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WHY OXIDES?
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e Metals: CrO2, Fe304 T>120K

e Insulators: Cr203, SrTiO3,Co0

e Semiconductors: Cu20

e Semiconductor —metal: VO2,V203, Ti407

e Superconductors: La(Sr)2Cu04, LiTiO4, YBCO
e Piezo and Ferroelectric: BaTiO3

e (Catalysts: Fe,Co,Ni Oxides

e Ferro and Ferri magnets: CrO2, gammaFe203
e Antiferromagnets: alfa Fe203, MnO,NiO ---

e |onic conductors (batteries) LixNil1l-xO

e Oxide fuel cells use manganites and cobaltates
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* Introduction — electron structure of atoms and ions,
oxidation states

« Structure — bulk and surfaces, thermodynamics

« Electronic structure, functional

 Case studies
1. CH,/PdO
2. Thin oxide layers
3. Fe,0,/TiO,
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PERIODIC TABLE TO PROPERTIES:
STEREOTYPICAL THEORIST’S VIEW

PeriodicTable

P ot s [FPFPF Ignore details: write

Al e aes |F0 7 F Quantum Field Theory
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SIMULATIONS OF OXIDES

group | 18

100794 ] 4002602 9
e Periodic lable ot the Elements |
period | H - ! H e
Hydrogen . . . Helium
% 2 atomic mass— 1 ; alkali metals metalloids 13 14 15 16 17 19
(:941 9.012182 or most stoble moss nunber 59845 26 atomic number D I:] 10811 12.0107 14.0067 15.9994 18.998403 Q | 20.1797
! most stable 0 £LO | - . y y ! ¥ )
520.2 0.98 3| 899.5 157 4’ ] ST Ionlzcnon ?‘nk?/l:ngo\{ 7625 ] 83 +6 eleC1rone901IVIty D 0|k0|lne mefcls D nonme?c,ls 800.6 2.04 5,3 1086.5 255 é‘ 1402.3 3.04 7&! 13139 3.44 8q 1681.0 398 9_| 2080.7 ] O
2 |_| ' Be 3 Dother metals I:] halogens B i ( % N # O 3 F
Lithi Beryll hemical symbol — +3 . | N E Fluori N
chemical symbo 12 []transition metals [[] noble gases G - S 1 < kM LA ot
22.98976 24.3050 . ~1+— oxidation states lanthanoids unknown elements | 26.98153 28.0855 30.97696 32.065 35.453 39.948
4958 093] ]| 737.7 |3v.I 2ﬂ name |rOn —2 most common are bold D D 577.5 vm]3 786.5 vvo‘ll!‘ 1011.8 2\;15! 999.6 25316“ 12512 315] 7" 15206 ]8
3 N a M "I electron configuration — [Ar] 3d® 4s? I:‘ actinoids #gs radioactive e‘emti”'f have Al SI i b 4 Cl i Ar
masses in parenthesis + Bt 3| Bl
Sodium Ma nesqim Aluminium [ Sificon Zi| Phosphorus 3| SUlfer [ CRGrine  +i Argon
[Ne] 35! [Ne] gv 3 4 5 o) 7 8 9 10 11 12 [Ne] 352 3p! [Ne] 352 3p7 9 [Ne 3,5’3;,: 9 [Ne] 32 3p* 1 [Ne] 352 3p% ) [N:i;au 3p¢
39.0983 40.078 44.95591 47.867 50.9415 51.9962 54.93804 55.845 58.93319 58.6934 63.546 65.38 69.723 72.64 74.92160 78.96 79.904 83.798
oves 19 [ 1007 20| wr1 21 [ 067 92[s09ms 23] 3992 24| sesamcn 25[ 55045 2699 27 [ e 28[ a5k 29| 30|73, 31| 72eh, 32| 7asa1c0 337896 3a[7eomn 35[w57%8 36
41K C Sc 1Ti |V ICr iMn {Fe 4Ni Cu 1Z Ga |Ge 4As Se 4Br K
