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The structural evolution of multi-component olivines upon delithiation and lithiation was investigated by ex-situ X-ray diffraction.
We found that one-phase de/lithiation occurs for multi-component olivines for a fairly large compositional range of transition metal
species given that two-phase de/lithiation is generally accepted for olivine cathodes. We discuss the driving force that determines the
phase behavior (two-phase reaction vs. one-phase reaction) of olivines in terms of enthalpy of mixing presumably dominated from the
electrostatic interaction among cations and the elastic strain stored in the crystal due to the volume change of redox active element.
We believe that this fundamental study on the phase behavior of olivines will provide insight into the intrinsic electrochemical
properties of olivine electrodes for rechargeable lithium batteries.
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LiMPO4 olivine electrodes (M = Mn, Fe, Co, Ni) in Li batteries
store and release Li ions through a two-phase reaction between the
Li-rich Li1–xMPO4 and the Li-deficient LixMPO4 (x∼0).1–16 How-
ever, a one-phase reaction of the olivine structure during charg-
ing/discharging has been recently reported.12,15,17–20Gibot et al. and
Delacourt et al. demonstrated that conversion from a two-phase to one-
phase reaction can occur for LiFePO4 olivine that contains significant
amount of disorder among Li and Fe or at an elevated temperature15,17

and Cogswell et al. reported that size and temperature dependent-
solubility in LiFePO4 can be explained by coherency strain in crystal
structure by a regular solution model.21 Yamada et al. also reported
that the binary olivines LiMnxFe1–xPO4 can operate via a partially one-
phase reaction for a certain range of lithium content.19 Furthermore,
Gwon et al. showed that the ternary olivine LiMn1/3Fe1/3Co1/3PO4 can
operate via a fully one-phase reaction during charging/discharging.18

Since electrochemical properties are strongly dependent on the phase
behavior of the electrode, a change in phase reaction can substantially
affect the electrochemical performance.

The theoretical efforts to understand this unique phenomenon of
the olivine have been made by a few groups. It was claimed that
the dominant factor determining the phase behavior of the LixFePO4

olivines are positive enthalpy mixing derived from the enthalpy of mix-
ing presumably dominated from the electrostatic interaction between
cations or vacancies by Zhou et al.3,22 While Li+–Li+ or vacancy–
vacancy interactions disfavor two-phase segregation, the effective at-
traction between Li+–Fe2+ or vacancy–Fe3+ favors two-phase be-
havior. Cogswell et al. demonstrated using phase-field modeling that
one-phase behavior of LiFePO4 can be promoted in the presence of
coherency strain in crystal structure by a regular solution model.21

Also, our recent work on the multi-component LiFe1/3Mn1/3Co1/3PO4

olivine, in the context of enthalpy of mixing dominated from the elec-
trostatic interaction, suggested the one-phase reaction based battery
operation of multi-component olivine because of the different redox
potentials of Fe, Mn and Co and their random distribution in the
structure, which weakens the effective attraction between Li+-M2+

(M = Fe, Mn, Co). In this work, however, we found that depend-
ing on the composition of transition metal species in the olivine, the
phase behavior is sensitively affected between one-phase reaction and
two-phase reaction.

A series of LiFexMnyCo1–x–yPO4 (0 < x, y< 1) samples were pre-
pared and their structural evolution was investigated as a function
of lithium content using ex-situ structural analysis. One-phase char-
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acteristic of multi-component olivine is significantly weakened, in
particular, for Mn-rich multi-component olivines which we attribute
to the larger degree of volume change of Mn ions during redox reaction
in the structure.

Experimental

Preparation of multi-component olivines.— LiFexMnyCo1–x–yPO4

(0 < x, y < 1) samples were synthesized using a solid-state method
using co-precipitated metal oxalate sources ((FexMnyCo1–x–y) · 2H2O
(0 < x, y < 1)).23 A stoichiometric amount of MnSO4 · H2O (99%,
Aldrich), (NH4)2Fe(SO4)2 · 7H2O (99%, Aldrich), CoSO4 · 7H2O
(99%, Aldrich), and (NH4)2C2O4 · H2O (99%, Aldrich) were used
as precursors (Supporting Table 1s).41 Initially, 0.7 M aqueous solu-
tions of ammonium oxalate and 0.5 M of mixed metals were prepared.
The metals solution was added dropwise to the oxalate solution with
stirring. The co-precipitation was continued in an Ar-filled glove box
for 6 hr at 90◦C. The precipitate was isolated by filtration, washed
with de-ionized water, and then dried at 120◦C for 2 hours.

