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The role played by the substitution of Mn on the electrochemical behaviour of Li3V,(PO4); has been
investigated. Independently of the synthesis route, the Mn doping improves the electrochemical features
with respect to the undoped samples. Different reasons can be taken into consideration to explain the
electrochemical enhancement. In the sol-gel synthesis the capacity slightly enhances due to the Mn

substitution on both the V sites, within the solubility limit x=0.124 in Li3V,_yMny(PO4)s. In the solid
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state synthesis the significant capacity enhancement is preferentially due to the microstructural features
of the crystallites and to the LiMnPO4 phase formation.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

The research on cathode materials for lithium rechargeable bat-
teries is now very active due to the high demand of power sources
with low environmental impact [1,2]. Besides the well known
LiCoO,, LiNiO, and LiMn;04 [3,4], the lithium metal phosphates
are promising compounds due to their high intercalation voltage
(about 4V depending on the material) and long life cycling and sta-
bility [5-7]. Among the phosphates, the olivine type materials are
widely investigated [8-11] but, at present, compounds with NASI-
CON structure are emerging. In particular, Li3V,(POg4)3 is attracting
much interest due to its high theoretical capacity (197 mAh/g) and
its thermal stability [12] that make it suitable for high power den-
sity and large scale applications. However, as for the major part
of the compounds belonging to this class of materials, the low
electronic conductivity and cyclability limit their wide applica-
tion. In order to overcome these restrictions, different synthesis
routes, such as sol-gel, solid state, carbothermal reduction and
hydrothermal synthesis, were developed to obtain an ideal particle
morphology and a proper carbon coating, both necessary to favour
the intercalation/deintercalation process [13-18].

The substitution of vanadium with other transition metal ions
e.g. Fe, Co, Cr, Ti, Zr [19-23] or with non electrochemically active
elements such as Mg and Al [12,24] has also been investigated as
an alternative way to enhance the cycling stability and rate perfor-
mance of this material. Li3V,(PO4)3 can exist in the monoclinic or
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rhombohedral structure and in the high temperature orthorhombic
v-phase. The room temperature (RT) monoclinic structure (space
group P24 /n) displays two V crystallographic sites, V1 and V2. Both
sites have the highest multiplicity (4e site) for this space group. A
slightly distorted octahedron is centred on both sites.

It has been proved that the doping does not cause struc-
tural changes except for the Zr substitution which stabilizes the
orthorhombic y-phase [23] characterized by a better ionic conduc-
tivity than the monoclinic one at RT.

The aim of the present article is to investigate the effect of
Mn doping on the structure and electrochemical properties of
LizV,_xMny(POy)s.

Both sol-gel (0 <x <0.30) and solid state (0 < x < 0.20) synthesis
routes have been employed for the preparation of the samples. Each
sample has been electrochemically characterized by cyclic voltam-
metry and charge-discharge measurements. The electrochemical
features have been related to the structure and microstructure-
morphology, investigated by the structural refinement (Rietveld
method) of X-ray powder diffraction (XRPD) data, by scanning elec-
tron microscopy (SEM) measurements and by Raman spectroscopy.

2. Experimental

The Li3V,_4Mny(PO4)3 samples were synthesized via both solid
state and sol-gel syntheses.

The sol-gel samples with x=0.0, 0.10, 0.20 and 0.30 (SG, SG10,
SG20 and SG30 in the following) were prepared by using the pro-
cedure reported in the literature [14], and adding Mn, O3 (Aldrich,
99.999%) in the proper amount to obtain the desired stoichiome-
try for the doped samples. Citric acid (Aldrich, 99+%) was used as



M. Bini et al. / Electrochimica Acta 56 (2011) 2648-2655 2649

chelating agent and source of carbon. Each sample was treated 8 h
at 750°C and 8 h at 800°C in N, flow, with intermediate grinding.

Two samples with x=0.0 and 0.20 (SS and SS20 respectively)
were also prepared by solid state synthesis using the carbothermal
reduction method [25,26] from stoichiometric amount of Li;CO3
(Aldrich, 99.6%), V,0s5 (Aldrich, 99.6%), (NH4),HPO4 (Merck, 99%)
and Mn;03; carbon black (Alfa) was added to reduce the vanadium
ions to the 3+ oxidation state (1 wt% C excess with respect to the
stoichiometric amount). The mixtures were ball milled in tungsten
carbide jars for 30 min at 400 rpm; in particular the jar contain-
ing the SS20 mixture was hermetically closed in Ar to prevent the
oxidation during the milling processes. The thermal treatment was
performed in N, flow at 300°C for 4 h and at 900°C for 16 h.

