
or sp2-bonded carbon atoms [48]. Although resonance Raman
xperiments were not performed on the Li(Mn0.5Fe0.5)PO4 sam-
les, the bands at 1595 and 1342 cm−1 in Fig. 1 closely resemble
he bands of carbon-coated LiFePO4 (sample 3A) from Doeff
t al. [47] and the microcrystalline graphite, which is predom-
nately sp2-hybridized carbon, from Wagner et al. [48]. It is
herefore reasonable to conclude that the Li(Mn0.5Fe0.5)PO4
articles have at least a partial coverage of disordered graphite,
omposed mostly of sp2-coordinated carbon atoms.

Fig. 1 also contains a weak band at 948 cm−1 that is assigned
o the Ag mode of the totally symmetric stretching vibrations
f the PO3−

4 anions (�1) for Li(Mn0.5Fe0.5)PO4. Although its
ntensity is much weaker than the corresponding bands in other
iMPO4 (M = Mn, Fe, Co and Ni) systems, the frequencies
re very similar [42,50–54]. This suggests that the P–O bond
engths in Li(Mn0.5Fe0.5)PO4 are similar to those in LiFePO4
nd LiMnPO4 [55]. The relatively weak intensity of the band
n Li(Mn0.5Fe0.5)PO4 is probably due to the optical skin effect
f the carbon-coated Li(Mn0.5Fe0.5)PO4 particles. Electromag-
etic radiation attenuates exponentially as it passes through an
bsorbing sample, and the effective penetration depth is propor-
ional to the wavelength of the light and the optical constants
f the sample [56]. Typically, the penetration depth is between
/4 and 1/2 of the wavelength of the light. In these experiments,
he wavelength of the Raman excitation laser is 532 nm. The
aser beam therefore penetrates only a fraction of a micron into
he particles, and the scattering volume predominantly contains
he carbonaceous surface layer and only a small amount of the
i(Mn0.5Fe0.5)PO4 material.

.2. The infrared spectra of Li(MnyFe1−y)PO4

Infrared spectra of the intramolecular stretching modes (�1
nd �3) for Li(MnyFe1−y)PO4 (0 ≤ y ≤ 1) are presented in Fig. 2.
pectral assignments for many of the LiMPO4 vibrations have
een previously reported in the literature and are assumed here
42,50,54,57]. In general, the infrared spectra of LiFePO4 and
iMnPO4 are very similar. Both compounds have two bands
etween 1000 and 800 cm−1 that are assigned to �1, and each
pectrum contains three bands at 1138, 1095 and ca. 1060 cm−1

elonging to �3. The infrared spectrum of Li(Mn0.5Fe0.5)PO4
xhibits two-mode behavior, whereby the PO3−

4 intramolecular
tretching region is essentially a superposition of spectra char-

cteristic of the two end-members (LiFePO4 and LiMnPO4),
nd the relative intensities of the partially overlapping bands
re governed by the phase composition of the material [58]. For
xample, there are two bands at 1067 and 1053 cm−1 instead
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ig. 2. Infrared absorption spectra of �1 and �3 for Li(MnyFe1−y)PO4 (y = 0,
.5, 1). The dashed lines denote the two-mode behavior in �3.

f a single band at the mean frequency for Li(Mn0.5Fe0.5)PO4
see Fig. 2). This may be contrasted with one-mode behavior,
here a broadened single band would be observed through-
ut the solid-solution series at a frequency that is roughly the
eighted average of the frequencies of the end-members [58].
Fig. 3 contains infrared spectra of Li(MnyFe1−y)PO4 between

00 and 450 cm−1. Four bands ranging in frequency from

50 to 650 cm−1 are assigned to antisymmetric PO3−

4 bend-
ng vibrations (�4). The bands near 500 and 465 cm−1 are
ssigned to Li+ ion “cage modes” [50]. In these modes, Li+

ig. 3. Infrared absorption spectra of �4 and the lithium cage modes for
i(MnyFe1−y)PO4 (y = 0, 0.5, 1). The arrows denote the lithium cage modes.
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ons undergo translatory motion in an octahedral environment
efined by nearest-neighbor oxygen atoms coordinating the Li+

ons. A factor group correlation analysis of the Li+ ion vibra-
ions yields the 12 normal modes at the Brillouin zone center
3Au + 3B1u + 3B2u + 3B3u). These modes are distributed among
he irreducible representations of the D2h point group [50].
he modes with Au symmetry are both Raman- and infrared-

nactive; this leaves nine IR-active Li+ ion cage modes in
i(MnyFe1−y)PO4, which can mix with other vibrational modes
f identical symmetry to produce bands representing a complex
ixture of atomic motion. However, comparison of the vibra-

ional spectra of LiFePO4 and NaFePO4 suggests that the Li+ ion
age modes are highly decoupled, and the bands near 500 and
65 cm−1 consist almost entirely of Li+ ion translatory motion
59].

