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Solid State Chemistry
composition(synthesis)/structure/electronic properti es relationships.
Which key parameters to design new compounds ?
A panorama at dawn of the 21 St century
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E(@=aq+B g> Mulliken -Jaffé (1935 — 1963)

Xx(q) = 8E(q)/dq = a + 2B q : Electronegativity =

n= &E(q)/®q = 2B : Hardness= 1/Po|ar|zab|I|tyv_
(Pearson)

The anions XP~ (o~
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Hard-Soft Acid-Base (HSAB) theory
Ralph Pearson (1960)

Energy
Hard acid : H*(1s9), Ti**(3d9),

K+, Ba?*, Last

Soft base :- H(1s%), S=, I,
SO,%, COz>
Hard base : F-, 0%, OH-, Cl-, NH,

Hard-Hard or Soft-Soft AB react faster leading to stronger bonds !




Basics of structures :
in a first approximation, atoms can be treated like spheres

Electronic and steric effect : X Electronegativity, Hardness (0x/dq) and Size (covalent, ionic and metallic bonding)

Covalent bonds lonic bonds Metallic bonds (Alloys)
Z Zy
Element with high X Element with various X Element with low X
Covalent radii (Quantum mechanics) lonic radii (Shannon & Prewitt) (low concentration of e-)

Metallic radii (Tables, Alloys)

Charges Z,,/Z,, polarizing power (Z,,/r,, for element with low/medium ¥ value)
and polarizability (r,/Z, for element with high X value)

Covalency and Polarization



MX Chemical bonding : generation of bonding,
anti-nbonding and non-bonding states/orbitals

A A |LPs|/2\/A\ Ps=ay Py +ayly  ax>ay
MQR — %/ lLPA//\/ Wa = a% Wy -y a*x<ay
Linear Comblnatlon of Atomic Orbltals AE*\,(A) > AEL(S)

»  Anfi-nending M.0.5
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s orbitals GRS - d orbitals most" bonding, most delocalized

Polarizability  (deformation of orbitals, electrical field) of 1torbitals >> © orbitals




Difference of ( x) electronegativity (ionicity degree)
and band gap




Difference of ( x) electronegativity (ionicity degree)
refractive index and band gap : sulfides with wurtzite -type network

n(500 nm)
CB (d-Métal) 3,6 eV (blanc) 2,35
BTC 2 50
VB (S-3p)

2,0 eV (rouge) 2,70

A | | - I Covalency 1 —) Bapd gapl
e- Polarizability 1 Refractive index 1
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From ZnO to ZnS (wurtzite) : reduction of W[ ¢*(4s)] bandwidth and band gap 7

W (bandwidth) =
Y N(Coord Numb). D

b 0 exp(-2R yx/ap)
Rux : bond distance

Eg(eV
( BC (4s-Zn) 9(Ev) =0 nm)
ZnO CTB, Eg 3.2eV 2.00
ZnS ( BV (p-Anions) 3.6 eV 2.35

AX ] Orbital expansion : 3p(S) > 2p(0)
ZnO = ZnS : W[o*(4s)] + Band gap 7, e- Polarisability (S) 7 (n 7)

Bznx = < Wznus) | H [ Wy(py> © transfer integral



Polarisation and transfer integral :
Variation of the band gap
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Distance and Coordination number :
polarisation, transfer integral and band gap

CdS (NacCl)

Pressure (20-30 kbars)

CREENEEN -~

Distance R,y Transfer
e — \— B\

Coordination Integral b Polarizing power

NUEEs O W= N.b O N.exp(-2R,/a,) S i (i/? T



Polarization, covalency and Madelung energy in inorgan Ic synthesis:
melting point, solubility and chemical stability !

Melting point | as covalency 1 :
LiF (845°C) >LIiCl (605°C) >LiBr (550°C) > Lil (449°C)

Solubility | as polarizing power (Z/r) and Madelung energy 1
LiBr > LICI > Lil (large size I : low hydration energy) > LiF (stronger Madelung energy)
Hydration energy [0 Z2/(f4= ri,, + 85 —pm-)

Thermal stability (MCO; - MO + CO,) 1t as polarizing power |
AH O r Y2/ q



Stability/lonicity/Polarisation of M-O bonding and ‘formal’_Electronegativity of anionic groups.
Formation enthalpy (kcal/mol) : Sulfate>Nitrate = ->Phosphate>Carbonate