RT XRPD measurements were performed in air on a Bruker
D5005 diffractometer with the CuKa radiation, Ni filter and a
position sensitive detector (PSD). Rietveld structural and profile
refinement was carried out by means of TOPAS V3.0 program [27].

The SEM measurements were performed with a Zeiss EVO®-
MA10-HR microscope on Au sputtered samples.

Micro-Raman measurements were carried out at RT by using
a Labram Dilor spectrometer equipped with an Olympus micro-
scope HS BX40. The 632.8 nm light from He-Ne laser was employed
as excitation radiation. The samples, mounted on a motorized xy
stage, were tested with a 100x objective and with a laser spot of
about 1 mm of diameter. The spectral resolution was about 1 cm~1.

An ICP-OES Perkin ElImer Optima 3300 DV was used for the ele-
mental analysis measurements, following the operating conditions
suggested by the manufacturers.

Conductivity measurements (IS) were carried out by means
of Autolab PGSTAT30 in the frequency range 10°-1Hz. IS mea-
surements were performed as a function of temperature on disk
shaped samples sintered at the final synthesis temperatures of SS20
and SG20 samples, covered with Ag to deposit the electrodes and
inserted in a polythermal electrochemical cell.

In order to prepare the cathode layer, a slurry was made by
mixing the Li3V,_yMny(POg4)3; active material with carbon black
(Alfa) and poly(vinylidene fluoride) (PVdF, Solvay) in N-methyl-
2-pyrrolidone (NMP, Aldrich) with a weight ratio of 75:15:10. The
obtained suspensions were spread on an aluminium current col-
lector by using a doctor blade. After the evaporation of the solvent
in an oven at 60°C for 24 h, the foils were transferred to an Ar-
filled dry-box (MBraun, <1 ppm O,, <1 ppm H,0). They were cut
into disks of 1cm diameter with a loading of about 4 mg/cm? of
active material; considering their surface, thickness and the low
mass loading, an average error of about 4% on the reversible capac-
ity can be estimated (the significant digits are related to this error).
The electrochemical tests were performed using a three-electrodes
T-cell with lithium metal as the negative electrode and a glass-
wool (Whatman GF/A) disc as the separator. The electrolyte was
1M LiPFg in ethylene carbonate/diethyl carbonate (EC/DEC) 1:1
(Merck). All the cells were assembled in a dry-box under Argon
atmosphere. The cyclic voltammetry (CV) was performed by using
aSolartron Electrochemical Interface 1287 at a scan rate of 0.1 mV/s
in the potential range 3.0-4.8 V. All the cells were tested at room
temperature. The galvanostatic cycling tests were carried out using
the same apparatus between 3.0 and 4.8 V. The cells were charged
and discharged at C/10.

3. Results and discussion

Fig. 1a and b shows the XRPD patterns of the sol-gel and
solid-state samples respectively. The peaks are explained on the
basis of the Li3V,(PO4)3 monoclinic structure. No impurity phases
are present in the SS sample, while small amounts of Li3PO4 (+),
LiMnPO,4 (*) or both are observed in the other ones.
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Fig. 1. XRPD patterns of a) sol-gel and b) solid state samples. The Li3PO4 (+) and
LiMnPO, (*) impurity phases are also indicated.

The structural and profile refinement on the basis of the Rietveld
method was performed on the XRPD patterns of all the samples. The
lattice parameters, the cell volume, the isotropic thermal factors B
(constrained for the same ion type) [28], and the impurity phases
wt% obtained by the refinement are reported in Table 1. The dis-
crepancy factors and goodness of fit are also shown. Their values
indicate satisfactory results for the refinement procedure, as also
demonstrated in Fig. 2 by the comparison of the calculated and
experimental patterns for the SG20 sample, taken as an example.

