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a b s t r a c t

The relatively high redox potential in the olivine-type LiMPO4 (M = Mn, Fe, Co, Ni) materials has largely
been explained by the M–O–P inductive effect which increases the ionic character of transition metal
atoms. Here, we identify the additional perturbative effect that slightly but systematically shifts the redox
potential. The substitution of iron by manganese in the olivine LiMPO4 framework raises both of the
Fe3+/Fe2+ and Mn3+/Mn2+ redox potentials by ∼0.1 V. The overall volume expansion upon Mn substitution
eywords:
livine
athode

ron
hosphate

in the whole Lix(MnyFe1−y)PO4 system possibly increases the average metal-oxide bond length and hence
the ionicity of each transition metal. The voltage shift in a single cell is small but should be significant in
a larger-scale battery where there exist a large number of series connections. The kinetic shift for each of
the Fe3+/Fe2+ and Mn3+/Mn2+ redox reactions is also investigated.

© 2008 Elsevier B.V. All rights reserved.
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. Introduction

Olivine-type LiFePO4 is now commonly accepted as the most
romising cathode material for large-scale lithium batteries [1,2].
he inherent low-cost, non-toxicity, and extremely high stability
xhibited by olivine-type LiFePO4, the combination of which con-
entional cathode materials can never realize, has naturally lead
o intensive battery development toward large-scale applications
uch as plug-in hybrid vehicles.

The high M3+/M2+ redox potential generated by the electro-
hemical reaction in LixMPO4 (Fe: 3.4 V; Mn: 4.1 V; Co: 4.8 V; Ni:
.1 V) has previously been discussed in terms of the local M–O–P

inkage in the olivine structure, which induces a super exchange
nteraction called ‘inductive effect’ [1–5]. The strongly covalent
–O bond in PO4

3− makes the neighboring transition metal atoms
trongly ionic, stabilizing the antibonding state that is primarily Fe
d in character and “tunes” the M3+/M2+ redox energy to a useful
evel. In fact, modification of the electronic structure by this effect
s large enough to exceed 1 eV, as the Fe3+/Fe2+ redox potential in
he simple iron oxide is lower than 2 V vs. Li/Li+.

∗ Corresponding author. Tel.: +81 45 924 5403; fax: +81 45 924 5403.
E-mail address: yamada@echem.titech.ac.jp (A. Yamada).
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In this short report, an additional perturbative modification of
he redox potential and changes in the polarization of the redox
ouples are investigated and these systematic static/kinetic effects
ill be discussed in terms of the overall change in lattice dimen-

ions.

. Experimental

Pure, single-phase Li(MnyFe1−y)PO4 (y = 0, 0.2, 0.4, 0.6, 0.8,
.0) powders were synthesized using a solid-state reaction.

stoichiometric amount of lithium carbonate [Li2CO3, Wako,
99%], iron(II) oxalate dihydrate [FeC2O4·2H2O, JUNSEI, 99%], man-
anese(II) oxalate hemihydrates [MnC2O4·0.5H2O, Wako, >99%],
nd diammonium hydrogen phosphate [(NH4)2HPO4, Wako, >99%]
ere used as starting materials. To provide the electronic con-
uctivity in the final electrode composite, porous Ketjen Black
Lion, ECP, 10 wt.% as final content in the electrode composite) was
ncluded. A total 5 g of raw materials was poured into a 250-mL Cr-
ardened SUS container with Cr-hardened SUS balls (10 mmf × 10
nd 5 mmf × 16) and thoroughly mixed by a conventional plane-

ary milling apparatus (ITOH LAPO4) for 24 h. The olivine phase was
ynthesized by sintering at 600 ◦C for 6 h in a purified Ar gas flow.