180

\|' I \ 7 O 7— I\|ﬁ - -‘l'\ 3-\ f\ 2--
ICI1 ) 211 ~ZIN\Jq -~ 1 |~ \_J >
4 o) 4 O Rb Cs
X ac
x K S
160 x Sulfates %
B Nitrates 7\ S
140 ¢ Phosphates II \‘
A Carbonates 2 A
Nall
120 X Ba
' B
II \ XLi iﬁ1
e 100 C Rb
S | B “FSr . Kia  |A &
~
= Tl
o~ 80 C
E /’}b\ TR 53 \ /’L
[ \ < /
[ =2 / }.S‘h g A9 Cag] Ba NS
60 I . Co Fe ” M -
bl Ni d K
Hg |7\ Mg -
TCu Ca Ag
Il % o Mg e vBe \ /
Phé~Bd Cd [Cu Y
40 01 W% \ [/
Sn | | @ | \ ) A
\ %A {TTAFe \ .
/S s e TN The role of V,, Madelung potential !
20 A l}/ ‘\/
e \ &Fe A Ag
by O N\ I/
ANS
Cu|
0
0,1 0,2 0,3 0,4 0,5 0,6 0,7 0,8
r1/2/ y A




Competitive bonds and bands : the (1) non-bonding character
a) Inductive effect and competitive bonds
The more covalent [Td, 4] : SO,> =SiO,* >PO,*> ... >Mo0O,> >TiO,*

The more ionic / large size Fe?* [8]-cubes > Fe?* [6]-octahedra
The stronger M-M (1) bonding, Cubic site

l -

the lower M-O (o) bonding

site tétraédrique

b) The lone pair and (1) non-bonding character : 2D networks and VdW bonds

Layer structure :
Electron doublet, lone-pair, non-bonding charcter(m) and repulsive effect
Example : d°, s? ions
Cu?t, Zn?*, Cd?* ... Sn?*, Pb?*, Bi3*

Polarisability and covalency !




Chemical bonding and reactivity of solids
Redox and Lewis acidity/basicity in the solids

M/X Coordination number [] (+ site symmetry)
Non-bonding character (1t bonding)
M-M, M-O interactions

+ reducing (e-), + Lewis acid (+ 2e-)

4f Ln

nd M

+ oxizmg (h+), + Lewis base (2 h+)
F(2p)

—_— SiC
— CdS
EF Zn0O
lonization energy (I, M™) + e
Madelung Potential (n+, Ryy) Fe,05
and redox equilibrium CeO,
A E
Fes*[4]
c Ce*'[6]
F Fe3*[6] Cet[g] Ce*" +Fe? — Ce® + Fe3 (Perovskite)
2E j4+ 2+ . Tist 3+
Fes+8] Ce*[12] T1“* + Fe Ti** + Fe

(Ilmenite, [6] FeTiOy)

N(E)
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Electronic properties of solids : schematic band diagra

X XP- Madelung Crystal field
‘ potentials and LS coupling
Band

[— diagram
[ —— (E = fN(E)],

VI P — E =1(Kk))

|\/|(n+1)+/ / Polarization

: N(E)D (SE/3K) L
Free ions >

lonization energies , Electronegativity, Madelung potentials, Crystal field

Polarization and Covalency

Electronic properties : insulating, semiconducting, superconducting, metallic behaviors



Molecular orbitals in [TiF;]* octahedra (KTiF,, SG : Pcmn)

From Oh (m3m) Character Table :
Irreducible group representations : A, Ey, Ty, Tog, Ty Ty
Atomic orbitals : AO+; (xyz) + Comb(6) (xyz) AOg : basis of irreducible representation

Bond valence theory
oF-

S:<lIJT_i |LIJ)(> TI 2A1 /
Overlap integral g
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Crystal field 10 Dg__: Symmetry, Coordination Number, L (Ligand) x D (Me tal =Z, n+, nd)