Reliable values for the B factors are obtained from the refine-
ment. For what concerns the lithium sites, B values of about 4 A2 and
2 A? are found for the sol-gel and solid state samples respectively.
These values are not surprising for this ion, in particular for the Li*
penta-coordinated to oxygen ions. No trend is observed on both
lattice parameters and cell volume by increasing x; this is expected
on the basis of the similar values of the ionic radii of Mn2* and V3*
ions in octahedral coordination [29]. EPR measurements performed
on SG10 sample suggest the +2 oxidation state for the Mn ion; no
Mn3* has been detected. This result is consistent with the carboth-
ermal reduction synthesis. Interesting considerations regarding the
synthesis route and the Mn amount effectively substituted in the
Li3V5(PO4)3 structure can be performed by analysing the impu-
rity phases percentages obtained by the refinement. Li3PO4 forms
only from the sol-gel route and, for the doped samples, its abun-
dance decreases by increasing x and it is not detected for the
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Table 1

Thermal factors (B), lattice parameters, cell volume, impurity phases, abundance (w

the investigated samples.
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t%) and discrepancy factors (Rwp and GoF) obtained by Rietveld structural refinement on

SG SG10 SG20 SG30 ss $S20
B(Li)/A2 4.2(9) 49(11) 4.4(9) 3.5(10) 2.0(8) 1.6(8)
B(V)/A2 0.63(4) 0.77(5) 0.86(5) 0.83(5) 0.29(4) 0.29(5)
B(P)/A2 0.82(8) 0.68(9) 0.66(7) 0.67(9) 0.40(8) 0.63(8)
B(0)/A2 1.48(9) 1.60(11) 1.42(9) 1.50(11) 1.89(10) 1.07(10)
alA 8.6076(2) 8.6056(3) 8.6058(2) 8.6082(3) 8.5993(3) 8.6014(3)
blA 8.5931(2) 8.5969(3) 8.5956(2) 8.5959(3) 8.5993(3) 8.5947(3)
c/A 12.0382(3) 12.0419(4) 12.0411(3) 12.0404(4) 12.0384(4) 12.0388(4)
Bl° 90.574(2) 90.560(2) 90.567(2) 90.558(2) 90.542(2) 90.557(2)
V/A3 890.38(5) 890.83(6) 890.66(4) 890.89(6) 890.18(5) 889.94(5)
Wt%LisPO4 2.9(2) 5.6(3) 1.4(2) - - -
WEELIMnPO, - - 2.9(1) 8.1(2) - 7.8(2)
Rup 485 455 405 3.67 454 423
GoF 1.27 1.28 1.20 1.14 1.25 1.18
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Fig. 2. Comparison between the observed (blue line) and calculated (red line) pattern obtained after the Rietveld refinement for SG20 sample. In the bottom, the difference
curve (gray line) and the peak positions (bars) are also shown. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version

of this article.)

x=0.30 sample, for which, instead, the highest amount of LiMnPO4
is observed. This phase is also present in the SS20 in an amount
of 7.8 wt%, higher than that obtained for the same Mn doping by
sol-gel synthesis (SG20). The segregation of the LiMnPO4 impu-
rity phase suggests that a solubility limit is reached by increasing
the x value and only for the SG10 sample the Mn substitution on
V sites is effective. Moreover for the same nominal composition
(x=0.20) a different Mn insertion into the Li3V,(PO4)3 structure,
depending on the synthetic route, is obtained. The LiMnPO4 wt%
(Table 1) and the total Mn amount used in the synthesis can be used
to estimate the effective Mn quantity substituted in the LizV,(POg4)3
structure. The calculated values are reported in Table 2. The cation
content was also evaluated by elemental analysis with ICP on the
S$S20 and SG20 samples obtaining the molar ratios: V/Li=0.62 and
Mn/Li=0.071 for SS20 and V/Li=0.65 and Mn/Li=0.070 for SG20
([Mn]/[Mn +V]=0.103 for SS20 and 0.0972 for SG20), in good accor-
dance with the values expected from the synthesis stoichiometry
(V/Li=0.60 and Mn/Li=0.067; [Mn]/[Mn +V]=0.100). These results
indicate that no lithium loss have occurred during the synthesis.
These ratios can be calculated also by the weight percentage and the
stoichiometry of the phases obtained by the Rietveld refinement;
V/Li=0.62 and Mn/Li =0.068 for SS20, V/Li=0.58 and Mn/Li=0.063
for SG20 were found ([Mn]/[Mn +V]=0.0988 for SS20 and 0.0979