Multi-component olivines having various compositions were syn-
thesized by a solid-state reaction using the prepared oxalate source,
LiH2PO4 (98%, Aldrich), and pyromellitic acid hydrate (6 wt%, PA,
99%, Fluka) as the organic additive. The mixtures were ball-milled
in acetone for 18 hr. After drying at 70◦C, the mixtures were fired at
500◦C under Ar for 10 hr. For carbon coating, 6 wt% of pyromellitic
acid hydrate, 1 wt% of ferrocene (98%, Aldrich), and 93 wt% of the
calcined mixture were ball-milled with acetone for 2 hr. After evapo-
ration of the acetone at 70◦C, the dried mixture was pelletized under
200 kg cm−2 pressure for 10 s in a disk-shaped mold. The pelletized
mixture was fired again at 600◦C under Ar for 10 hr.

Electrochemical Characterization

For the electrochemical characterization, we dispersed 79 wt% ac-
tive material, 12 wt% carbon black, and 9 wt% polyvinylidene fluoride
(PVDF) in N-methyl-2-pyrrolidone (NMP). The prepared slurry was
cast on aluminum foil and dried at 120◦C for 2 hours. Electrochemi-
cal cells were assembled using a CR2016 coin cell with lithium metal
as a counter electrode, a separator (Celgard 2400), and 1 M LiPF6

electrolyte in ethyl carbonate/dimethyl carbonate (Techno Semichem,
EC/DMC, 1:1 v/v) in an Ar-filled glove box. The electrochemical per-
formance was tested at 2.5–4.8 V at C/10 at room temperature using
a potentio-galvanostat.

Ex-situ XRD.— To investigate the structural evolution of LixMPO4

(x = 0 – 1) during the electrochemical reaction, ex-situ X-ray diffrac-
tion (XRD) patterns of the test electrodes were collected as a function
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Figure 1. XRD patterns of multi-component olivines. The XRD patterns are
good matches to the typical olivine XRD pattern. No noticeable impurities are
evident.

of the charge state at the rate of C/10. The electrochemical cell was
disassembled in an Ar-filled glove box. Electrodes were washed with
DMC to remove residual LiPF6 salt. After drying the electrodes for 20
min, diffraction patterns of the electrodes were recorded. The XRD
measurements were performed using Cu–Kα radiation with a step size
of 0.02◦ in the 2θ range of 15–55◦.

Results and Discussion

Preparation of multi-component olivines.— We prepared a series
of multi-component olivines (LiFexMnyCo1–x–yPO4, 0 < x, y< 1)

Figure 2. Ex-situ XRD patterns(midle), first charge curve(left) and lat-
tice parameters change as a function of lithium contents(right) at
sample (a) LiFe0.15Mn0.15Co0.70PO4, (b) LiFe0.20Mn0.20Co0.60PO4and (c)
LiFe0.25Mn0.25Co0.50PO4. The red line in the XRD patterns is the Al peak
position.

Figure 3. Ex-situ XRD patterns(midle), first charge curve(left) and lat-
tice parameters change as a function of lithium contents (right) at sam-
ple (a) LiFe0.70Mn0.15Co0.15PO4, (b) LiFe0.60Mn0.20Co0.20PO4 and (c)
LiFe0.50Mn0.25Co0.25PO4. The red line in the XRD patterns is the Al peak
position.

