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1. Introduction: triphylite et alluaudite

2. Observations de terrain: les pegmatites

3. Peétrographie: lames minces, analyses chimiques

4. Cristallochimie: structure cristalline

5. Synthese: essais en laboratoire

6. Applications: batteries au lithium
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Brian Mason (1917-2009)

Paleoproterozoic (ca. 1.87 - 1.66 Ga) Paleoproterozoic (ca. 1.96 - 1.86 Ga)

[ Revsund sute [ Varutrask formation [] Skellete group
Acid to intermediate intrusive rocks Metabasic volcanic rocks Foksic tointermediate metavolcarnid

(granite, granodiorite) (amphibolite, metabasalt) rocks (metarhyolite, metadacite,
metaandesite)

Paleoproterozoic (ca. 1.87 - 1.75 Ga) ] Lobiotan. Varghors group Metasedimentary carbonate rocks

Metasedimentary rocks

[ Selectesite (metagreywackes, schists)

fed o inemnodiels nnalie ook [ Ack tointermodiato intusive Deformation zone
(granite, granodiorite) rocks (granite, granodiorite)

(calcitic to dolomitic marbles)

Percy Quensel (1881-1966)
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Thphviite et lithiophilite R sk
Li(Mn?* Fe?*)PO, = ki, (Mn?* Fe3*)PO, = ¢Mn3*,Fe3")PO,
(Lithiophilite) (Sicklérite) (Purpurite)

Li(Fe**,Mn°*)PO, = ti,  (Fe3*",Mn?*)PO, = ¢(Fe3*,Mn3")PO,
(Triphylite) (Ferrisicklérite) (Hétérosite)

mmmmdp Séquence d’oxydation de « Quensel-Mason »
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Stailiteides alliAuEites? R sk

TRIPHYLITE ALLUAUDITE (Fe™")

Li* Fe®*{PO,) Na" Caz‘Mn"Feg'(PO )a

/ Lij", Fely, Fe*(PO,)

=

~~ Naj, Ca’,f, Mn FeHFe, (PO, )\d

- (D

* Origine secondaire
* Origine primaire
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ALLUAUDITE (Fe™)
Na" Mn® Fe3'(PO, ),
/ \
7R N
HETEROSITE Mn®* Fe2* (PO Decomposition
Fe** (PO,) ez’ (POL)s products
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Mécanisme d’oxidation

Na,MnFe?*Fe3*(PO,); = [[NaMnFe3*,(PO,);

Nat+ Fe?* == [] + Fe3*

Alluaudite, pegmatlte de Klbmgo Rwanda
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MINERALOGY AND GEOCHEMISTRY OF PHOSPHATES AND SILICATES
= IN THE SAPUCAIA PEGMATITE, MINAS GERAIS, BRAZIL: GENETIC IMPLICATIONS
I 1nner Wall Zone (IWZ)
Inner Zone (12}

Maxime BAITOT aNp FREDERIC HATERT?
|:| Quartz core (Q)

Laboratoire de Minéralogie, B18, Université de Liége, B-4000 Liége, Belgium

SiMoN PHILIPPO

Section Minéralogie, Musée national d’histoire naturelle, Rue Miinster 25, L-2160 Luxembourg,
Grand-Duché de Luxembourg
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Pegmatite de Sapucaia, Brésil

T

Pegmatite de Buranga, Rwanda
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Intercroissances et inclusions

dans les associations graftonite-sarcopside-tribhvlite
& P phy Fransolet, 1977
par ANDRE-MATHIEU FRANSOLET,

[nstitut de Minéralogie, Université de Litge (1),
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Textures lamellaires
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EXSOLUTIONS!!
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Alluaudite + fillow
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PETROGRAPHIC EVIDENCE FOR PRIMARY HAGENDORFITE
IN AN UNUSUAL ASSEMBLAGE OF PHOSPHATE MINERALS,
KIBINGO GRANITIC PEGMATITE, RWANDA

ANDRE-MATHIEU FRANSOLET anp Freéptric HATERT

Laboratoire de Minéralogie, Département de Géologie, Université de Liége, Batiment BI8,
Sart Tilman, B-4000 Liége, Belgique

Francois FONTAN

Laboratoire de Minéralogie, Université Paul-Sabatier de Toulouse, 39, Allées Jules-Guesde, F-31000 Toulouse, France
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ComMp exaassempaAgESHieESAPUEaIA w # LIEGE
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Barb + Tav

Triphylite 1 &I (+ Fluorapatite + Garnet)