Table 2

Effective Mn content and its distribution on the vanadium sites (V1: x=0.25103,
y=0.45935, z=0.10936; V2: x=0.75307, y=0.47451, z=0.39038 in fractional coor-
dinates) obtained by the Rietveld refinement.

for SG20). A 4% for SS20 and 0.7% for SG20 of discrepancy between
ICP and Rietveld results is found, so indicating a good agreement
between the two techniques. In Table 2 the results of the refinement
of the Mn content on the two vanadium crystallographic sites are
alsoreported: Mn distributes on both sites, with a preference for the
V1 one. The maximum value of Mn substitution is obtained for the
SG20 sample and x=0.124 can be considered the limit composition
of our solid solution. In the SS20 sample all the Mn amount used
in the synthesis forms LiMnPO4 and only a low Mn substitution
(below the detection limit of our technique) is obtained, notwith-
standing the higher sintering temperature (900°C and 800°C for
solid state and sol-gel samples respectively). So, only the sol-gel
synthesis seems to be effective, within a solubility limit, for the Mn
substitution.

The effect of sintering on the particle size and morphology is put
into evidence by SEM investigations. The micrographs reported in
Figs. 3 and 4 show significant differences between the SS and the SG
samples. The SS and SS20 samples (Fig. 3) are characterized by very
large aggregates (tens and hundreds of pm) of rounded particles
(about 5 pm), but strictly linked together by partially fused parts
and, especially for the SS20 sample, covered by fine particles (Fig. 3b
and d). Hence, the Mn doping seems to play a favourable role on the
formation of well separated crystallites covered by small particles
(Fig. 3d). The peculiar shape and dimension of the SS20 particles
could favour the formation of a thin and homogeneous carbon
layer coated on Li3V5(POg4)s3. The micro-Raman spectroscopy gives
additional information about the carbon coating of solid state and
sol-gel samples. As an example, the spectra obtained on SS20 and

Mn amount in LisV,(PO4)3 Mn on V1 site Mn on V2 site SG20 samples, representatives of each synthesis route, are shown
SC10 010 0.056(4) 0.044(4) in Fig. 5. In both the samples the broad D and G bands of carbon,
SG20 0.124 0.065(4) 0.059(4) peaked at about 1320cm~! and 1600 cm~', are detected [30,31].
25233 g.gﬁg 0.076(5) 0.013(5) The G line is associated with the optically allowed E;; zone cen-

ter mode of crystalline graphite, and the D line is associated with
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Fig. 3. SEM micrographs of solid state samples: (a and b) SS; (c and d) SS20.
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Fig. 4. SEM micrographs of sol-gel samples: a) SG, b) SG10, c) SG20 and d) SG30.
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Fig. 5. Micro Raman spectra of SG20 and SS20 samples.

disorder-allowed zone-edge modes of graphite. These broadened
spectral features indicate that a highly amorphous carbon film is
deposited on both the samples. Only for the SG20 sample, two addi-
tional peaks in the 900-1050 cm~! spectral region are observed;
these features can be attributed to the vibrational modes of the
PO43~ units. The occurrence of these peaks indicates a less homo-
geneous and uniform carbon coating of the Li3V,(POg4)3 particles
in the SG20 with respect to the SS20 sample. The microstructure
and homogeneous carbon layer peculiar of the SS20 sample could
facilitate the electronic transfer among the Li3V,(PO4); particles,
possibly affecting positively the capacity. A clear indication of this
benefit comes from the electric conductivity measurements; in fact,
the conductivity values obtained for the SS20 sample are slightly
higher than those of the SG20 one (Fig. 6). The SG and SG10 sam-
ples (Fig. 4) also show particle agglomerates whose dimension are
close to that of the solid state samples, and covered by crystallites
of about 1 wm. For the SG20 and SG30 this effect is less evident. In
fact the rounded particles are more separated than in the case of
the other sol-gel. For all the samples the presence of wide particles
can be likely ascribed to the lithium source (Li;CO3 used in both
our synthesis procedure) that, as suggested in the literature [32], is
known to favour the formation of large crystallites.