Electrochemical measurements were performed using 2032-
ype coin cells with VMP2/Z (Princeton Applied Research) at 30 ◦C.
he working electrode was a ratio of 85:10:5 (w/w) cathode

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:yamada@echem.titech.ac.jp
dx.doi.org/10.1016/j.jpowsour.2008.07.085
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identical equilibrium condition. The slopy region around x = y has
been attributed to the lithium compositional domain with solid-
solution reaction [3].
ig. 1. Rietveld refinement pattern of the X-ray data for Li(Mn0.4Fe0.6)PO4 at room
emperature.

omposite, conductive carbon (acetylene black), and polytetraflu-
roethylene, respectively. The electrolyte was a 1-M solution of
iPF6 in 1:1 ethylene carbonate/dimethylcarbonate (EC/DMC) and
he counter electrode was a disc type lithium metal foil. The open-
ircuit voltage (OCV) measurements were performed starting from
he fully discharged state and moving in the anodic direction,
ith intermittent of 2.5% state of charge (SOC). The full discharge
as realized by setting the cell voltage to 2.5 V for 24 h after dis-

harging the cell galvanostatically at C/20 rate. The charging rate
as set to C/20, followed by the 24 h of relaxation for equilib-

ium at each measuring points. The OCV measurements were also
erformed starting from fully charged state toward cathodic direc-
ion with identical relaxation condition to confirm the measured
CV include negligible kinetic effect. For cyclic voltammetry mea-

urements, a repeated liner potential sweep mode was applied
ith a scan rate of 10 mV s−1 in the range of 3.0–4.8 V vs.

i/Li+.
Powder diffraction patterns were measured with an X-ray

iffractometer (Rigaku, RINT TTR-III) using Cu K� radiation. Struc-
ural parameters were refined by Rietveld analysis using TOPAS
oftware (version 3). For samples with lithium compositions of
= y in Lix(MnyFe1−y)PO4, Hosen type cells (HS test cell, Hosen
o.) were assembled and set to 3.8 V vs. Li/Li+ with an equilib-
ium condition of <100 nA. The cells were then dismantled in
n Ar glove box and the cathodes were washed with dimethyl
arbonate (DMC), before being subjected to ex situ diffraction
easurements using a tightly sealed sample holder filled with
r.

. Results and discussions

The X-ray diffraction profiles for pristine Li(MnyFe1−y)PO4/C
y = 0, 0.2, 0.4, 0.6, 0.8, 1.0) were refined with orthorhombic Pnma.
o impurities were identified. Fig. 1 and Table 1 show the Rietveld

efinement results and SEM picture of Li(Mn0.4Fe0.6)PO4 as a typ-
cal example. The crystalline size of a series of Li(MnyFe1−y)PO4
ompounds estimated by the two methods (SEM and coherent
ength by XRD) was consistent, almost identical and estimated to
e ∼80 nm. Using these pure samples with almost identical parti-
le size and particle morphology, the electrochemical properties of
i(MnyFe1−y)PO4 were investigated.

A large reversible capacity of 160–170 mAh g−1 was confirmed

or all samples, and is close to the theoretical capacity. Fig. 2 shows
he OCV curves measured for a series of Li(MnyFe1−y)PO4 (y = 0,
.2, 0.4, 0.6, 0.8, 1.0). The capacity ratio for the regions at ∼4.1 V
Mn3+/Mn2+) and at ∼3.4 V (Fe3+/Fe2+) is the same as the initial

anganese/iron ratio (Fig. 2(a)). Clearly, the redox potentials for

F
M
v

Sources 189 (2009) 397–401

oth Fe3+/Fe2+ (Fig. 2(b)) and Mn3+/Mn2+ (Fig. 2(c)) are progres-
ively increased as a function of the initial manganese content y,
ntil the shift finally approaches 0.1 V. Such an up-shift of the redox
otential was observed both for cathodic/anodic experiments with
ig. 2. (a) A comparison of open-circuit voltage curves at 30 ◦C with a different initial
n content y. (b) Expanded view of the Fe3+/Fe2+ redox region (x < y). (c) Expanded

iew of the Mn3+/Mn2+ redox region (x > y).
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Table 1
Rietveld refinement results for Li(Mn0.4Fe0.6)PO4 with X-ray diffraction data

Atom Site g x y z B (Å2)