C.K. Jorgensen (1971)

o - N N - _1
donors L Ligand field X Q d (Metal) orbital splitting (cm)
I- 0.66 H,0 1 3d 4d 5d
Br- 0.72 NCS- 1.02 \V2+ 12000
Sa- p-CH3CsH4NH> 1.15 Cr2+ 14000
SCN- 0.73 NC- 1.15 ,
cl- 0.78 CH3NH, 117 Mn2+ 8000
(C2Hs50),PSe- 0.8 H>NCHLCO5- 1.18 Fez+ 10000 Ru2+ 20000
N;- 0.83 CHsCN 1.22 Co2+ 9000
(CZHSO)ZPSZ_ 0.83 CsHsN 1.23 Ni2+ 8700
NO;3- 0.78-0.9 NH 1.25
’ 3 Cuz+ 13000
F- 0.9 H>2NCH2CH2NH; 1.28 _
(C2Hs)2NCS»- 0.9 NH(CH,CH:NH);  1.30 Ti3+ 20300
(CH3),SO 0.91 2,2’ -bipyridyl 1.33 V3+ 18000
(NH;),CO 0.92 1,10-phenantroline 1.34 Cr3+ 17400 Mo3+ 24600
CH3COOH 0.94 NO,- 1.7 Mn3+ 21000
C,HsOH 0.97 CH3C(CH,CH,0)sP 1.7 5 ..
(CH3):NCHO 0.98 CN- 1.7 Fes+ 14000 Rus+ 28600

C,042- 0.99 - Mn4+ 23000 Tc4+ 30000  Pt4+ 36000






Band diagram of LaTiO , (Ti3*-3d!- SG : Pbnm)

W= an Py £ 35 Wo

302

brio = <Wy |H | Yo >

by and b 1o

Non bonding \ \ \ . Tig Ty N : Number of neighbors
character N
12e- - ' -0.650 u.a
nf29 —— 77 | 3(0)x 3 (2p) = 18 e-
¥, -
o, 1E
1A1g 0-4s,eg 6 g_




Competition between b and U (Hubbard, intraatomic Coul omb repulsion)

lonic model Ui = lheq - 1 - €2/dyy [110-20 eV

U< U,, (Z*.«screening effect —Slater orbitals, hy and b,,, transfer integrals)

mm) [[1eV

+ + _ Covalency (b ) 1

\j U Extension of orbitals

Goodenough (M, Spin state, Z atomic number) b >>U (bands, s or p electrons) U |
R.(M™) = 3.2 - 0.05n - 0.03 (Z-Z) - 0.04 S(S+1)

Intermediate d states
Ruv > R, : localized electrons

Rum < R @ collective electrons b << U (localized levels with f electrons)



Band diagram of RNiO ; (Ni3*-t,° el- A=La, Sm)

. > Ni 4 O
; 0 Won g* E.
M :

]
Competitive bonds between R-O and Ni-O :

(_é—;/ S Xu (Hubbard)
(O) p ,orbital for NI-O <=> (O) p ,orbital for R-O

M-O mBonding

R size / (acidic character 1) : Covalency of R-O bond (po) 1
W, (Ni-O) ¢/
Ni-O-Ni Angle ¢ orbital overlap (o) | W _(Ni-O) ¢/

From metallic behavior (LaNIO ;) to semiconducting behavior (SmNIO__ ;)




Charge Transfer calculations : Cu  3* L, ; edges XAS

Y

e Cu3* a/3d®> + (3/3d°L> / 2p> 3d%> + /2p° 3dL>

3cPL 2p3¢® === satellite
A -UCd + Udd + A
3ck ‘ 2p3d°L. === Principal peak
Fondamental state Excited state

TABLE 1. Energetic parameters used to calculate the energy difference between a hole on a fluorine and
on a metal site.

Iomzation Electrostatic
energy Madelung site eA TV, dyx Charge-transfer
Compounds (eV) potential (V) (eV) (A) energy A, (V)
KNiF; 18.19 22.19 33.77 2.0006 4.98
KCuF; 20.32 22,14 33.74 2.035 2.95
K, NaNiF; 35.21 30.90 43.02 1.890 —3.20
K;NaCuFg 36.88 30.88 43.00 1.870 —4.97




About the Cu 3**-X chemical bonding (X=F, O)

e Cud* : 40 % /3d®> + 60 % /3d°L>
—> Formal charge < 3
== |solated (molecular) entities (CuFg)*

e fluorides VS oxides

205 3P

Ugg+ Uy +A= 7 -10 eV : NaCuQ®

A<0 :20% /3d8> + 69 % /3d°L> + 11% /3d10L2>

2p° 3dtoL Mizokawa et al,
Phys. Rev. Lett. 67, 12, 1638 (1991)

C. De Nadai , A. Demourgues et al. Phys Rev B.63, (2001) 125123,
only 40% of 3d® configuration (Cu3*) in K-NaCu™F,



Electronic properties of oxides : band diagrams W,

Bandes
de U"oxygéne

Bandes
du cation

A<W<=U

U<=W=A

Métal
(Métal & faible A)