Unlike the stretching modes in Fig. 2, the lithium cage
odes and �4 do not exhibit two-mode behavior throughout the
i(MnyFe1−y)PO4 solid-solution series. Instead, the frequen-
ies of these bands depend on the value of y; for example, the
ands at 648 and 637 cm−1 in the LiFePO4 spectrum merge and
hift to lower frequency for increasing y. Although none of the
hosphate vibrations consist only of P and O motion, the PO3−

4
ending modes generally contain more M2+ (M = Fe or Mn) and
i+ motion than the stretching modes. Thus, �1 and �3 are more

ocalized than �4 and the Li+ cage modes and exhibit two-mode
ehavior while the lower frequency modes do not [58].

.3. The infrared spectra of Lix(Mn0.5Fe0.5)PO4

Fig. 4 shows a cyclic voltammogram of the Li(Mn0.5
e0.5)PO4 cells. On the anodic sweep, two peaks appear at 3.7
nd 4.2 V, corresponding to the Fe2+/Fe3+ and Mn2+/Mn3+ redox
ouples, respectively [1]. The cells typically deliver capacities
f 135 mAh g−1. For simplicity, samples charged to 4.6 V are

eferred to as (Mn0.5Fe0.5)PO4 even though there is residual
ithium in the particles. During the cathodic sweep, Mn3+ is
educed to Mn2+ at 3.8 V, followed by the reduction of Fe3+ to
e2+ at 3.3 V [1].

ig. 4. Cyclic voltammogram of Li(Mn0.5Fe0.5)PO4 between 2.85 and 4.6 V
0.5 mV sec−1). The asterisks (*) denote points where cells were disassembled
or spectroscopic measurements of the cathode material.
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ig. 5. Infrared absorption spectra of �1 and �3 for Lix(Mn0.5Fe0.5)PO4 and
ePO4 at various states of charge.

Fig. 5 contains infrared absorption spectra in the �1 and �3 fre-
uency range for Lix(Mn0.5Fe0.5)PO4 cathodes with different Li
ontent, along with FePO4. Only minor spectral changes occur
hen Fe2+ is oxidized to Fe3+ (the initial OCV to 3.95 V) in the
ix(Mn0.5Fe0.5)PO4 cathodes. For example, a high frequency
houlder appears on the 1137 cm−1 band. However, the �1 and �3
odes undergo dramatic changes during the Mn2+/Mn3+ redox

ouple (3.95–4.60 V). For instance, the two bands at 1076 and
040 cm−1 replace the asymmetric band near 1060 cm−1, while
he three bands at 989, 968 and 944 cm−1 collapse into two
ands at 972 and 929 cm−1. There are several differences in the
ibrational spectra of (Mn0.5Fe0.5)PO4 and FePO4. The most
ntense �3 mode of (Mn0.5Fe0.5)PO4 is at 1076 cm−1, whereas
he band is centered at 1099 cm−1 in the spectrum of FePO4. The
1 and �3 bandwidths are also dependant on Li+ concentration
ver the Mn2+/Mn3+ redox couple—the (Mn0.5Fe0.5)PO4 bands
re much broader than the corresponding FePO4 bands.

Similar changes are observed for the �4 and Li+ cage modes
n Fig. 6. Only minor spectral changes in the infrared bands
re observed during the Fe2+/Fe3+ redox couple, but rather
ramatic changes occur during the Mn2+/Mn3+ couple. For
xample, the intensity of the 496 cm−1 band diminishes slightly
hen the cells are charged to 3.95 V, but the band at 661 cm−1

ncreases in intensity at the expense of the 642 cm−1 band. A
ew band appears at 532 cm−1, which gradually replaces the
77 and 551 cm−1 bands between 3.95 and 4.6 V. Additionally,
he 661 and 642 cm−1 bands become a single band centered
ear 650 cm−1 in the (Mn0.5Fe0.5)PO4 spectrum. The Li+ cage
odes essentially vanish during the Mn2+/Mn3+ redox couple,

eaving a weak feature near 460 cm−1 in the 4.6 V sample. This

s possibly due to the residual Li+ ions in the (Mn0.5Fe0.5)PO4
articles.