The cyclic voltammetry of the first and fourth cycles for sol-gel
samples is reported in Fig. 7a and b, respectively. The voltamme-
try curve shows three oxidation peaks in the potential range of
3.0-4.10V and a peak at about 4.50V associated to the last lithium
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Fig. 6. Arrhenius plot of electric conductivity for SS20 and SG20 samples.
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Fig. 7. Cyclic voltammetry of a) the first and b) the fourth cycles of sol-gel samples.

extraction, that is the kinetically most difficult process and leads
to the formation of the completely lithium free phase V,(PO4);
[16,19,20]. In particular, the anodic peaks of the first cycle are
located at 3.6V, 3.72V,4.09V and 4.57V for SG, 3.63V, 3.7V, 4.08 V
and 4.56V for SG10, 3.58V, 3.65V, 4.05V and 4.54V for SG20 and
3.57V,3.65V, 4.03V and 4.5V for SG30; a progressive decrease of
the anodic peak position is observed by increasing the Mn con-
tent. For the SG30 sample, the additional peak at 3.49V can be
likely due to an impurity phase that can intercalate lithium ions
and which is probably present in an amount below the detection
limit of XRPD technique or whose diffraction peaks are in complete
overlapping with those of the main phase. The Mn doping sharpens
the peaks, particularly in the case of SG10 sample, which is free of
Mn containing impurity phases. For the SG20 and SG30 samples we
observe a shoulder at4.14V and 4.2 V respectively, likely due to the
presence of the electrochemically active LiMnPOg4 [33]. In fact, the
electrochemically active Mn ion can oxidize (2+ — 3+): the voltage
of this oxidation/reduction in the olivine-like structures (lithiofil-
ite) is about 4.2/3.9V [33], very close to that of the V3*/V4* couple.
The voltage value for Mn oxidation/reduction is therefore in signif-
icant overlapping with that of vanadium ion, and, during the first
cycle, a shoulder in the voltage anodic signal can be appreciated.
In the cathodic part of the voltammetry the sharpening effect
increases with increasing the Mn amount up to x=0.20. In partic-
ular, the peaks at 3.6 and 3.52 V suggest that the insertion process
in the SG20 sample is more ordered than for the other samples.
This behaviour has been also evidenced for Co, Cr and Fe doped
Li3V,(PO4)3 samples [19-21]. On the contrary, the SG and SG30
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Fig. 8. Cyclic voltammetry of a) the first and b) the fourth cycles of solid state
samples.

samples show very weak and not distinguishable cathodic peaks at
about 3.58 and 3.49V. These experimental evidences can be sup-
ported by the morphological features of the samples (Fig. 4). In
fact, the SG20 sample shows rounded separated particles, in con-
trast to the SG one characterized by wide particle agglomerates.
The small and separated crystals allow to obtain a more efficient
extraction of lithium and electrons, thus playing a favourable role
on the electrochemical behaviour of the sample [32].

In the fourth cycle (Fig. 7b) the intensity of the peaks in the range
3.5-3.7V decreases for SG sample, suggesting that the lithium
extraction process becomes irreversible. This effect is not present
for the doped samples up to x=0.20; the peaks position and inten-
sity completely overlap and the insertion and extraction processes
remain reversible.

In Fig. 8a and b the CV curves of first and fourth cycles for
the solid state samples are shown. The anodic peaks are located
at about 3.8V, 4.08V and 4.57V for SS and 3.6V, 3.67V, 4.03V
and 4.52V for SS20. The last anodic peak is well defined in SS20
sample suggesting the reversible character of the fourth extraction
process notwithstanding its difficult kinetic. A similar behaviour
is observed for SG10 sample. We have also to take into account
that the Mn substitution for SS20 sample is not effective in accor-
dance with our Rietveld refinement (Table 2). The SS sample in both
the first and the fourth cycles presents clear irreversible intercala-
tion/deintercalation processes related to a lithium disorder within
the structure [12]. On the contrary, the SS20 sample shows well
defined peaks (anodic part of the CV); this feature is maintained
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Fig. 9. Differential capacity curve of a) sol-gel and b) solid state samples.

also in the fourth cycle except for the last lithium extraction peak
at 4.5V. The position of this peak shifts from 4.52 to 4.43V and
its intensity decreases dramatically. In Fig. 9a and b the differ-
ential capacity curves derived by the data of charge/discharge at
C/20, second cycle, are shown to better evidence the complex
insertion-extraction reactions of the Li ions for all the samples. The
main features of the CV plots (Figs. 7 and 8) are confirmed; the Li
insertion process is more appreciable, even though broad peaks are
observed thus confirming that the associated phenomenon is dis-
ordered. For the sol-gel samples, the doping causes a peak shift
towards lower voltage, in particular for the peak at about 4.6V,
associated to the last extraction process. This suggests a favourable
Mn effect on the electrochemical features of the material, allow-
ing the usage of this phosphate at lower charge voltage as already
reported in the literature, in the case of the Al substitution [12].

