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Occurrence 

-Granitic pegmatites

-Metamorphic rocks

-Meteorites

Alluaudite, Buranga pegmatite, Rwanda

Johnsomervilleite, Loch Quoich, Scotland Chladniite, GRA 95209 meteorite
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Fe-Mn phosphates in pegmatites 

Buranga pegmatite, Rwanda
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Li(Mn2+,Fe2+)PO4   •xLi1-x(Mn2+,Fe3+)PO4  •(Mn3+,Fe3+)PO4

(Lithiophilite)                     (Sicklerite)                    (Purpurite)

Li(Fe2+,Mn2+)PO4   •xLi1-x(Fe3+,Mn2+)PO4  •(Fe3+,Mn3+)PO4

(Triphylite)                       (Ferrisicklerite)               (Heterosite)

Phosphates with the olivine structure: 

the « Quensel-Mason » sequence

Intro. Olivine Alluaudite



The triphylite structure
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S.G. Pmnb

a = 6.092, b = 

10.429, c = 4.738 Å

• M1: Li, [] 

• M2: Fe2+, Mn, Mg

Red octahedra: M1

Blue octahedra: M2
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Crystal chemistry of natural olivine-

type phosphates
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Triphylite-lithiophilite

0.99-1.07 Li p.f.u.

Ferrisicklerite

0.14-0.29 Li p.f.u.

Heterosite

0.00-0.02 Li p.f.u.

SIMS and crystal-structure analysis of 19 samples

Heterosite may contain up to 0.21 wt. % Li2O, and ferrisicklerite may 

show a low Li-content of 1.31 wt. % Li2O

Close Li-contents! 
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The progressive transition from 

lithiophilite to sicklerite

1
5

4

3

2

1: Li0.93(Fe2+
0.03Fe3+

0.13Mn2+
0.80)(PO4)

2: Li0.96(Fe2+
0.08Fe3+

0.08Mn2+
0.81)(PO4)

3: Li0.88(Fe3+
0.16Mn2+

0.80Mn3+
0.01)(PO4)

4: Li0.82(Fe3+
0.16Mn2+

0.75Mn3+
0.06)(PO4)

5: Li0.69(Fe3+
0.16Mn2+

0.62Mn3+
0.19)(PO4)

Sample from the Altaï Mountains, China
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Li-decrease
• The transition from lithiophilite to 

sicklerite is progressive

• The change in colour is due to the 

presence of Mn3+
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Li-ion batteries

 

 Layered struct. Spinel Triphylite 

 LiCoO2 LiNiCoO2 LiMn2O4 LiFePO4 

     
Capacity (mAh/g) 140-150 170-180 110-120 160-170 
Potentiel (V) 3,9 3,8 4,0 3,4 
Resistance to cycling Poor Poor +/- Good 
Exchange speed Good Good Good Good 
Electrode density Good +/- +/- Poor 
Security +/- ? Good Good 
Cost of chemicals High +/- Low Low 
Cost of synthesis Low High +/- Low 
Abundance Low +/- High High 
Toxicity ? ? Low Very low 
     
 

Ref: N. Krins, Master thesis ULg, 2004 (LCIS)
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LiFe2+(PO4) as cathode material ?

Electrochemical properties demonstrated by Padhi et al. (1997)
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Ref: ISI web of knowledge – Current contents
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Intercalation – extraction of Li

Heterosite, Fe3+(PO4) Triphylite, LiFe2+(PO4)

Natural oxydation mechanism described by Quensel (1937) and Mason (1941)
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Principle of Li-ion batteries
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Performance

Discharge Curves

80-10-10 Configuration, 2.4 mg/cm2

1,50

2,00

2,50

3,00

3,50

4,00

0 20 40 60 80 100 120 140 160

Discharged Capacity (mAh/g)

P
o

te
n

ti
a

l 
(V

)

40C 35C 30C 25C 20C 15C 10C 8C 4C 2C C C/2 C/4 C/8

Intro. Olivine Alluaudite



LiFePO4-based batteries production

• Phostech Lithium was founded in 2001

• Based on the commercial potential of 

C-LiFePO4 and other Phosphate-

based cathode materials

• Obtained exclusive rights for the 

manufacture and sales of LiFePO4 for 

Lithium-Ion battery applications with 

University of Texas and Hydro-Quebec

• Obtained through UDM the access to 

four improvement patents resulting 

from UDM’s research for Hydro-

Québec, including C additive to 

LiFePO4 and a new synthesis way 

from a Fe+3 precursor
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LiFePO4-based batteries applications