a C | 1or = n gre = 1IN 1Cu n a e 4 AS 1€ 'Dr NG
Potassium Calcium Scandium Titanium Vanadium Chromium 3| Manganese *7| Iron | Cobalt [ Nickel Copper Zinc Gallium Germantum | Arsenic Selenium Bromine Krypton
(Ad 481 A 452 ] 3 452 A] 3k 452 ] 3 452 Av] 3 4s' A 308 452 3| fa 3de 452 A 3 452 [Av] 3 457 A 3d 4! [Av] 310 457 [A] 3d1® 457 4p! [A] 3d1° 452 4p2 [A] 3d1® 457 4p° [ 3d1° 452 4p* [A] 3d1° 457 4p° A 3d° 457 4p®
85.4678 87.62 88.90585 91.224 92.90638 95.96 98) 101.07 102.9055 106.42 107.8682 112,441 114.818 118.710 121.760 127.60 126.9044 131.293
4030 082 37 5495 095 3% 6000 1.22 39; 640.1 1.33 49 652.1 1.60 4]‘! 6843 216 42‘. (702C’I 1.90 431 7102 220 445 719.7 228 45A 8044 220 46 731.0 193 473 8678 1.69 48 558.3 1.78 49 708.6 1.96 50 8340 205 5] 8693 210 52‘ 1008.4 2.66 53’ 11704 260 54
SRb (Sr IY  |Zr INb (Mo Tc - : Ag ICd lIn 1Sn ISb Te 4l  dXe *
Rubidium Stronfium Yiirium Zirconium Niobium Molybdenum | Technetium  *{| Ruthenium [ Rhodium | Palladium Silver Cadmium Indium Tin Antimony Tellurium lodine Xenon
(K] 5s' K] 557 [Ke) 4d! 557 K] 4d? 557 (K] 4d* 55! [Ki] 4d 55! K] 4d5 557 3| [k 4d7 5s' 2| [k 4d® 5s' (ke 4d' K] 4d® 5s! [Kr] 4d1° 552 [Ke] 4d'0 552 5p! (Kl 4d'° 552 5p2 K] 4d'0 557 5p? [Kr] 4d1© 552 5p¢ (K] 4d10 552 5p5 [Kr] 4d'© 552 5p8
132.9054 137.327 174.9668 178.49 180.9478 183.84 186.207 190.23 192.217 195.084 196.9665 200.59 204.3833 207.2 208.9804 210) @10 220)
e ey b6 i 71|, 72| ymoue 73 1mes, 74 isem 75 1mm 76 e 7] et 78| e 79 e B0 meam 8 |27z, 62 zesun o3 MR S
¢/Cs |Ba |L Hf 1Ta 1Re = i 4Pt 4Au Hg Tl Pb Bi [P0 * "
U : i 3 Alr # HAU | o - 1'
Camsiom Barium Lufefium Hafnium Tantalum Tungsten 3| Rhenium 1] Osmium 3| Iridiom i| Platinum Gold Mercon Thallium Lead Bismuth Polonium Astatine Radon
[Xe] 65" [Xe] 657 [Xe] 4f'* 5d" 657 [Xe] 4f'4 5d2 657 [Xe] 4% 5d° 657 [Xe] 414 5d* 652 [Xe] 4f'4 5d° 657 3| [Xe] 414 5d° 657 2| [Xe] 40'% 5d7 657 [Xe] 4f'# 5d° 65" [Xe] 4f'4 5d'° 65" [Xe] 4f'% 5d' 657 [Xe] 4f'4 5d'° 652 6p’ [Xe] 4% 5d'° 652 6p? [Xe] 4f'4 5d'° 652 6p* [Xe] 4f'4 5d'° 652 6p* [Xe] 4614 5d'° 652 6p* [Xe] 4f'4 5d'° 652 6p°
@23) 8726 88262 03[0 104|062 105|086 106|264 107277 108|8 109|070 110(|@72 1778 172(@84 113|289 114|088 115|292 116 117|@4 118
3800 070 5093 090 1700 5800
B e o o i .. . .
IFr  |Ra |Lr [Rf Db |S Bh |Hs |[Mt |Ds |[R Cn |Uut |Uug [Uup |Uuh |Uus |[Uuo
Francium Radiom Lowrencium | Rutherfordium | Dubniom Seaggium Bohrium Hassiom Meitnerium | Darmstadium | R g © i Ununtrium U q Unt p Ununhexi U i Ununocti
[Rn] 75! [Rn] 752 [Rn] 514 752 7p! [Rn] 5614 62 752

electron configuration blocks []

138.9054 57 [140.116 581409076 59 144242 60[(145) 47 [150.36 62 151964 6315725 441589253 45| 162.500 66 164.9303 67 167.259 68 168.9342 60 [173.054 7()
547. 603.4

’ » 9 4 5 9 : e - 4 5 £

.