Semiconducteur
(Semiconducteur ou
isolant & transfert
de charge)

Semiconducteur

Semiconducteur
(Semrconducteur ou
isolant de Mott -
Hubbard)

Métal

(Métal a faible U)

Aand U



Competition between M-O charge transfer

A

ion

and Coulomb repulsion U . (i.e Hubbard energy) energies in oxides : a ionic view

L

Aion =€ A(VM-O) - A(

Madelung ——— ¢

Bion (€V) !

potential |

difference
VM'VO

(P.P EWALD method
Ann.Phys, 64, 253 (1921))

Uion

0)- I, -eldy o °°

Composés

| SryFer05 &

|
) I | LaCoQy4 =

LaCo0q &

| LaSrCoO4
SrCo0q ¢

LaoNiQg 9

A7 S
LaNiOq 1
LaNi0y

SmNiO3 °7 |

LaSrNiO4 ___
LayCuOy &

LaCu0qy '€
LaSrCu0Qy4

————

SC
behavior

o 9
_— .
LaFeQy °
LaSrFeQq I | £ 11
SrFeQy 3 Xl
| |

Insulating
behavior

+

—1 O

4 K

) oo

le)

O~ un

Metallic

behavior
% Perovskite

O K,NiF,-type structure

3

e

J. Zaanen, G. Sawatsky and J.W. Allen
Phys.Rev.Lett., 55, 418 (1985)

J.B. Torrance, P. Lacorre and R.M. Metzger
J. Sol. Stat.Chem., 90, 168 (1991)

0 w
N *
v

B —

S
— 2 U
= lhiq - I - €9/dyy ‘ Um"(ev)‘

Perovskite
and K,NiF,-type
(perovskite layer)



Description of crystalline networks, structural fili ation:

- Some general rules
- Hexagonal/Cubic Close Packed structures and Polyhedra

- The Pauling rules



Visualization of structures :
polyhedra and simple close packed structures (CCP and HCP

PerovskiteAM 5 (P)
3D corner sharing octahedr:

- Projection of the structure along the shortest parameter

- Volume per formulae unit and anion number (V/ZX)

Some to identify the compactness of the structure
BaTiO; (V/ZX = 21.4 A%) , CaMnO, (V/ZX = 17.3 A?)
general rules LaFeO, (V/ZX = 20.3 A3), LaNiO, (V/ZX = 18.8 A%) SmNIO, (V/ZX= 18.2 A3)

- Search for the compact planes and the stacking mode

- Filling of holes : which environment ? Concept of polyhedra
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Description of the environment of holes

2D close packing

Tetrahedral hole Octahedral hole
TH OH

Filled holes: Concept of polyhedra



Relationship between polyhedron (Coordination Number) and cation/anion ionic size ratio

¥ E‘;-m PrE R
S B s

' The 1¢ Pauling’s rule

L
U
& -
e ) it
=R
| TN
v, i
N 2
1 3
)
- -
¥

rCation /ranion = ‘

optimum value

coordination anion polyhedron radius ratios cation

3 triangle 0.15-0.22 B in borates

4 tetrahedron 0.22-0.41 Si, Al in oxides

6 octahedron 0.41-0.73 Al, Fe, Mg, Ca
In oxides

8 cube 0.73-1.00 Cs in CsClI

12 close packing 1.00 metals

(anti)cuboctahedron



Hexagonal close-packing (hcp)

—
100% octahedra «——— 50% tetrahedra
oct. + tetra. l
| )
NiAs Olivine (Mg,Fe),SiO, Wurtzite ZnS
LiFePO, Zincite ZnO

50% octahedra
Cdl, type,TiO, -Rutile Cationic ordering
a—-AlO(OH) a-PbO, i
Li,ZrF 4 type LiGaO,
B-NaFeO,
Li ,PO,

33% octahedra
B-TiCl,

QO T O o

Cubic close-packing (ccp)

/ \
100% octahedra=— 50%tetrahedra
\ oct. + tetra. \’
NaCl type J ZnS

spinel ZnAl,O,, B-Ga,0; Blende
Cationic ordering
a—NaFeG, (LiNiO ,)
Li ,MO 5 (M=Mn,Ti,...)
Na;MO , (M=Nb, Ta, Ru, Bi)
v

