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Abstract

Infrared and Raman spectroscopy have been used to investigate the Li-ion battery cathode materials Li,(Mn,Fe;_,)PO, for0<x <1 and y=0.0,
0.5 and 1.0. In the Raman spectrum of Li(MngsFe(5)POy, the frequency of the POZ’ symmetric stretching mode is very similar to that found
in LiFePO,4 and LiMnPO,, suggesting that the P-O bond lengths are similar across the entire Li(Mn,Fe,_,)PO, solid-solution series. The more
localized v and v; bands (symmetric and antisymmetric POi_ stretching modes, respectively) in the infrared spectra exhibit two-mode behavior
for all three Li(Mn,Fe, _,)PO,4 compositions studied, whereas the PO?{ antisymmetric bending modes (v4) and the Li* cage mode frequencies vary
with Mn?* concentration. The vibrational modes in Li,(Mn sFe, s)POy are sensitive to lithium content (x) and are, thus, used to investigate changes
in the (Mn, sFe s)PO,4 framework under cycling. The lack of spectral changes during the Fe?*/Fe’* redox couple (3.7 V versus Li*/Li) suggests that
the PO; ™ anions have similar local environments in Li(Mng 5™ Fe, 5™ )PO, and Liy 5(Mng s " Fe s ™)PO,. Two-phase behavior is confirmed during
the Mn?*/Mn** redox couple (4.2 V), and the infrared spectrum for (Mng s ""Fe, s™V)PO,, is similar to that of FePO, since both phases contain PO;~
anions coordinated only to trivalent transition metal ions. However, the PO~ anions are much more distorted in (Mngs"™Fe,s™)PO, compared
to FePO,, probably as a result of deformation of the MnQg octahedra induced by Jahn—Teller active Mn** ions in the (Mngs™Feys™™)PO,
structure. Raman spectra suggest that the carbon layer coating the Li(Mng sFe( 5)PO, particles (to improve electronic contact between particles) is

predominantly composed of sp?-hybridized carbon atoms.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Over the past few years, there has been considerable research
into developing phospho-olivine LiMPO4 (M =Fe, Mn, Co or
Ni) compounds for the next generation of lithium recharge-
able batteries. Most of this research effort has been focused on
LiFePO, because of its high theoretical capacity (170 mAhg~!)
[1], 3.5V operating potential versus Li*/Li, excellent coulom-
bic efficiency under optimal conditions [2], and environmentally
benign constituents [3]. Lithium extraction occurs in a topotac-
tic two-phase process, whereby Li* ions are removed from the
tryphilite phase (LiFePOy) to form the heterosite phase FePO4
[1,4]. Recently it has been shown that the situation is somewhat
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more complicated [5,6]. In the very early stages of delithia-
tion, lithium ions diffuse from the LiFePO, particles through
a single-phase reaction pathway, leaving the cathode with an
approximate composition of Lip g7FePOy4. At this point, lithium
extraction becomes two-phase and a shell of lithium-deficient
Lig 03FePOy is produced on the surface of the particles. As the
cells are further charged, the Lig 03FePO4 shell grows inward at
the expense of the Lig 97FePOy4 core. At the end of the charging
step, the cathode undergoes a second single-phase reaction to
produce FePOy.

In the original studies, only a minor fraction of the theo-
retical specific capacity was achieved for LiFePOy, especially
at higher rates [1]. This was attributed to the diffusion-limited
transfer of Li* ions across the phase boundary of LiFePO4 and
FePOy [1], which is related to the poor intrinsic electronic con-
ductivity of LiFePO4 (between 10~ and 10~ Scm™! at room
temperature) [7]. Several approaches have been employed to


mailto:burba@nsuok.edu
dx.doi.org/10.1016/j.jpowsour.2007.05.075

C.M. Burba, R. Frech / Journal of Power Sources 172 (2007) 870-876 871

improve the cycling performance of LiFePO4-based cathodes.
One has been to optimize the synthesis conditions so that the
formation of Fe** impurities is suppressed and the particle sizes
are minimized. These smaller particles have a larger surface area
available for Li* (de)intercalation [8]. Other material process-
ing strategies has been to try to increase the effective electronic
conductivity of the LiFePOy4 electrode to technologically useful
levels [9-13]. These efforts include coating the particles with a
thin layer of carbon [14].