with different compositions: Mn-rich: LiFe0.20Mn0.60Co0.20PO4,
and LiFe0.25Mn0.50Co0.25PO4; Fe–rich: LiFe0.70Mn0.15Co0.15PO4,
LiFe0.60Mn0.20Co0.20PO4, and LiFe0.50Mn0.25Co0.25PO4; and Co–
rich: LiFe0.15Mn0.15Co0.70PO4, LiFe0.20Mn0.20Co0.60PO4, and
LiFe0.25Mn0.25Co0.50PO4. The morphologies of the samples are
shown in Supporting Figure 1s.41 The particle sizes of all samples
were comparable at about 200 nm. The phase purity of pristine
samples was identified by XRD analysis (Figure 1). XRD patterns
matched the Pnma space group of the general olivine crystal well with
no noticeable impurities. Structural refinement was performed for the
Pnma space group with Li in the 4a position and transition metals
in the 4c position for all samples. The refined lattice parameters are
tabulated in Supporting Table 2s.41 The measured lattice parameters
agreed well (within 0.05%) with those expected from Vegard’s law
based on the Fe :Mn : Co composition. Mn-rich olivines tended
to have larger lattice parameters than Fe–rich and Co-rich olivines
because of the slightly larger ionic size of Mn2+ (> Fe2+ > Co2+).24

This indicated that a solid solution of LiFePO4, LiMnPO4, and
LiCoPO4 had formed without segregation of the individual LiMPO4

(M = Mn, Fe, Co) phases.

Phase behavior of multi-component olivines during an elec-
trochemical reaction.— We investigated the structural evolution of
multi-component olivine electrodes as a function of Li content us-
ing ex-situ XRD analysis. While the phase behavior from the ex-
situ measurement may differ from what is really happening in-
situ measurement due to kinetic factors,25 the ex-situ analysis is
an effective tool to observe the equilibrium state at zero cur-
rent. The measurements were taken during the first charge at the
C/10 rate (Figures 2–4). All electrochemical profiles exhibited three
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Figure 4. Ex-situ XRD patterns(midle), first charge curve(left) and lattice parameters change as a function of lithium contents at sample (a)
LiFe0.25Mn0.60Co0.25PO4 sample and (b) LiFe0.20Mn0.50Co0.20PO4. The red line in the XRD patterns is the Al peak position.

distinctive pseudo-plateau attributable to Fe2+/Fe 3+, Mn2+/Mn3+, and
Co2+/Co3+ redox couples.12,19,26,27 The length of a pseudo-plateau de-
pends on the ratio of the transition metals in the olivine. Our previous
study showed that one-phase-based delithiation/lithiation occurred for
LiFe1/3Mn1/3Co1/3PO4 upon electrochemical cycling.18 Similar behav-
ior was observed for Co-rich and Fe-rich olivines (Figures 2 and
3). For these compositional olivines, all diffraction peaks steadily
shifted throughout the whole delithiation procedure; no new peaks
appeared. The refined lattice parameters for the partially delithiated
samples were in good agreement with the expected weight-averaged
lattice parameters for xLiMPO4 and (1−x)MPO4. This indicates that
the Co-rich and Fe-rich multi-component olivines operate via a one-
phase reaction upon electrochemical cycling. This one-phase reac-
tion occurred at a fairly broad compositional range of Fe and Co,
that is, up to 70% of Fe or Co. We and others23 have previously
explained this unusual (relative to single-component olivines) one-
phase delithiation behavior of the multi-component olivines on the
basis of effective enthalpy of mixing presumably dominated from
the electrostatic interaction between ions within the olivine crys-
tal. When strong charge localization occurs in an olivine crystal be-
cause of the relatively long transition metal−transition metal distance,
the driving force for the two-phase behavior or phase-separation of
the olivine during delithiation could be understood in terms of two
competing energy terms. One force is based on the repulsive in-
teractions between Li+−Li+ (or vacancy(V)–vacancy) and between
M3+−M3+ (or M2+−M2+), which are present when Li+M2+PO4 and
VM3+PO4 coexist.3,12,18,23 This repulsive term inhibits phase sepa-
ration. On the other hand, attractive interactions between Li+−M2+

and between V−M3+ are present within the crystal, favoring phase
separation. In general, the latter prevails for simple olivines, resulting
in a two-phase reaction.3 However, in the case of multi-component
olivines, Li+ ions are often surrounded simultaneously by M2+ and
M3+ ions during de/lithiation. This is because the different transi-

tion metal ions are uniformly distributed and have quite different
redox potentials.12 This weakens the latter force by reducing the num-
ber of Li+-M2+ attractive interaction, which leads to a one-phase
reaction.