50% octahedra

CdCl,, TiO, -Anatase



.Y.v'v.vav. hexagonal ferrites
.'.*Q*.*'f. —p Magnetoplumbite
(Pb(Fe3*,Mn3),,0,4)

AX;layer 1AuCu3 type)

Perovskites



BaFe 0,9 <¢==) B-alumina

BaO,layer

BaFe,,0,4 — stacking of [O,] and [BaO,] layers along the c-axis

B-alumina (Na,0O, 11A,0,=2NaAl ;0,;) —— same stacking, the [Baplayer is replaced by a [NaO] layer

NaO layer

Na conductivity
Na-S Battery

Ferrimagnetic Spine!
; block
properties

BaFe 0,4 B-alumina
P6,/mmc P6/mmc
a=5.80A c=23.18A a=5.59A ¢c=2253A



Various [A X ] layers for stacking

39:,9,0 o0 0@

02920° 9 9"¢
595985 e“e%

[AX] layer [AX] layer [A,X] layer




Relationship between the
cubic and hexagonal unit
cells. z axis corresponds
to[111]p

AX, layer

l 3C polytype
AX; alayer

e

AX 4 alayer

2H polytype
Chains of face sharing octahedra

N i4+ (tZGeO)

Banio,

AX 5 a layer

AX; b layer
AX; c layer
AX; a layer

3C polytype
3D corner sharing octahedra



Volume per formulae unit and anion number (V/ZX) in various structures

Structures VIZX (A)3
TiO,, rutile 15.6
TiO,, anatase 17.0
TiO ,, brookite 16.0
TiO, (II-HP, a-PbO,) 15.2
ZITiO ,(a-PbO,) 16,6
BaTiO, ) 21.4
SiFe,0,, spinel (F&) 17.4
Fe,SiO,, Olivine (Fe*) 19.7
Fe,0,, spinel (Feé*/Fe3*) 18.5
BaFe ;0,4 magnetoplumbite 18.8
Y sFe0,,, garnet 19.7
Fe, O, rocksalt (Fe?) 19.9
a-NaFeQO,, ordered rocksalt 21.2
B-NaFeQ,, ordered wurtzite 27.3
B-Fe,O4, Bixbyite (Fluorite) 17.3
a-Fe,0, 16.8
LaFeO, 21.5
LaSrFeQ, 23.9
Sno,, rutile 17.9
SnF,(E) 22.3

Compact structure
(Sten Andersson)
V/ZX = 15-17 A3



The 2" Pauling rule : the electrostatic valence rule [v(valen ce)/Cn(Coordination number)]

% 1929 (Rules), 1954 (Nobel Prize),

1962 (Nobel peace prize] 2.n.(cation) v,/Cn. = charge (anion)

Fluorite CeO, : 4 x4/8 =2 (Cn(O) =4, Cn(Ce) =8) Rutile TiO,: 3 x 4/6 =2 (Cn(O) =3, Cn(Ti) = 6)

% Perovskite BaTiO; : 4(Ba) x 2/12 + 2(Ti) x 4/6 =2 [ Cn (Ba) =12, Cn(Ti) =6, Cn(0) = 4(Ba) + 2(Ti) ]

Spinel MgAl, 0, : (Mg) 2/4 + 3(Al) 3/6 =2 [ Cn(Mg) =4, Cn(Al) =6, Cn(0) =3 (Al) +1 (Mg) ]

The 3rd Pauling rules : sharing of polyhedron corners > edges > faces vs stability of ionic structures

TiO, Rutile > TiO, Brookite > TiO, Anatase
V/IZX =15.6 A3 < 16.0A3 < 17.0A3




The 4th Pauling rule : Crystals containing different ca tions

Small cations (vs anions) with high valency and low ¢ oordination
tend not to share polyhedron with one another

Olivine ¢
( )2S10, s
Isolated Td (Si0,)* ‘ZF. 7.
Strut:ttlre of oli\:i-ne.; crﬂ; or ;e} : ';-‘
blue spheres, Si = pinktetrahedra, O =
i red spheres.
' NbF,
NbF; (3D) NbF, (2D) NbF. (0D, molecular)
Corner-sharing octahedra 6 Corners (Perovskite) 4 Corners (K,NiF,) 2 Corners (isolated tetramers)

o
%]