Phospho-olivine LiMnPOy4 has also been investigated as a
potential cathode material for lithium rechargeable batteries,
since it has a higher operating potential than LiFePO4 (4.1 V
versus Li*/Li) [15-18]. Here, lithium extraction also proceeds
according to a two-phase mechanism between LiMnPO4 and
MnPO;4 [18]. However, the rate capability of this material is
very poor compared to LiFePO4 [17]. This may be because
LiMnPOy is an insulator with a ~2 eV spin exchange band gap,
whereas LiFePOy4 is a semiconductor with a ~0.3eV crystal
field band gap [19]. A number of workers have shown that the
Mn%*/Mn3* redox couples can be accessed at reasonable rates
by forming the Li(MnyFe;_y)POy4 solid-solution [1,19-24].
These compounds are isostructural with their LiFePO4 and
LiMnPO4 end-members, adopting the same olivine-like struc-
ture as LiFePO4: space group Pnma (Dég) [22-24]. The divalent
transition metal ions are randomly distributed over 4c sites
(Cs symmetry). Tetrahedrally coordinated P3* cations are also
located on 4c sites and bridge the MOg chains to form an
interconnected three-dimensional structure. The Li* ions are
octahedrally coordinated and situated on 4a sites (C; symmetry).
Lithium (de)intercalation proceeds over two voltage plateaus at
3.5 and 4.1V, corresponding to the Fe**/Fe’* and Mn**/Mn3*
redox couples, respectively [1], with the relative length of each
plateau depending on the manganese concentration.

The two-dimensional phase diagram of Li,(MnyFe;_,)POy4
(0<x, y<1) has been investigated extensively with X-
ray diffraction, X-ray absorption, magnetic susceptibility and
Mbossbauer techniques [23,25-27]. Yamada et al. reported
unusual phase behavior for compounds with intermediate
lithium concentrations [23]. Specifically, they noted that the
presence of Mn”* ions introduces a single-phase mechanism
during the Fe>*/Fe3* redox couple as Li* ions are extracted
from Liy(MnyFe;_;)POy4 [23]. At high Mn?* concentrations,
the Fe>*/Fe’* couple proceeds entirely by this single-phase
mechanism, while for low Mn?* concentrations, the Fe2*/Fe3*
couple is associated with a two-phase followed by a single-
phase mechanism. Furthermore, lithium extraction during the
Mn?*/Mn3* redox couple is described by a two-phase reaction
regardless of manganese concentration. Recently, Bramnik et
al. have used high resolution X-ray diffraction to propose two-
phase delithiation reactions for both Fe?*/Fe3* and Mn>*/Mn>*
redox couples in Liy(Mng gFeg 4)PO4 [28]. However, their data
was consistent with a single-phase region 0.55 <x<0.67 in
Li,(Mng eFeo.4)PO4 [28].

Although there have been several investigations into the local
structure of these LIMPO4 compounds, the majority have used
Mossbauer spectroscopy and X-ray absorption spectroscopy to
focus on the transition metal ions [4,8,21-27,29,30]. Tucker et

al. utilized 7Li and 3!P magic angle spinning nuclear magnetic
resonance (MAS-NMR) to investigate local structure around the
Li and P atoms in some LiMPO4 materials [31,32]. A number
of researchers have shown that vibrational spectroscopy is very
useful in probing fundamental lithium intercalation reactions in
avariety of crystalline electrode materials [33—42]. For example,
the LiFePO4—FePO4 phase change could be easily identified in
Liy,FePO4 (0 <x <1) cathodes using vibrational spectroscopy
[42]. The vibrational modes of the phosphate anions are expected
to be quite sensitive to lithium extraction in Li(MnyFe;_,)PO4
because the lithium and transition metal ions are coordinated to
the oxygen atoms of the covalent P-O bonds in the tetrahedral
POZ_ anions. Thus, a vibrational spectroscopic investigation of
the carbon-coated compounds Li(MnyFe; ,)PO4 (y=0, 0.5,
1) compounds will provide a unique perspective on the lithium
(de)intercalation reactions accompanying cathode cycling.