¢ Ol’ Hur ’ Ferrisicklerite

L 1
+ Montebrasite
- Li o ]
+Ca ( Reaction with albite)
Heterosite Hureaulite

Jahnsite .. Frondelite s./. Barbosalite
QOrange Tavorite \l

hureaulite -Ca +Fe Orange
hureaulite

Frondelite s./. Rockbridgeite

Hydrothermal transformations

Phosphosiderite Phosphosiderite Whitmoreite Siderite
*K Leucophosphite Phosphosiderite ( Residue)
Variscite * A/
Mn-Fe-bearing oxides * " Cyrilovite

Weathering

Mn ox s, Rt Triphylite 1 & 11 (+ Fluorapatite)

Montebrasite
Eosphorite
Whiteite s./.
(Reaction with albite

Hydrothermal transformations

Vivianite Fairfieldite
Ludlamite Messelite
Metaswitzerite Xanthoxenite

Weathering
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Nelzl\sas enlrnleltas 2 2 leroseariels v LIEGE

Microsonde électronique (Na, Fe, Mn, P)

Microsonde ionique (SIMS: Li)

Al B
5 j
R
‘n .-N
R
¥
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Oxidation delalsene w LIEGE
tr|phV||te-||th|Oph|||te université

La ferrisicklérite des pegmatites de Sidi Bou Othmane
(Jebilet, Maroc)
et le groupe des minéraux a structure de triphylite

par Francors FONTAN *, PauL HUVELIN **, MarceL ORLIAC * et Frangors PERMINGEAT *.

Francois Fontan
(1942-2007)
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mmmm) Le processus d’oxidation n’est pas continu!
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Analyses d’echantillons naturels w LIEGE
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Analyses a la microsonde électronique, SIMS et
déterminations structurales sur 19 échantillons

Triphylite-lithiophilite

0,99-1,07 Li p.u.f.

Ferrisicklérite
0,14-0,29 Li p.u.f.

0,4 0,6
(Fe+Mg)/(Fe+Mg+Mn)

L’hétérosite peut contenir jusqu’a 0,21 % en poids de Li,O, et |la
ferrisicklérite peut contenir seulement 1,31 % en poids de Li,O

£ u

Contenus en Li proches!
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FARSERENICPMIEESICRIERIE NS LiesE

Echantillon de I’ Altai, Chine

 La transition de la lithiophilite en
sicklerite est progressive

* Le changement de couleur est lié
ala présence de Mn3*

10 Liggg(Fe™y nsFe7 13MN2%; 40)(PO,)
2: Liggs(Fe7" 05FE77 0sMN?*( 1) (PO,)
3: Lig gg(Fe3* 16MN#* 4 gV, 1, )(PO,)
4: Liggy(Fe3 o 16Mn2*, 7M1, 15)(PO,)
5: Lig go(F€3* 16MN%* 6,MN7%, 10)(PO,)

/

«mmm=m Diminution de Li

Coulour zone




Intro. | Terrain | Pétro. |Cristal|o. |Synthése| Applic. |

Dljirsietion) clgs rEvons U< S U LIEGE
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Diffractogramme de poudres Diffractometre de poudres
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| a structure olivine

Octaedres rouges: M1 (Li, Na)
Octaedres bleus: M2 (Fe, Mn)

* Triphylite, LiFe?*(PO,)

* Lithiophilite, LiMn(PO,)

* Natrophilite, NaMn(PO,)

- Karenwebberite, NaFe?*(PO,)

Groupe spatial
Pmnb

a=6,092 A
b =10,429 A
c=4,738 A
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LA karenwenhenie; tneneuyvelle u LIEGtE
espece...

American Mineralogist, Volume 98, pages 767-772, 2013

Karenwebberite, Na(Fe*',Mn*")PQ,, a new member of the triphylite group from the
Malpensata pegmatite, Lecco Province, Italy

PIETRO VIGNOLA,' FREDERIC HATERT,>* ANDRE-MATHIEU FRANSOLET,? OLAF MEDENBACH,?
VALERIA DIELLA,! AND SERGIO ANDO*

NaFe2*PO,

a=4,882(1), b = 10,387(2), c = 6,091(1) A

’«‘V .bh N o
3 k 3 3 - P
* > g =
. \
d ® L -3 5
CLy -~ g
-l

Kareh Louise Webber Malpensata pegmatite, Italy
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| a zavalialte aussi!