. g
A
F
‘\r P F \“..\\F
¥ \\/F/N‘b\
I
N T
F




The key role of Electrqnegativity ), Point group symmetry (M vs X),
Charge (%), lonic radius (rig,) of M** Mixing empty d orbitals with filled ligand p orbitals,
to define local electrical field = x(z)/ iy, Looking for non-bonding character

Lowering the band gap
\ OH_

Periodic Table of Elements EJE”_L‘
o | =

[al[si[A][ s ][cyfiasl
IEIIEII_ILJ».'B:I@
2.
EI.EEEEIHB"IIE S
| Eiia

]
Pauling : 1.4
[Ar] 45230

Ti*+(J=0)/Ti®*(J=3/2)

mm b U L rc 1 e LS worn 1 i -‘m
EIEEI Pmllsml Euflaal 1o | oy Eﬂi._-

I orbitals Filling Light Metals
I orbitals Filling

*Ce

Pauling 1.1 Orbitals Fllling Non-Metals

[Xe] 65242 I orbitals. Filling

Outer Orbitals Filled

Ce**(J=0)/Ce3*(J=5/2) 26
Paulﬁgelﬁ
[Ar] 452306

|:ez+ (5T2) Fez+ (5'|'2 , 1Alg)




Diclectric constant

6000

3000

Ti-O chemical bonding and Polarization (P = (g-1) €, E) : phase transitions and
ferroelectric/piezoelectric properties of BaTiO, ( capacitors, non-linear optics, ...)

Rhombohedral(®) Orthorhombic(0) letragonal(?7)  Cubic(C)
Ps//|I Ps//011| Ps//1001] Ps=0

0 100 200 300 400 500

T (K)




Ti-O chemical bonding, polarization P, refractive index n (Vel) and absorption k

A (nm) A
—_—

The Kramers-Kronig =1
Relationship n( A) = k(A)

Tetragonal (14,/amd) Tetragonal (P4,/mnm) Cubic (Pn-3m)

p =3.91 g/cm3 p=4.32g/lcm3 p = 2.65 g/cm3

n=2.52 Eg=325eV n=275 Eg=3.1eV n=19 Eg=32eV
%, Ti 3d°

TiO,, CTB :3.1-3.2 eV
O 2pb



unction ¢,

Ti oxyfluoride : Density of states and dielectric f
F3s O2s F3p O2p Ti3d
6 B
] o Total
5
M O2p - Ti3d

O2p et F3p - Tidd

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34

Energie (eV)



The dielectric function in UV-Visible-NIR range
E=&g+16&

, &2 I(e,) X V/Z
Chromophors

n (scattering) and k (absorption)
n, k = flI(&,)] n, k = f[I( £,)%V]
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Absorption and scattering power of Ti-based compounds

TiO,

73,6 hy

7’
s
7’
7z
7’
7z
’
’
-
-

V/IZ=3217 B

-
-
-
—
—
~~
-~
~-~o

A 82

Ti 0.75(OH)1.5F1.5

Mbv

V/Z=57518

A 82

TiF,

j30,\l,\8\hv

V/Z = 69,99 B

n=1,7




The Gladstone-Dale relationship (TiO

4,0

,) - N(550 nm) = 1+ 0.4 (Z/V)

3,0

2,0 -

15 F

7 Allotropic forms

TiO,

Ti 075(OH) 1.5F1.5

Rutile
p =4.32 g/cm3

n=275,Eg=3

Anatase
p=391

ReO; form
p=2.65g/cm-

eV

g/cm-3

n=252 Eg=325eV ]

n=190,Eg=32eV

0,01

0,02

0,03
1N

0,04

0,05



Ti-based hydroxy-fluorides with ReO

uUv Area

100

and band gap

Visible Area

80 |-
60 |

40

Reflectance (%)

20

h Tin Anatase
; 2

--=-TiO_ Rutile

———Ti_ __ (OH) F._ReO
0.75 1.5 1.5 3
L

TiO,

O [3] Ti-O = CTB
1.931.98 A 3.1-3.2eV

L
350 400 450 500 550
Wavelength (nm)

BaTiO,

VB O(2p)

;-derived network

OTi vacancies

- distorted Oh site -
Stabilization of CB Ti(3d)

X electronegativity
X[F1> X [0%] > x[OH]

(ReOy)
Tig.75 L 250H; 5F1 5

CTB
3.2eV

O [2] Ti-OH-F =
1.95-1.90 A

A. Demourgues et al. Chem. Mater. 21, 2009, 1275-1283



Ti** (e)