La Ce Pr Nd |Pm |[Sm Eu Gd Tb Dy 'Ho 1Er |Tm |Yb
Lanthanum Cerium P ol N “y P l Europium Gadolinium Terbium Dysprésium Holmium Erbium Thulium Ytterbium

notes (227) 892320380 9()|231.0358 0 2380289 99 | 237) 93| 244 94043 95|47 94|47 97(0s) 9g|@s2) 9915 100(@58 101(|@9) 102

4990 1.10 587.0 130 5680 1.50 597.6 1.8 6045 1.36 5847 128 5780 1.30 6010 130 | 6080 130 6190 130 627.0 1.30 6350 1.30 6420 1.30

* as of yet, elements 113-118 have no 4 1 i :; 4 4 i i gt i t ks t :
official name designated by the IUPAC. AC Th PO i P i e Am 3| ( m B k ( f E S F m
1 ki/mol =~ 96.485 eV. Actiniom Thorium Profactinium | Uranium Neptuhium Plutonium Americium Curium Berkelium Californium Einsteinium Fermium Mendelevium | Nobeliom

« all elements are implied to have an [Rn] 6d 757 [Rn] 6d? 752 [Rn] 562 6! 75 [Rn] 56° 6d! 757 [Rn] 56 6d! 757 [Rn) 560 75 [Rn] 567 757 [Rn] 567 6d! 757 [Rn] 56° 752 [Rn] 5610 752 [Rn] 561" 657 [Rn] 5612 752 [Rn) 5612 75 [Rn] 5614 752

oxidation state of zero.
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SIMULATIONS OF OXIDES