2. Experimental methods

Samples of LiFePO, and LiMnPO4 were received from Kerr-
McGee Stored Power Company. Lithium ions were chemically
extracted from LiFePO4 using a sufficient quantity of bromine
in acetonitrile to form FePO,4 [42]. The product was washed
thoroughly with acetonitrile and dried overnight under reduced
pressure. Samples of LiFegsMngsPO4 were prepared by the
solid-state reaction of stoichiometric amounts of FeC,04-2H, 0,
MnCOs3, NH4H,>PO4 and Li; CO3. These starting materials were
thoroughly mixed and ground together with 4 wt% cellulose
acetate. The synthesis was conducted under a flow of nitro-
gen gas to prevent oxidation of the Fe?* ions. The mixture was
slowly heated to 700 °C and annealed for 24 h. The crystal struc-
ture was confirmed by X-ray powder diffraction (STOE & Cie
GmbH STADI powder diffractometer). Exposures were made in
transmission mode with Ge-monochromatized Co K radiation
(L=1.78897 A).

Lithium ions were electrochemically extracted from the car-
bon-coated Li(Mng sFe( 5)PO4 to form the Li,(Mng sFeq 5)PO4
materials. To this end, cathodes were prepared by mixing 87 wt%
active material, 5 wt% KS-6 graphitic carbon (TimCal, Ltd.),
5wt% Super P and 3 wt% Teflon. The resulting mixture was
then pressed into a thin sheet. Circular disks were cut from the
sheet (0.62 cm? and 4.0 & 0.6 mg) and dried overnight at 150 °C
in a vacuum oven. Coin cells were constructed using a lithium
metal anode and an electrolyte of 1 M LiPFg in a 1:1 solution of
ethylene carbonate (EC) and diethyl carbonate (DEC). The cell
potential was swept potentiostatically between 4.60 and 2.85V
at approximately 55 °C using a 0.5 mV s~ ! rate. All of the cells
were taken through one complete cycle before they were charged
to the desired voltage. Afterwards, the cells were disassembled
under an argon atmosphere, washed twice in DEC, dried under
reduced pressure at room temperature and stored under argon.

Raman scattering experiments were conducted on a Jobin-
Yvon ISA T64000 spectrometer in the triple subtractive mode.
A 532 nm laser (Spectra-Physics Millennia Vs) was focused onto
the surface of the powders through the 80 x objective lens of an
Olympus microscope, and all of the spectra were recorded in a
180° back-scattering configuration using a CCD detector. The
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laser power was set to approximately 10 mW at the laser head
to avoid thermal damage to the samples. Transmission FT-IR
spectra were recorded at 1 cm™! resolution with a Bruker IFS
66v spectrometer equipped with a KBrbeam splitter and a DTGS
detector.

3. Results and discussion
3.1. The Raman spectrum of Li(Mng sFeps5)PO4

The Raman spectrum of Li(Mng s5Feys)PO4 is presented in
Fig. 1. Two broad bands at ca. 1595 and 1342cm~' domi-
nate the spectrum; these bands are due to the carbon coating
on the surface of the particles. At the Brillouin zone center,
the vibrational modes of crystalline graphite are distributed
among the irreducible representations of the Dgp point group
(Agy +2B2g +Eqy +2Epg) [43]. Only the two Ez; modes are
Raman-active in first-order scattering experiments [43]. These
vibrational modes correspond to the in-plane motion of the car-
bon atoms and have been observed at42 and 1581 cm™~! (G band)
[44]. Several researchers have reported additional bands in the
Raman spectrum of microcrystalline graphite between 1318 and
1355cm™! (D band) and at 1623 cm ™! (D’ band) [43-46]. These
bands are thought to be non-Brillouin-zone-center phonons aris-
ing from the crystal boundary regions in the microcrystalline
graphite. Tuinstra and Koenig [43] and Nikiel and Jagodzinski
[46] have shown that the integrated intensity ratio of the G and D
bands is inversely proportional to the intraplane crystallite size,
L,, in polycrystalline graphite. The linewidths of the G, D and
D’ bands are also somewhat dependant on L, [46].