Li 4a 1 0 0 0 1
Fe, Mn 4c 1 0.28202 (6) 0.25 0.97369 (18) 0.6
P 4c 1 0.09406 (13) 0.25 0.4120 (3) 0.6
O1 4c 1 0.09734 (3) 0.25 0.7417 (5) 1
O
O

a .93%,

fi
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[

F
c

2 4c 1 0.4536 (4)
3 8d 1 0.1653 (2)

= 10.37744 (14) Å, b = 6.04445 (9) Å, c = 4.71473 (7) Å, Rexp = 5.15%, Rwp = 6.99%, Rp = 4

Such highly systematic shifts in OCV plateaus were also con-
rmed by CV measurements (Fig. 3a). An increase in Mn/Fe ratio

eads to the shift of the midpoint of cathodic and anodic cur-
ent peaks toward higher potential for both the Fe3+/Fe2+ and
n3+/Mn2+ redox couples (Fig. 3b), where the overall shift range

s ∼0.1 V, which is consistent with the potential shift observed in
CV curves in Fig. 2.

Further noticeable changes in the CV profiles can be found
n the anodic/cathodic peak separation as well as in the peak

idths (Fig. 3a and c) and, unlike the shift of equilibrium poten-

ial demonstrated in the preceding sections, are related to a
inetic issue. The magnitude of peak separation shows an oppo-
ite tendency for the Mn3+/Mn2+ and Fe3+/Fe2+ couples, the
ormer abruptly widening (0.065–0.379 V) while the latter nar-

t
e
c
p

ig. 3. (a) CV profiles of Li(MnyFe1−y)PO4 with different Mn content y. (b) The shift of th
ouples as a function of the Mn content y. (c) Change in the magnitude of peak separation
0.25 0.2105 (5) 1
0.0449 (3) 0.2783 (4) 1

GOF = Rwp/Rexp = 1.36, RB = 1.818%

ows slightly (0.116–0.06 V). A similar trend can be seen in the
eak widths; for Fe3+/Fe2+ the peak widths are almost unchanged
hereas broadening of the Mn3+/Mn2+ peaks is evident. The

brupt loss of redox activity of Mn3+/Mn2+ upon increasing man-
anese content is a well-known fact [6,7] that has been discussed
rom various points of view including structural instability in
he Mn3+ phase [6], smaller intrinsic electronic/ionic conduc-
ivities [7,8], larger lattice mismatching in two-phase reactions
7,9], and the energy difference between surface and bulk states
10]. However, the experiments reported here have shown that

he kinetics of Fe3+/Fe2+ redox couple in the Lix(MnyFe1−y)PO4
xhibit independent and opposite behavior as a function of Mn
ontent y. This implies that activities of the two redox cou-
les is not a simple function of the transport properties in

e midpoint of cathodic and anodic peaks for each Fe3+/Fe2+ and Mn3+/Mn2+ redox
for Fe3+/Fe2+ and Mn3+/Mn2+ as a function of the Mn content y.
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ig. 4. Change in the unit cell volume as a function of Mn content y in
i(Mny

2+Fe1−y
2+)PO4 (discharge state, x = 1), (Mny

3+Fe1−y
3+)PO4 (charge state, x = 0),

nd Lix(Mny
2+Fe1−y

3+)PO4 (intermediate sate, x = y). The blue and red regions corre-
pond to the Fe3+/Fe2+ and Mn3+/Mn2+ redox reactions.

he end members (x = 0, 1) and may give some hints towards
nderstanding the whole reaction mechanism of the olivine-type
ixMPO4.