In the charge-discharge profile (Fig. 10a) of the SS20, four
plateaus are present. This sample has a capacity value of about
150 mAh/g in charge and 140 mAh/g in discharge. The SS sam-
ple presents a very low value of charge and discharge capacity
(about 80 mAh/g and 64 mAh/g, respectively) confirming its dis-
ordered structure and in accordance with the CV plot. The two
samples, notwithstanding the common synthesis route, show
different degrees of particles aggregation (Fig. 3). For what con-
cern the sol-gel samples (Fig. 10b), they show a very similar
charge-discharge profile, differently from the solid state ones. In
this case the Mn doping is effective and a slight increase of the
capacity value is recorded for both the SG10 and SG20 samples with
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Fig. 10. Charge-discharge at the fourth cycle at C/10 for a) SS (black line) and SS20
(red line) and b) SG (black line), SG10 (red line) and SG20 (blue line). (For interpre-
tation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)

respect to the undoped. In addition, a large irreversible capacity for
the SG and SG10 samples is evident. In fact, the peaks regarding the
last insertion (see Figs. 7 and 9a) are broad in the case of these two
samples with respect to the SG20, which seems to possess a less
disordered intercalation behaviour. For all of the samples a signif-
icant overvoltage between the charge and the discharge curves is
evident and it can be ascribed to the high energetics involved in
removing the third lithium ion, associated with the redox couple
VA Vo,

Our results put into evidence that the Mn addition improves
the electrochemical features of Li3V,(PO4); cathode material, even
though different reasons have to be taken into account to explain
this enhancement, depending on the synthesis route. In the sol-gel
synthesis Mn distributes on both the vanadium sites reaching its
solubility limit (x=0.124) in the SG20 sample. So, the Mn substi-
tution is responsible for the electrochemical improvement with
respect to the undoped SG sample, as also observed for other tran-
sition metals doping [19-21].

More satisfactory electrochemical results and improvement
with respect to the undoped SS sample are obtained for the SS20
one: the Mn present in the solid state synthesis forms the LiMnPOy4
phase and a very low Mn amount on the V sites of the LizV,(POg4)3
structure is present. It should be underlined that the sample shows
significant morphological differences with respect to the SS and the

sol-gel samples, and the optimization of particle size is necessary to
improve the electrochemical performances of this material. In addi-
tion, a possible Li3V,(POg4)3/LiMnPO4 composite can be obtained
by solid state synthesis and this occurrence could be responsible
for the formation of the peculiar morphology observed in the SS20
sample, that plays a favourable role on the electrochemical fea-
tures. The positive influence of coatings and composites formation
in the preparation of electrode materials is currently reported in
the literature [34,35].

4. Conclusions

The Mn substitution in Li3V,(PO4)3 compound has been inves-
tigated on a series of samples obtained by different synthesis
methods.

A solubility limit (x=0.124) is determined for the samples pre-
pared via sol-gel route. The Mn insertion in the cationic framework
of Li3V,(PO4)3 plays a favourable role on the electrochemical per-
formances, as demonstrated by the charge-discharge data showing
better values with respect to the sol-gel undoped sample.

The solid state synthesis, performed at higher temperature
than that of the sol-gel one, favours the preferential formation of
LiMnPO,4 impurity phase and no Mn seems to substitute V ions in
the Li3V,(PO4)3 compounds, as demonstrated by the Rietveld struc-
tural refinement on XRPD data. In this case the improvement of the
electrochemical performance with respect to the undoped SS sam-
ple, being comparable the homogeneous carbon coating, revealed
by Raman measurements, can be likely played by the different
degrees of particle aggregation of the samples, and by LiMnPO4
segregation.
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