A partial two-phase reaction was, on the contrary, observed for
Mn-rich olivines at a relatively lower concentration of major ele-
ment, Mn. While a full one-phase reaction was observed at a Mn
composition as high as 50% (LiFe0.25Mn0.50Co0.25PO4), evidence of
two-phase behavior emerged when the Mn content reached 60%
(LiFe0.20Mn0.60Co0.20PO4). Figure 4a clearly shows that a new delithi-
ated phase emerged above 4 V before becoming a solid solution
again. This is contrast to Co-rich or Fe-rich multi-component olivines
which showed full one-phase reaction even at 70% of the major el-
ement (Fe for Fe-rich LiMn0.15Fe0.70Co0.15PO4 and Co for Co-rich
LiMn0.15Fe0.15Co0.70PO4) in compositions (Figure 2a, 3a). This par-
tial two-phase reaction in Mn-rich multi-component olivines strongly
implies that factors other than enthalpy of mixing dominated from
the electrostatic interaction affect on the phase behavior. Let us
consider that half of the Li ions are extracted from LiMPO4 by
a one-phase reaction. In this case, half of the M2+ are oxidized
to M3+, so there will be both electrostatic repulsion and attraction
among Li+−M3+ and Li+−M2+ in the crystal. For instance, Li ions
in Mn-rich Li0.5Mn0.60Fe0.20Co0.20PO4 will have a 1:1 ratio of M2+

(0.3Mn2+ and 0.2Co2+) and M3+ (0.2Fe3+ and 0.3Mn3+) as neigh-
bors, which will provide attractive and repulsive interactions affecting
the phase behavior. A similar force balance will occur for Fe-rich
Li0.5Mn0.2Fe0.60Co0.20PO4 with a 1:1 ratio of M2+ (0.2Mn2+, 0.1Fe2+,
and 0.2Co2+) and M3+ (0.5Fe3+) as Li ion neighbors. Considering
electrostatic terms only, these two materials should show the same
phase behavior. But in fact, the Li0.5Mn0.60Fe0.20Co0.20PO4 is suscep-
tible to phase separation into lithium-rich and lithium–poor phases,
while Li0.5Mn0.20Fe20PO4 is stable as a single phase. The reason for
this discrepancy is discussed in the following section.
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Figure 5. FWHM ratios for the (200) peak. The ratio is based on FWHM
(LixMPO4) / FWHM (LiMPO4).

Internal lattice strain and structural evolution.— Close exami-
nation of the XRD patterns of samples exhibiting one-phase reac-
tion behavior shows that the degree of peak broadening is dependent
on the transition metal compositions and lithium contents. Consid-
ering that particle size is unchanged during the charging process,
the peak broadening primarily derives from the heterogeneous distor-
tion in their crystal structures.28 Figure 5 summarizes the Li contents
and full-width at half-maximum (FWHM) data for the (200) peak
for all samples. While the FWHM generally increased in the par-
tially delithiated states, dramatic increase was exhibited in Mn-rich
LiMn0.50Fe0.25Co0.25PO4. It was noted that higher Mn-content sample
does not exhibit one-phase behavior and precipitate the second phase.
This observation coincides with the fact that the volume change (or
lattice misfit) of two phases in LiMnPO4-based olivine is the largest
among olivines that undergo two-phase reaction. These effects are
attributable to the Jahn–Teller effect of Mn+3.29,30 It leads us to con-
sider the relationship between the tendency for phase separation and
the lattice strain.

According to the general alloy theory, the coherent strain increases
the energy of both phase and eventually promotes the formation of
solid-solution rather than phase separation.31 It was also demonstrated
for LiFePO4 with varying lithium solubility depending on particle size
and temperature by phase field calculations.21 The coherent strain oc-
curred to minimize strain energy in the crystal structure,21,32–35 and,
as a result, strongly suppressed a phase separation between Li-rich
phase and Li-poor phase.21 Considering coherency strain in crystal
structure, Mn-rich multi-component olivine has to show large solid-
solution region because of the large volumetric change during delithi-
ation. However, the Mn-rich samples show higher tendency for phase
separation, and this observation is consistent with the finding for bi-
nary LiFexMnyPO4 (x + y = 1), which also displays a higher tendency
toward a two-phase reaction for Mn-rich cases with y > 0.5.19 In this
respect, we believed that there exists critical lattice misfit for storing
coherent strain in the olivine framework.