ZAVALIAITE, (Mn2*,Fe?*,Mg)3(PQs)2, A NEW MEMBER OF THE SARCOPSIDE GROUP
FROM THE LA EMPLEADA PEGMATITE, SAN LUIS PROVINCE, ARGENTINA

FrEDERIC HATERT®

Laboratoire de Minéralogie, Département de Géologie, Université de Liége, Batiment B18,
Sart Tilman, B—4000 Liége, Belgium

ENCARNACION RODA-ROBLES

Departimento de Mineralogia y Petrologia, Universidad del Pais Vasco/lEHU, Apdo. 644, E-48080 Bilbao, Spain

A

a =6,088(1) A
b =4,814(1) A
c =10,484(2) A
B = 89,42(3)°
535, P2,/C

- e O
B T IR
T i TN
—— \
—
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| a structure sarcopside ﬂ: LIEGE
université

Sarcopside
a=6.088(1) A
b =4.814(1) A
c =10.484(2) A
B = 89.42(3)° Triphylite
S.G. P2,/c a=5.987 A
b =10.286 A
c =4.690 A
S.G. Pmnb

» Structures similaires
* 50 % des positions M(1) sont
lacunaires dans le sarcopside
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: A(2)": Disphénoédre déformé
LAl stiticiter alilaleIie; A cube déformé
M(1): Octaedre tres deformeé
M(2): Octaedre deformeé

[AR)A(2) A(2)lIALA) A(1)"2]M(1)M(2),(PO,)s
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Cristalloch

A(2)’ = Na*, [], K*

A(1) = Na*, Mn?*, Ca?*, »

M(l) — Mn2+’ FeZ+ a2+ g2+

M(2) = Fe3*, Fe?*, Mn?*, Mg?*, LI S

| 1l A2 Al

Ag’ 1.15
Na’ 1.02
Cu’ 0.77
Li 0.76

ca” 1.00
cd” 0.95
Mn* 0.830
Fe* 0.780
Co™ 0.745
> 0.740
cu™ 0.73
Mg”  0.720

Crystal chemistry of the divalent cation in alluaudite-type phosphates
A structural and infrared spectral study of the Na;s(Mn; xM 1.sFe1s(PO4);
solid solutions (x = 0 to 1, M*>* = Cd**, Zn?*)

Frédéric Hatert *

Laboratoire de Minéralogie, Université de Liége, Batiment B18, B-4000 Liége, Belgium

American Mineralogist, Volume 90, pages 653-662, 2005

0.800
0.645
0.620
cr* 0.615
A\ 0.535

Crystal chemistry of the hydrothermally synthesized Na,(Mn,_FeZ"),Fe*(PO,);
alluaudite-type solid solution

FREDERIC HATERT,"** LEILA REBBOUH,® RAPHAEL P. HERMANN,® ANDRE-MATHIEU FRANSOLET,'
GARY J. LONG,* AND FERNANDE GRANDJEAN?

X : Complete occupancy of the site
p : Partial occupancy of the site
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Syntheses hydrethiermales v LIEGE

Laboratoire hydrothermal

Capsules en or ouvertes

Tubes en or

Bombe hydrothermale
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Stabilite de la ferrisicklérite w LIEGE

Phosphate paragenesis

Primary Crystallization
~ 600°C - 500°C

High Temperature Metasomatic Alteration

Hydroxylation and cation exchange
~ 500°C - 300°C

Low Temperature Metasomatic Alteration
Hydration, hydroxylation and cation exchange
~ 300°C - 100°C

Expériences préliminaires

« 200-600°C, 1-3 kbar
* Basse fO,: triphylite
- Haute fO,: LiFe3*PO,(OH)

 Température de cristallisation
de la ferrisicklérite?
* Degré d’oxydation nécessaire?

High Temperature Metasomatic Alteration

Triphylite-lithiophilite
Li(Fe**,Mn**)PO,

~ 500°C - 300°C
Non-oxidizing conditions Oxidizing conditions

Leaching of Li* Oxidation of Fe* to Fe**

Addition of OH" Ferrisicklerite-sicklerite
Wolfeite-triploidite

Leaching of Li*

3+
Ancition aral Heterosite-purpurite

Griphite, Scorzalite

Addition of Ca%* Addition of Na* and Ca*
Whitlockite Alluaudite group

Addition of Na*
Natrophilite

Simmons et al. 2003
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Stabilite de la ferrisicklérite U LIEGE

Echantillon 9706.41, Palermo, USA X LiFePO, = 0,74(1)  100% Fe?*
Collection Paul Keller, Stuttgart X LiMnPO, = 0,21(1)
X LiMgPO, = 0,05(1)

0,1n HCl, 21mg KMnO,, 120°C, 28 jours

Avant expérience Aprés expérience
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* Premiere synthese
hydrothermale de ferrisicklérite

» Trés basse température

* Tres haute fO,

‘ La ferrisicklérite est un minéral d’altération de basse température ?
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DimiRtueRrcircoRtentrentlitaitin w LIEGE