Doeff et al. characterized a series of carbon-coated LiFePOy4
compounds with Raman spectroscopy and determined that the
electrochemical discharge capacity depends on the integrated
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Fig. 1. Raman scattering spectrum of carbon-coated Li(Mng 5Feqs)POy4. The
dagger () denotes the Ag mode of v;.

intensity ratio of the D and G bands and on the relative amount
of sp?- and sp>-hybridized carbon [47]. Materials with a low
D/G ratio were predominantly composed of sp>-type carbon
and gave the best electrochemical performance. Wagner et al.
[48] and Ramsteiner and Wagner [49] used resonance Raman
spectroscopy to probe the relative abundance of sp?- and sp-
hybridized carbon in amorphous carbon and microcrystalline
graphite. The resonance Raman technique is sensitive to the
electronic m—mr transition that occurs between 3.5 and 6.5eV
for sp?-bonded carbon atoms [48]. Although resonance Raman
experiments were not performed on the Li(Mng sFeg 5)PO4 sam-
ples, the bands at 1595 and 1342 cm ™! in Fig. 1 closely resemble
the bands of carbon-coated LiFePO,4 (sample 3A) from Doeff
et al. [47] and the microcrystalline graphite, which is predom-
inately sp2-hybridized carbon, from Wagner et al. [48]. It is
therefore reasonable to conclude that the Li(Mng sFeqs5)PO4
particles have at least a partial coverage of disordered graphite,
composed mostly of sp?>-coordinated carbon atoms.

Fig. 1 also contains a weak band at 948 cm™! that is assigned
to the Ay mode of the totally symmetric stretching vibrations
of the PO?[ anions (vq) for Li(Mng s5Feps)POg4. Although its
intensity is much weaker than the corresponding bands in other
LiMPO4 (M=Mn, Fe, Co and Ni) systems, the frequencies
are very similar [42,50-54]. This suggests that the P-O bond
lengths in Li(Mng 5Feq 5)PO4 are similar to those in LiFePOg4
and LiMnPOy4 [55]. The relatively weak intensity of the band
in Li(Mng 5Feq 5)PO4 is probably due to the optical skin effect
of the carbon-coated Li(Mng sFeg 5)PO4 particles. Electromag-
netic radiation attenuates exponentially as it passes through an
absorbing sample, and the effective penetration depth is propor-
tional to the wavelength of the light and the optical constants
of the sample [56]. Typically, the penetration depth is between
1/4 and 1/2 of the wavelength of the light. In these experiments,
the wavelength of the Raman excitation laser is 532 nm. The
laser beam therefore penetrates only a fraction of a micron into
the particles, and the scattering volume predominantly contains
the carbonaceous surface layer and only a small amount of the
Li(Mng 5Feq 5)PO4 material.

3.2. The infrared spectra of Li(MnyFe;_,)POy

Infrared spectra of the intramolecular stretching modes (v
and v3) for Li(Mn,Fe;_)PO4 (0 <y < 1) are presented in Fig. 2.
Spectral assignments for many of the LiMPO, vibrations have
been previously reported in the literature and are assumed here
[42,50,54,57]. In general, the infrared spectra of LiFePO,4 and
LiMnPOy are very similar. Both compounds have two bands
between 1000 and 800 cm™! that are assigned to vy, and each
spectrum contains three bands at 1138, 1095 and ca. 1060 cm™!
belonging to v3. The infrared spectrum of Li(MngsFeos5)PO4
exhibits two-mode behavior, whereby the POZ_ intramolecular
stretching region is essentially a superposition of spectra char-
acteristic of the two end-members (LiFePO4 and LiMnPQO,),
and the relative intensities of the partially overlapping bands
are governed by the phase composition of the material [58]. For
example, there are two bands at 1067 and 1053 cm™! instead
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Fig. 2. Infrared absorption spectra of v and v3 for Li(Mn,Fe;_,)PO4 (y=0,
0.5, 1). The dashed lines denote the two-mode behavior in v3.

of a single band at the mean frequency for Li(Mng 5Fe 5)PO4
(see Fig. 2). This may be contrasted with one-mode behavior,
where a broadened single band would be observed through-
out the solid-solution series at a frequency that is roughly the
weighted average of the frequencies of the end-members [58].
Fig. 3 contains infrared spectra of Li(Mn,Fe;_,)PO4 between
700 and 450cm~!. Four bands ranging in frequency from
550 to 650cm™~! are assigned to antisymmetric POi_ bend-
ing vibrations (v4). The bands near 500 and 465 cm~! are
assigned to Li* ion “cage modes” [50]. In these modes, Li*

LiMnPOg4

Li(Mn o sFFe 5)PO4

Absorbance

LiFcPOy4

T 1 T T T T
700 650 600 550 500 450

Wavenumber (cm-!)