Bramnik et al. used high resolution synchrotron XRD data to
uggest two-phase mechanisms for the Fe3+/Fe2+ and Mn3+/

a
L
t
a

ig. 6. Infrared absorption spectra of �4 and the lithium cage modes for
ix(Mn0.5Fe0.5)PO4 and FePO4 at various states of charge. The arrows denote

he lithium cage modes.

n2+ redox couples of Lix(Mn0.6Fe0.4)PO4 [28]. These two
egions are connected by a narrow single-phase regime in the
omposition domain 0.55 < x < 0.67. We speculate that each
i(MnyFe1−y)PO4 two-phase region follows a shell mechanism
imilar to LixFePO4. Initial delithiation of Li(Mn0.5Fe0.5)PO4
s expected to proceed through a short single-phase mechanism
o produce Lix(Mn0.5Fe0.5)PO4 with x slightly less than one.
he particle surfaces then become encased with a thin layer
f Lix(Mn0.5

(II)Fe0.5
(III))PO4 (x ≈ 0.5) that migrates inward at

he expense of the lithium-rich Lix(Mn0.5Fe0.5)PO4 core during
he Fe2+/Fe3+ redox couple. A second single-phase transi-
ion connects the Fe2+/Fe3+ and Mn2+/Mn3+ redox couples at
a. x = 0.5. The Mn2+/Mn3+ redox couple is characterized by
n immiscibility gap between Li0.5(Mn0.5

(II)Fe0.5
(III))PO4 and

ithium-deficient Lix(Mn0.5
(III)Fe0.5

(III))PO4. In this domain,
he lithium-deficient Lix(Mn0.5Fe0.5)PO4 forms another shell
n the surface of the particles, which then migrates inward
s the electrode is charged. At the end of the charging step,
Mn0.5Fe0.5)PO4 is formed after a third short single-phase mech-
nism.

Unfortunately, the two-phase mechanism that operates dur-
ng the Fe2+/Fe3+ redox couple cannot be detected with
nfrared spectroscopy since the spectra undergo small changes.
his behavior is quite different from that in the LixFePO4
ystem, where FePO4 bands appeared early in the delithi-
tion process and continued to increase at the expense
f the LiFePO4 bands [42]. Spectral differences between
ixFePO4 and Lix(Mn0.5Fe0.5)PO4 at the same level of delithi-

tion must be due to the presence of the Mn2+ ions. In
i(Mn0.5

(II)Fe0.5
(II))PO4, the Mn2+ and Fe2+ ions are dis-

ributed among symmetrically equivalent 4c sites; thus, there
re a number of possible coordination environments for the
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O3−
4 anions. During the first electrochemical plateau, parti-

les consist of a lithium-rich Lix(Mn0.5Fe0.5)PO4 encased by
ix(Mn0.5Fe0.5)PO4 (x = 0.5). The PO3−

4 anions are coordinated
o Li+, Mn2+ and Fe3+ ions in Lix(Mn0.5Fe0.5)PO4 (x = 0.5).
n contrast, particles of LixFePO4 consist of a LiFePO4 core
ithin a shell of FePO4 [1,4]; in FePO4 the PO3−

4 anions are
nly coordinated to Fe3+ ions. The lack of spectral changes in
igs. 5 and 6 suggests that the local structure about the PO3−

4
nions in Lix(Mn0.5Fe0.5)PO4 does not change significantly dur-
ng the Fe2+/Fe3+ redox couple. This is probably because the Li+

nd Mn2+ ions cause the structural environment of the PO3−
4

nions in Li0.5(Mn0.5
(II)Fe0.5

(III))PO4 to be more similar to that
n Li(Mn0.5

(II)Fe0.5
(II))PO4 than in FePO4.