Triphylite Ferrisicklerite

4 ne RS0 &0 ¥uX o

S CaBE0 O MOX X

4 D6 XS > &0 >e0X OX B
4 0& TS0 4O 40X OX

X
o 085650 &0 yeax ¥

Sarcopside
lamella 0.1 mm
unreacted
triphylite
M AE
distance from the front [um] MnZO-OH
rim

‘ Contact net entre la triphylite et la ferrisicklérite!
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Stabiliteldeliasseriation U LIEGE
HIRRVIES S SACRPSIEE

LiFe*, 5(PO,),

Triphylite  Diminution du contenu en

\ Li de la triphylite, de 0,72
a.p.u.f. a400°C, a 0,48
a.p.u.f. a 600°C

« Augmentation du contenu
en Li du sarcopside, de
0,01 a.p.u.f. a 400°C, a 0,05
a.p.u.f. a 600°C

* 1 seule phase au-dessus
de 700°C

Triphylite + sarcopside
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EStimation des temperaiireside S Liest
cliStalliSalen

Triphylite

35 % sarcopside et 65 % triphylite
T ~500°C

15 % sarcopside et 85 % triphylite
T ~ 350°C
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|_a selitien selide w LIEGE
Nag( Vi nuFLZQ);FeC“( POQ)§

« Basse T = alluaudite
« Haute T = “Phase X”
* Mn = fillowite [NaMn,(PO,)]

Phase X + maricite + alluaudite

Pas de maricite [NaFePO,]
dans les pegmatites
J L
Varulite
Na,Mn,Fe3*(PO,),
350-400°C

Hagendorfite
) Na,MnFe2*Fe3*(PO,),
450-500°C

Contrib Mineral Petrol (2006) 152:399-419
DOI 10.1007/500410-006-0115-2

e

Ferrohagendorfite

The stability of primary alluaudites in granitic pegmatites:

an experimental investigation of the Nay(Mn,_,,Fe;,,.)(PO,); N a2 F e2+2 F e3+ ( P O 4) 3

system

550-600°C

Frédéric Hatert - André-Mathieu Fransolet -
Walter V. Maresch
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Stabilite de I'association
tphviiter Fallbiaudite

W) LIEGE

Phase X + triphylite

A

Alluaudite + triphylite
+ maricite

A A Pas de maricite dans les
pegmatites

Alluaudite + triphylite - g J
L’association alluaudite +

triphylite est stable en-
Bu Ha ' dessous de 500-600°C

(o] o

0,6 0,65 o,

Bu = Buranga, Rwanda
Fe/ (Fe + Mn)

Ha = Hagendorf-Sud, Allemagne

Ki = Kibingo, Rwanda
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Layered struct. Spinel Triphylite
LiC002 L|N|C002 LianO4 L|F€PO4

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




LEeZ{(PO)) commeEmateran Q;LIEGF
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Propriétes électrochimiques démontrées par Padhi et al. (1997)

Publications

2000 2002 2004 2006 2008

Year
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) LiFez(Po,) <) Metallic Li Electrolyte
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Performance

nature

LETTERS

Battery materials for ultrafast charging
and discharging

Byoungwoo Kang' & Gerbrand Ceder'

w
=]
o

Potential (V)

——

Discharge Curves
80-10-10 Configuration, 2.4 mg/cm2

ERA RN

30C 25C 20C === 15C === ]1QC === 8C === 4C ===2C = C C/[2 mw==C|4 wm==C/8

60 80 100
Discharged Capacity (mAh/g)

# LIEGE

université

Vol 458|12 March 2009 |doi:10.1038/nature07853

The storage of electrical energy at high charge and discharge rate is
an important technology in today’s society, and can enable hybrid
and plug-in hybrid electric vehicles and provide back-up for wind
and solar energy. It is typically believed that in electrochemical
systems very high power rates can only be achieved with super-
capacitors, which trade high power for low energy density as they
only store energy by surface adsorption reactions of charged

species on an electrode material'~*. Here we show that batteries*’
whlch obtain high energy densnty by stormg charge in the bulk of a
0 ates comparable to

material with hlgh lithium bulk
ion-conducting surface phase through

A rate capability equivalent t¢ battery dnscharge in 10—20s pan

be achieved.
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1 * Voitures
* Vélos

electriques x —
* Ordinateurs S e

portables N
«Stockage
d’énergie
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Ettdeelestiochimiaueicialiiauaites i LIEGE

E (V) vs Ag/AgCI/KCI

10 15 20 25 30
Nombre de cycles

mm) Résultats trés prometteurs!
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La Minéralogie des
phosphates n'a pas encore
dit son dernier mot.....

B

Namib, 2015