Fig. 3. Infrared absorption spectra of v4 and the lithium cage modes for
Li(MnyFe;_y)PO4 (y=0, 0.5, 1). The arrows denote the lithium cage modes.

ions undergo translatory motion in an octahedral environment
defined by nearest-neighbor oxygen atoms coordinating the Li*
ions. A factor group correlation analysis of the Li* ion vibra-
tions yields the 12 normal modes at the Brillouin zone center
(3Ay +3B1y + 3By, +3B3y). These modes are distributed among
the irreducible representations of the Dy point group [50].
The modes with A, symmetry are both Raman- and infrared-
inactive; this leaves nine IR-active Li* ion cage modes in
Li(MnyFe;_,)PO4, which can mix with other vibrational modes
of identical symmetry to produce bands representing a complex
mixture of atomic motion. However, comparison of the vibra-
tional spectra of LiFePO4 and NaFePOj suggests that the Li* ion
cage modes are highly decoupled, and the bands near 500 and
465 cm™! consist almost entirely of Li* ion translatory motion
[59].

Unlike the stretching modes in Fig. 2, the lithium cage
modes and v4 do not exhibit two-mode behavior throughout the
Li(MnyFe;_,)PO4 solid-solution series. Instead, the frequen-
cies of these bands depend on the value of y; for example, the
bands at 648 and 637 cm™! in the LiFePOy spectrum merge and
shift to lower frequency for increasing y. Although none of the
phosphate vibrations consist only of P and O motion, the PO, ™
bending modes generally contain more M2* (M = Fe or Mn) and
Li* motion than the stretching modes. Thus, v; and v3 are more
localized than v4 and the Li* cage modes and exhibit two-mode
behavior while the lower frequency modes do not [58].

3.3. The infrared spectra of Liy(Mng sFeo.s)POy

Fig. 4 shows a cyclic voltammogram of the Li(Mng;
Fe(.5)PO4 cells. On the anodic sweep, two peaks appear at 3.7
and 4.2 V, corresponding to the Fe?*/Fe3* and Mn>*/Mn>* redox
couples, respectively [1]. The cells typically deliver capacities
of 135mAhg~". For simplicity, samples charged to 4.6 V are
referred to as (MngsFeg5)PO4 even though there is residual
lithium in the particles. During the cathodic sweep, Mn>* is
reduced to Mn?* at 3.8V, followed by the reduction of Fe** to
Fe?* at 3.3V [1].

2.0

Current (mA)

3.1 3.6 4.1 4.6
Voltage (V)

Fig. 4. Cyclic voltammogram of Li(MngsFeos5)PO4 between 2.85 and 4.6 V
(0.5mV sec™!). The asterisks (*) denote points where cells were disassembled
for spectroscopic measurements of the cathode material.
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Fig. 5. Infrared absorption spectra of v; and v3 for Li,(MngsFeps)PO4 and
FePOy at various states of charge.

Fig. 5 contains infrared absorption spectra in the v1 and v3 fre-
quency range for Li,(Mng 5Feg 5)PO4 cathodes with different Li
content, along with FePO4. Only minor spectral changes occur
when Fe2* is oxidized to Fe>* (the initial OCV to 3.95 V) in the
Li,(Mng sFeo5)PO4 cathodes. For example, a high frequency
shoulder appears on the 1137 cm™! band. However, the v{ and v3
modes undergo dramatic changes during the Mn?*/Mn** redox
couple (3.95-4.60 V). For instance, the two bands at 1076 and
1040 cm™! replace the asymmetric band near 1060 cm™!, while
the three bands at 989, 968 and 944 cm™! collapse into two
bands at 972 and 929 cm™!. There are several differences in the
vibrational spectra of (MngsFeps5)POs and FePO4. The most
intense v3 mode of (Mng sFeg 5)POq is at 1076 cm ™!, whereas
the band is centered at 1099 cm ™! in the spectrum of FePOy. The
v1 and v3 bandwidths are also dependant on Li* concentration
over the Mn>*/Mn3* redox couple—the (Mn sFeq 5)PO4 bands
are much broader than the corresponding FePO,4 bands.