One possible explanation for the manganese-induced poten-
ial up-shift and the opposite kinetic behavior of Mn3+/Mn2+ and
e3+/Fe2+ redox reactions lies in the overall volume expansion in the
hole (x, y) compositional region of Lix(MnyFe1−y)PO4. The unit cell

olume refined for the three series of samples, x = 1, x = 0, and x = y,
re summarized in Fig. 4 as a function of Mn content y. Here the
ntermediate x = y samples are defined as equilibrium states at 3.8 V
s. Li/Li+, given the OCV curves in Fig. 2. A simple isotropic lattice
xpansion was confirmed for a series of Li(Mny

2+Fe1−y
2+)PO4 com-

ounds (discharged state, x = 1), whereas the (Mny
3+Fe1−y

3+)PO4
eries (charged state) showed constant volume, consistent with
he previous literature [6,11]. This is due to the differences in
he ionic radii in the high-spin state; Mn2+ (0.97 Å) > Fe2+ (0.92 Å),
nd Mn3+ (0.79 Å) = Fe3+ (0.79 Å). The unit cell dimensions of the
ntermediate state at x = y in Lix(Mny

2+Fe1−y
3+)PO4 were refined

nd the resulting lattice volumes are plotted in Fig. 4, where
n3+/Mn2+ occurs at x < y and Fe3+/Fe2+ occurs at x > y. An impor-

ant point to note is that all phases included in the redox reaction
n Lix(MnyFe1−y)PO4 show volume expansion with increase of Mn
ontent. These observations include both the effects of the change
n ionic radius and of the lithium content. As the PO4 polyan-
on in the LiMPO4 structure is very rigid, a major contribution to
uch volume expansion is known to be the elongation of M–O
ond lengths [11] which has the effect of enhancing the ionic
haracter of the transition metals. This situation can lower the
e 3d–O 2p antibonding state leading to the higher redox poten-
ial.

The concept of the inductive effect has already been estab-
ished in various lithium intercalation polyanion compounds. It

nduces large potential up-shift of a redox reaction, typically by

ore than 1 V. Difference in the geometric polyhedral network has
lso been known to give additional potential shift [12]. However,
he final essential feature is the extent of covalency or ionicity of
he bonding between the redox center and oxygen. In our present
Sources 189 (2009) 397–401

ase for Lix(MnyFe1−y)PO4, the covalency or ionicity of the (Mn,
e)–O bond is adjusted by the lattice dimensions and hence by the
ocal (Mn, Fe)–O bond lengths under the identical crystal struc-
ure. Clearly, this simple modification is effective enough to shift
he redox potential by ∼0.1 V. While the shift of 0.1 V is slight for
single cell, in a large-scale battery such as for electric vehicles, a

arge number of cells are connected in series. This would result in
n accumulation of the slight voltage shift.

Meethong et al. [9,13] have recently pointed out the importance
f strain accommodation at the two-phase interface, indicating
hat a smaller mismatch is advantageous to form a continuous
coherent” interface. The “coherent” interface was claimed to be
uitable for a facile cooperative movement of the phase bound-
ry, because “incoherency” would be accompanied by a movement
f heavy ions such as P, Fe, leading to a formation of more
erious macroscopic dislocations or cracks. From this viewpoint,
he implications of Fig. 4 include a reduced mismatch in the
e3+/Fe2+ redox reaction (blue region) and, conversely, an increased
ismatch in the Mn3+/Mn2+ redox reaction (red region) as a

unction of the Mn content. These opposing tendencies in varia-
ions of lattice mismatch are consistent with the observed change
n the polarization of the Fe3+/Fe2+ (reduced) and Mn3+/Mn2+

increased) redox couples, and may, at least in part, give an addi-
ional insights into the previous kinetic discussions on this system
ased on the bulk/surface transport properties and structural
tability.

. Conclusion

The careful electrochemical experiments on Lix(MnyFe1−y)PO4
ave led to the two hitherto unidentified unique features in this
ystem: (i) a systematic up-shift of the redox potential for both
e3+/Fe2+ and Mn3+/Mn2+ by 0.1 V; (ii) an opposite kinetic effect,
educed polarization in the Fe3+/Fe2+ plateau while increased
olarization in the Mn3+/Mn2+ plateau upon increasing Mn con-
ent. These highly systematic equilibrium/kinetic effects were
xplained in terms of the slight modifications of the (Mn, Fe)–O
ond character and coherent interfacial model for phase boundary
ovement, contributing to a more comprehensive understanding

f the electrode reaction in olivine-type materials. The practical
mpacts of the potential shift are unknown but may be influential
n a large-scale battery with a large number of series connec-
ions.
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