The two-phase mechanism can be easily discerned with
nfrared spectroscopy during the Mn2+/Mn3+ redox couple
Figs. 5 and 6). Between 3.95 and 4.60 V, several new bands
ppear and increase in intensity as the Mn2+ is oxidized to Mn3+.
his behavior is identical to the spectral changes observed for the

wo-phase delithiation of LiFePO4 [42]. Indeed, the frequencies
f the (Mn0.5

(III)Fe0.5
(III))PO4 modes are very similar to those

f FePO4 [42]. This is because of the similar local structure in
Mn0.5

(III)Fe0.5
(III))PO4 and FePO4 in that both phases contain

O3−
4 anions that coordinate only trivalent transition metal ions.
Above 3.95 V, the (Mn0.5Fe0.5)PO4 bandwidths become

onsiderably larger than in FePO4. This indicates that there
s a higher degree of disorder around the PO3−

4 anions in
Mn0.5Fe0.5)PO4 than in FePO4. Previous experiments using
xtended X-ray absorption fine structure measurements have
learly shown that the local structure around the Mn cations
ecomes distorted when the Mn2+ ions oxidize to Mn3+ [22,23].
his was attributed to a strong electron–lattice interaction with

he Mn3+ ions in the (MnyFe1−y)PO4 materials (Jahn–Teller
ffect). The O atoms forming the MnO6 octahedra are cova-
ently bonded to P atoms in the phospho-olivines. Thus, local
eformations in the Mn octahedra will directly affect the PO3−

4
ibrational modes through the covalent P–O bonds, and result in
he significant band broadening observed for the PO3−

4 anions
n (Mn0.5Fe0.5)PO4.

. Conclusions

The local structure of Lix(MnyFe1−y)PO4 was explored by
ibrational spectroscopic methods for 0 < x ≤ 1 and y = 0.0, 0.5
nd 1.0. Raman spectra of the carbon-coated Li(Mn0.5Fe0.5)PO4
articles are dominated by two intense bands that are assigned
o the G and D bands of graphite. The relative intensities of these
ands suggest that the particles are predominately covered with
isordered, sp2-coordinated carbon atoms. The Raman spectrum
lso contains a weak band at 948 cm−1 assigned to the Ag mode
f �1. The frequency of this band agrees very well with previ-
us Raman spectroscopic measurements of �1 in other LiMPO4
hospho-olivine systems [42,50–54,57], indicating that the P–O
ond lengths change insignificantly in Li(MnyFe1−y)PO4 solid

olutions [55].

The infrared spectrum of Li(Mn0.5Fe0.5)PO4 in the PO3−
4

ntramolecular stretching region (�1 and �3) shows two-mode
ehavior; however the Li+ cage modes and �4 do not exhibit

[
[

er Sources 172 (2007) 870–876 875

his behavior. Instead, these bands are intermediate between the
wo end-members (LiFePO4 and LiMnPO4), and the Li+ cage

odes and �4 frequencies depend on Mn/Fe composition. The
1 and �3 vibrations, which exhibit two-mode behavior, are more
ocalized than the �4 and Li+ cage modes.

The PO3−
4 vibrations of the Li(Mn0.5Fe0.5)PO4 solid-solution

re sensitive to lithium extraction, with only minor changes
ccurring in a few of the bands during the Fe2+/Fe3+ redox
ouple. However, significant changes occur in the PO3−

4 vibra-
ions and Li+ ion cage modes during the Mn2+/Mn3+ redox
ouple. The infrared spectra suggest that the local structure of
he PO3−

4 anions change insignificantly during the Fe2+/Fe3+

edox couple. This is possibly due to the coordination of
he PO3−

4 anions by Li+ and Mn2+ ions in addition to Fe3+.
oreover, the infrared spectra confirm a two-phase mecha-

ism for the oxidation of Mn2+ to Mn3+ between 3.95 and
.60 V. The bandwidths of the Lix(Mn0.5Fe0.5)PO4 (0 ≤ x ≤ 0.5)
odes show some dependence on the lithium concentration;

he (Mn0.5Fe0.5)PO4 bands are much broader than the corre-
ponding bands for FePO4. This indicates that the PO3−

4 anions
re more disordered in (Mn0.5Fe0.5)PO4 compared to FePO4.
he local disorder amongst the anions is probably due to local
eformations in the MnO6 octahedra induced by the Jahn–Teller
ctive Mn3+ ions in (Mn0.5Fe0.5)PO4.
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