Similar changes are observed for the v4 and Li* cage modes
in Fig. 6. Only minor spectral changes in the infrared bands
are observed during the Fe?*/Fe** redox couple, but rather
dramatic changes occur during the Mn?*/Mn3* couple. For
example, the intensity of the 496 cm™! band diminishes slightly
when the cells are charged to 3.95 V, but the band at 661 cm™!
increases in intensity at the expense of the 642cm™! band. A
new band appears at 532cm™!, which gradually replaces the
577 and 551 cm™! bands between 3.95 and 4.6 V. Additionally,
the 661 and 642cm™! bands become a single band centered
near 650 cm™! in the (Mng sFeq 5)PO4 spectrum. The Li* cage
modes essentially vanish during the Mn**/Mn3* redox couple,
leaving a weak feature near 460 cm™! in the 4.6 V sample. This
is possibly due to the residual Li* ions in the (Mng sFeq.s)POy
particles.

Bramnik et al. used high resolution synchrotron XRD data to
suggest two-phase mechanisms for the Fe**/Fe** and Mn>*/

FePO,

4.60V
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Fig. 6. Infrared absorption spectra of v4 and the lithium cage modes for
Liy(Mng sFeo5)PO4 and FePOy at various states of charge. The arrows denote
the lithium cage modes.

Mn?* redox couples of Li,(MnggFeo4)PO4 [28]. These two
regions are connected by a narrow single-phase regime in the
composition domain 0.55<x<0.67. We speculate that each
Li(Mn,Fe;_,)PO4 two-phase region follows a shell mechanism
similar to Li,FePOy. Initial delithiation of Li(Mng 5Feq 5)PO4
is expected to proceed through a short single-phase mechanism
to produce Liy(Mngs5Feqs5)PO4 with x slightly less than one.
The particle surfaces then become encased with a thin layer
of Liy(Mngs™MFeqs™)PO, (x~0.5) that migrates inward at
the expense of the lithium-rich Li,(Mng sFeo 5)PO4 core during
the Fe?*/Fe** redox couple. A second single-phase transi-
tion connects the Fe?*/Fe>* and Mn?*/Mn>* redox couples at
ca. x=0.5. The Mn**/Mn3* redox couple is characterized by
an immiscibility gap between Lig.s(Mng s WFeq s ™MYPO, and
lithium-deficient Li,(Mngs"™Feos™)POy4. In this domain,
the lithium-deficient Li,(MngsFeq5)PO4 forms another shell
on the surface of the particles, which then migrates inward
as the electrode is charged. At the end of the charging step,
(Mng 5Feq 5)POy4 is formed after a third short single-phase mech-
anism.

Unfortunately, the two-phase mechanism that operates dur-
ing the Fe*/Fe’* redox couple cannot be detected with
infrared spectroscopy since the spectra undergo small changes.
This behavior is quite different from that in the Li,FePOg4
system, where FePO4 bands appeared early in the delithi-
ation process and continued to increase at the expense
of the LiFePOs bands [42]. Spectral differences between
Li,FePOy4 and Li,(Mng sFeq 5)PO4 at the same level of delithi-
ation must be due to the presence of the Mn>* ions. In
Li(Mng 5'™Fep s )P0y, the Mn** and Fe®* ions are dis-
tributed among symmetrically equivalent 4c sites; thus, there
are a number of possible coordination environments for the
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POi_anions. During the first electrochemical plateau, parti-
cles consist of a lithium-rich Li,(Mng 5Feqs5)PO4 encased by
Li,(Mng sFeg 5)PO4 (x=0.5). The POi_ anions are coordinated
to Li*, Mn?* and Fe** ions in Liy(MngsFeqs5)POs (x=0.5).
In contrast, particles of LiyFePO, consist of a LiFePOy4 core
within a shell of FePOy4 [1,4]; in FePOy4 the POZ_ anions are
only coordinated to Fe3* ions. The lack of spectral changes in
Figs. 5 and 6 suggests that the local structure about the PO, ™
anions in Li,(Mng 5Feo 5)PO4 does not change significantly dur-
ing the Fe>*/Fe3* redox couple. This is probably because the Li*
and Mn?* ions cause the structural environment of the POi_
anions in Lig 5(Mng s ™ Feq s™0)POy to be more similar to that
in LitMng s T Fe s)PO4 than in FePOy4.