• Cars

• Bicylces

• Motorbikes

• Mobile phones

• Laptops

• Storage of 

green  energy
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The alluaudite group of minerals

Alluaudite, Kibingo pegmatite, Rwanda

• Secondary origin

• Primary origin

Oxidation mechanism

Na2MnFe2+Fe3+(PO4)3 []NaMnFe3+
2(PO4)3

Na+ + Fe2+ [] + Fe3+
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The alluaudite group of minerals
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c

Fe3+ + Fe2+

M(2)

Mn

M(1)

• + Na

A(2)’

Na + •

A(1)

The alluaudite structure

A(2)’: gabled disphenoid

A(1): distorted cube

M(1): very distorted octahedron

M(2): distorted octahedron
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Synthesis experiments

HYDROTHERMAL SYNTHESES

•Tuttle-type cold-seal bombs 

•T = 400-800 °C

•P = 1 kbar

•Oxygen fugacity: Ni/NiO (NNO) buffer

SOLID STATE SYNTHESES

• Pt crucible 

• 650-950°C

• P = 1 atm.
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Cationic 
distribution

Cation Ionic radius (Å) Site
[VI] [VIII] A(2)’ A(1) M(1) M(2)

Ag
+

1.15 1.28 X X
Na

+
1.02 1.18 X X X

Cu
+

0.77 - p p
Li

+
0.76 0.92 p p

Ca
2+

1.00 1.12 p p p
Cd

2+
0.95 1.10 p X p

Mn
2+

0.830 0.96 p p X X
Fe

2+
0.780 0.92 X X

Co
2+

0.745 0.90 X X
Zn

2+
0.740 0.90 X P

Cu
2+

0.73 - p
Mg

2+
0.720 0.89 X X

In
3+

0.800 0.92 p X
Fe

3+
0.645 0.78 p X

Ga
3+

0.620 - p
Cr

3+
0.615 - p

Al
3+

0.535 - p

X : Complete occupancy of the site
p : Partial occupancy of the site

Solid-state synthesis 

and hydrothermal 

experiments

X-ray structure 

refinements
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Applications: catalytic properties
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AgCaCdMg2(PO4)3

AgCd2Mg2(PO4)3

Kacimi et al. (2005), Materials Research Bulletin

Probe reaction: Butan-2-ol  Methyl ethyl ketone + butenes + CO2

 Catalytic activity comparable to that of nasicon-type phosphates

AgCaCdMg2(PO4)3
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The role of lithium in alluaudites

• (Na1-xLix)MnFe3+
2(PO4)3

Single-crystal structure refinements

Variations of the unit-cell parameters

Mössbauer spectroscopy

• (Na1-xLix)CdIn2(PO4)3

X-ray Rietveld refinements

• (Na1-xLix)1.5Mn1.5Fe3+
1.5(PO4)3

X-ray Rietveld refinements
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Number of 

electrons on A(1) 
and A(2) ’
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X

(Na1-xLix)MnFe2(PO4)3

(Na1-xLix)CdIn2(PO4)3

(Na1-xLix)1.5Mn1.5Fe1.5(PO4)3

Li localized 

on the large 

A(1) site
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Alluaudites as a promizing cathode 

material for Li-ion batteries?

Richardson (2003), J. Power Sources, 119-121, 262-265

LixNa2-xMn2Fe3+(PO4)3

Charge

Discharge

Low performance

Investigation of other 

alluaudite-type 

phosphates necessary 
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Conclusions

• Iron-manganese phosphates play a crucial role in the 

geochemical evolution of granitic pegmatites, and are very 

sensitive to the variations of physico-chemical parameters

• Investigation of synthetic alluaudites and of natural olivine-type 

phosphates allowed one to better understand the crystal 

chemistry of these phosphates.

• Phosphates with the olivine- and alluaudite-type structures 

show interesting properties, related to the mobility of large 

cations in their crystal structures. These properties are 

responsible for the recent use of LiFePO4 as electrode material 

in Li-ion batteries. 