The elastic strain energy from coherent strain between similar
crystal structures increases the Gibbs free energy of both crystals and
promotes a solid-solution behavior. However, in general, the interface
cannot stay in coherency above 5% lattice misfit. With higher than 5%
misfit, it makes incoherent phase separation to reduce coherency strain
energy.37 Similarly, we expect that the multi-component olivine also
has critical lattice misfit for coherent strain in the crystal structure.
In this respect, among a, b and c lattice parameters, we particularly
focused on the a lattice misfit, which is expected to strongly affect

Figure 6. a-axis lattice parameter difference. (aLi-rich – aLi-poor)/aLi-rich.
Mn0.5 = LiFe0.25Mn0.50Co0.25PO4, Mn0.6 = LiFe0.20Mn0.60Co0.20PO4,
Fe0.5 = LiFe0.50Mn0.25Co0.25PO4, Fe0.6 = LiFe0.60Mn0.20Co0.20PO4, Fe0.7
= LiFe0.70Mn0.15Co0.15PO4, Co0.5 = LiFe0.25Mn0.25Co0.50PO4, Co0.6 =
LiFe0.20Mn0.20Co0.60PO4, Co0.7 = LiFe0.15Mn0.15Co0.70PO4, Fe0.4Mn0.6 =
LiFe0.4Mn0.6PO4, Fe0.2Mn0.8 = LiFe0.2Mn0.8PO4. Fe0.4Mn0.6 and Fe0.2Mn0.8
data are taken from Reference 19.

on the phase behavior due to the following aspects: (i) The phase
boundary of olivine is generally formed parallel to the a-axis.21,36,37 (ii)
Orientations of phase boundaries depend on the degree of coherency.
(iii) The largest lattice misfit was observed for a-axis. b and c-axis
show relatively small lattice misfit as shown in supporting Figure 2s
and Figure 3s. In Figure 6, we plotted the calculated a lattice misfit
from Vegard’s law (aLi-rich – aLi-poor)/aLi-rich of xLiFePO4, yLiMnPO4

and zLiCoPO4 (x + y + z = 1) for LiFexMnyCozPO4. Interestingly, we
can confirm that higher than ∼5.1% a lattice misfit induces two-phase
reaction in the multi-component olivine, while less than ∼5.1% shows
full one-phase reaction during charging/discharging. This observation
implies that general alloy theory can also be applied to the phase
behaviors in the olivine materials. While the coherency strain from
less than critical lattice misfit generally suppresses phase segregation,
two-phase behavior is induced with the misfit larger then critical value
because the coherency is too large to be stored in the crystal structure.

It should be noted that the misfit close to the critical value, even
though it is smaller, can induce some degree of broken bond, disloca-
tion or incoherency in the crystal structure.21,38 Also, before conclud-
ing, it is worth to mention that there is a possibility that the observed
peak broadening of XRD may have been derived from the presence of
multiple single-phase particles with slightly different Li compositions
(0.5 - δ ≤ x ≤ 0.5 + δ) similar to “mosaic” model,39,40 while further
study needs to be carried out to clarify.

Conclusions

The phase behavior of multi-component olivines was inves-
tigated by analyzing the structural evolution of a series of
LiFexMnyCo1–x–yPO4 (0 < x, y < 1) upon delithiation. While the
one-phase reaction that was generally observed in multi-component
olivines upon de/lithiation could be understood with the enthalpy
of mixing presumably dominated from the electrostatic interaction
among cations, strong two-phase behavior was observed as Mn sub-
stitution increased. A the higher Mn contents, with lattice misfit higher
than ∼5.1%, the multi-component olivines were prone to phase sepa-
rate, whose critical misfit value is well corresponded with the general
alloy theory. The preference for a two-phase reaction vs. a one-phase
reaction in the olivine is believed to be the result of two competing
factors: effective electrostatic between cations in the framework and
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the degree of lattice misfit. Since electrochemical performance met-
rics such as rate capability and voltages are critically dependent on
the structural evolution of the electrode upon cycling, we believe that
investigating phase behavior of multi-component olivine materials
will provide the insight needed to further improve the electrochemical
performance of the olivine cathode for rechargeable lithium batteries.
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