The two-phase mechanism can be easily discerned with
infrared spectroscopy during the Mn?*/Mn** redox couple
(Figs. 5 and 6). Between 3.95 and 4.60V, several new bands
appear and increase in intensity as the Mn* is oxidized to Mn>*.
This behavior is identical to the spectral changes observed for the
two-phase delithiation of LiFePO, [42]. Indeed, the frequencies
of the (Mng 5™VFe( s)PO4 modes are very similar to those
of FePOy4 [42]. This is because of the similar local structure in
(Mng 5™ Feq s™)PO, and FePOy in that both phases contain
POi_ anions that coordinate only trivalent transition metal ions.

Above 3.95V, the (MngsFeqs5)PO4 bandwidths become
considerably larger than in FePO,. This indicates that there
is a higher degree of disorder around the PO?{ anions in
(Mng 5Feq 5)PO4 than in FePO4. Previous experiments using
extended X-ray absorption fine structure measurements have
clearly shown that the local structure around the Mn cations
becomes distorted when the Mn?* ions oxidize to Mn3* [22,23].
This was attributed to a strong electron—lattice interaction with
the Mn3* ions in the (MnyFe;_,)PO4 materials (Jahn—Teller
effect). The O atoms forming the MnOg octahedra are cova-
lently bonded to P atoms in the phospho-olivines. Thus, local
deformations in the Mn octahedra will directly affect the PO~
vibrational modes through the covalent P-O bonds, and result in
the significant band broadening observed for the PO?[ anions
in (Mng sFeg 5)PO4.

4. Conclusions

The local structure of Li,(MnyFe|_,)PO4 was explored by
vibrational spectroscopic methods for 0 <x <1 and y=0.0, 0.5
and 1.0. Raman spectra of the carbon-coated Li(Mng 5Fe 5)PO4
particles are dominated by two intense bands that are assigned
to the G and D bands of graphite. The relative intensities of these
bands suggest that the particles are predominately covered with
disordered, sp?>-coordinated carbon atoms. The Raman spectrum
also contains a weak band at 948 cm™! assigned to the Ag mode
of v;. The frequency of this band agrees very well with previ-
ous Raman spectroscopic measurements of v1 in other LIMPO4
phospho-olivine systems [42,50-54,57], indicating that the P-O
bond lengths change insignificantly in Li(MnyFe;_,)POg4 solid
solutions [55].

The infrared spectrum of Li(MngsFep5)POy4 in the POy~
intramolecular stretching region (v and v3) shows two-mode
behavior; however the Li* cage modes and v4 do not exhibit

this behavior. Instead, these bands are intermediate between the
two end-members (LiFePO4 and LiMnPQy), and the Li* cage
modes and v4 frequencies depend on Mn/Fe composition. The
v and v3 vibrations, which exhibit two-mode behavior, are more
localized than the v4 and Li* cage modes.

The POi_ vibrations of the Li(Mng 5Fe 5)POy4 solid-solution
are sensitive to lithium extraction, with only minor changes
occurring in a few of the bands during the Fe**/Fe’* redox
couple. However, significant changes occur in the PO}~ vibra-
tions and Li* ion cage modes during the Mn**/Mn* redox
couple. The infrared spectra suggest that the local structure of
the PO?[ anions change insignificantly during the Fe>*/Fe**
redox couple. This is possibly due to the coordination of
the POi_ anions by Li* and Mn?* ions in addition to Fe*.
Moreover, the infrared spectra confirm a two-phase mecha-
nism for the oxidation of Mn?* to Mn** between 3.95 and
4.60 V. The bandwidths of the Li,(Mng sFeg 5)PO4 (0 <x <0.5)
modes show some dependence on the lithium concentration;
the (Mng 5Feq5)PO4 bands are much broader than the corre-
sponding bands for FePOy4. This indicates that the POi_ anions
are more disordered in (MngsFeq 5)PO4 compared to FePOg4.
The local disorder amongst the anions is probably due to local
deformations in the MnOg octahedra induced by the Jahn—Teller
active Mn>* ions in (Mng sFe( 5)POy.
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