A d,, dyz T anti-bo
Ti (t2g) Non-bonding character of d ,, orbitals,
dyy d,, non bonc‘ 4 interactions Ti 4* - Ti4* at 3.04 A
~ CB I | ?]Xy (Ti)bandd_ P, (c?]) levels
e Ti(3d) < with non-bonding character

! O(p,)
% Jo Non-bond
I,J/ O(py
vy Ttbondin
R = 3.04 A> R, (Goodenough) = 3.0 A
- Localized electrons

Bulk  Surface(OH) | o bondin




Oxides : Fe?* (S=2) in cubic, octahedral sites, Fe 3* (S=5/2) in octahedral, tetrahedral sites and Ferrima  gnetic properties

Spinel
SiFe, O,

HM:P b n m #62
a=4.818A

b=10.471A O||V|ne

c=6.086A

e (Fe),SiO,

y=90.000°

Tc = 850 K |:e3+(|:ez+’ Fe3+)o4
q
(0K) Jrg.on =5Hg M= -4 Hg

Rl Fes*(Lips*, Fe, 530,

#
(0K) Jrgon =5Hg 15X 5 pg= - 2.5 |ig

VIZX =17.4 A3
Fe3*( /3, Fes3°")0,
] q
Garnet . (OK) Jrgon =5Ms  5/3X © pg=-10/3 g

FesAlLS1.0;, Ferri (Ferro) magnetic properties : - 2.5 g / Fe,0,

-rt: [] '\]/l( X ;Z: X 22/:3 EE;(SE;'+'].) [E;Eil::ea (:) — ‘Esigl(:)’ +

: exchange integral, major J., . > Jonon » e

(OK)J =-5uB Z : magnetic neighbors Tc=730K Fe3* 1/31 I:65/33+)O4

Tc =560 K

Neel Theory and Goodenough-Kanamori rules

VIZX =19.7 A3



o
S

TiO,/Ti,O4

H
o
| S

AG° = RTLnP, kcal/mol O,
\
m
)
o
T
o

Equilibria :
Ce0,/Ce,0; : Py, =104
Fe,O,/Fe;0, : Py, = 107
TiO,/Ti,O; : Py, = 10-18




A

‘ 1
Pcoo/Pco = (T) Pr2o/Pp = f(T)

3Fe + 4CO, « Fe;0, +4CO
Fe;O,

3Fe + 4H,0 « Fe,0, + 4H,




Olivine and Serpentine in deep ocean :
Fe?* oxydation and production of magnetite Fe;O, and hydrogen (CO, + 4 H, -~ CH, + 2 H,0O)
(T>350°C, 200-400 bars)

HM:P 3 1 m #157 ::sl_'z:.;:i m S #227
a=5.3324

b=5.3324A

ot 3 (Mg,Fe);Si,05(0OH),

p=90.000°

: Olivine (Green)
3=50. 000+ 6 (Mg, sFe,5)SIO,

y=90.000°

VIZX = 19.7 A3 VIZX =19.8 A3 V/IZX = 17.4 A3

+H,

(erpentine)



FeS,, Cubic, Pa-3
(Rocksalt, CCP)

+ Fe;,S, Hexagonal

(NiAs-type, HCP)
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IMN (Nantes)
R. Brec, J. Rouxel

o

Centre 2Fe-2S Centre 4Fe-4S




2 FeS (black) + 7/2 O5 > Fe,O; (red cinnabar)+ 2SO0,

o,]
Yellow off eggs : FeCl, + H,S —— FeS (black) + 2HCI —>

(in solution) 3Fe2* + 7S0 + 4H,Q ===—— 3FeS, + SO,2 + 8H*

Synthesis of pyrite FeS, at low temperature (N,, glove box) :
FeCl, + 2NaHS === FeS, + 2NaCl + HCI + % H,




electronic/magnetic properties
3 2 ]
Fe?*, sFe3*70035No .65

M. Grafouté, J.M. Grenéche et al.
J. Phys: Condens. Matter 19 (2007) 226207

Na Battery
NaFe?"OF

Fe3*OF

J. Zhu and D. Deng
Angew. Chem,
54 (2015), 3079

2D electronic/magnetic properties
Sr,F,Fe?*,0S,

168

Pauling : 2.6
[Ne] 3s23p*




Wednesday , the 7t
[10:30-11:30] of february...

A way to tune the ionicity-covalency of the chemical bonding
and consequently the electronic properties !