group | 18

100794 ] 4002602
e Periodic lable ot the Elements |
percd 1 [ AR He
Helium
atomic mass— 1 ; alkali metals metalloids 13 14 15 16 17 B
6.941 9.012182 or most stoble moss nunber 59845 26 atomic number D I:] 10.811 12.0107 14.0067 15.9994 18.998403 Q| 20.1797
52‘07 0.98 899.5 157 4’ ] St Ionlzcnon ?,‘nk?/l:ngo\{ B 7625 ] 83 +6 elecjronegch\,”y D 0|k0|lne mefcls D nonme?c,ls 600:6 2.04 5,3 |U!;.5 255 é‘ HDéS 3.04 7&! |3|El.7 3.44 8q 1681.0 398 9_| 2080.7 ] O
. 45 i i i i
|_| Be ) | o v Dother metals I:] halogens B J C :z N :? O E F
Lithium Beryllium chemical symbol — e +3 fm Boron Carbon _i| Nitrogen _2| Oxygen Fluorine Neon
152 2¢’ 157 27 y i}z D h’OnSITIOn mefcls D nOble gcses 157 257 2p' 152 252 2p? 9 ls"?s"gv’ 9 |s’x2y5979‘ 157 257 2% 152 27 2p¢
22.98976 24,3050 . ~11— oxidation states lanthanoids unknown elements | 26.98153 28.0855 30.97696 32.065 35.453 39.948
4958 093] ]‘ 731.7 |3v]2 name |rOn -2 most common are bold D D 5775 vm]3 7865 vvo‘ll!‘ 1011.8 2\;15! 999.6 25316“ 12512 315]7" 15206 ]8
“I| Blectron configuration — [Ar] 3dS 4s2 I:I actinoids €@ rodicactive elements hove ] - 3 bl
q masses in parenthesis | i E? :,; ;é r
Magnéstom Aluminium Silicon _i| Phosphorus 3| Sulfer ‘| Clorine 4 Argon
[Ne] 352 3 4 5 o) 7 8 9 10 11 12 [Ne] 352 3p! [Ne] 352 3p7 9 [Ne] 352 3p? 9 [Ne] 32 3p* 1 [Ne] 352 3p% ) [Ne] 352 3p¢
39.0983 40.078 95591 47.867 50.9415 51.9962 54.93804 55.845 58.93319 58.6934 63.546 65.38 69.723 72.64 74.92160 78.96 79.904 83.798
o5 1910 20| o 21 [707 22[men1s 23[5 %2 24]sesowor 25 mows 6] smns 27| oo 285w 29[ 30|72, 31 |7es 3745033 (7896 34[reson 35m7me 36
1T vV |Cr 4Mn iFe iNi 1Cu 1Z Ga |Ge JAs HSe FBr K
| er o n gre = NI 1CuU n a e 4AS “oe “Dbr NG
Potassium Calcium bindium Titanium Vanadium Chromium '3[ Manganese | Iron 1| cobalt 2| Nickel Copper Zinc Gallium Germanium | Arsenic Selenium Bromine Krypton
(Ad 481 A 452 ba' 452 A] 3k 452 ] 3 452 Av] 3 4s' A 308 452 3| fa 3de 452 A 3 452 [Av] 3 457 A 3d 4! [Av] 310 457 [A] 3d1® 457 4p! [A] 3d1° 452 4p2 [A] 3d1® 457 4p° [ 3d1° 452 4p* [A] 3d1° 457 4p° A 3d° 457 4p®
85.4678 87.62 4l 90585 91.224 92.90638 95.96 98 101.07 102.9055 106.42 107.8682 112.441 114.818 118.710 121.760 127.60 126.9044 131.293
4030 082 37 5495 095 38 q 122 39‘1 640.1 1.33 49 652.1 1.60 4]‘! 6843 216 42‘. (702C’I 1.90 431 7102 220 445 719.7 228 45A 8044 220 46 731.0 193 473 8678 1.69 48 5583 1.78 49 7086 1.96 50 8340 205 5] 8693 210 52‘ 1008.4 2.66 53’ 11704 260 54
i | ] i ! ! i 4 i 4 4 i i 4
Zr INb Mo 1Tc - i Ag |Cd |In |Sn Sb Te 4l  iXe *
Rubidium Shrontium ium Zirconium Niobium Molybdenum }| Technetium ~ {| Ruthenium ~ **| Rhodium 1| Palladium Silven Cadmium Indium Tin Anfimony Tellurium lodine Xenon
(K] 5s' K] 557 ha! 552 K] 4d? 557 (K] 4d* 55! [Ki] 4d 55! [Ke] 4d 552 3] (K 4d7 55 2| [Ke] 4d® 55" K] 41 [Ke] 4d'© 55! [Kr] 4d1° 552 [Ke] 4d'0 552 5p! (Kl 4d'° 552 5p2 K] 4d'0 557 5p? [Kr] 4d1© 552 5p¢ (K] 4d10 552 5p5 [Kr] 4d'© 552 5p8
132.9054 137.327 4.9668 178.49 180.9478 183.84 186.207 190.23 192.217 195.084 196.9665 200.59 204.3833 207.2 208.9804 210 2o 220
e ey ool B 71| me 72| ymoue 73 1mes, 74 isem 75 1 76 ey 77 ] et 78| esen 79 e g0 meam 8 |27z, 62 zesun o3 MG NS
4 # 4 ! ¢ 3 4 # 4 i 4 b
u |Hf Ta 1Re = dlr 4Pt 4Au Hg ATl Pb 1Bi Po At
efium Hafnium Tantalum Tungsten 3| Rhenium || osmium | Iridium | Platinum Gold Mercdr Thallium Lead Bismuth Polonium Astatine Radon
[Xe] 65" 4f' 5d' 657 [Xe] 4f'4 5d2 657 [Xe] 4% 5d° 657 [Xe] 414 5d* 652 [Xe] 4f'4 5d° 657 3| [Xe] 414 5d° 657 2| [Xe] 40'% 5d7 657 [Xe] 4f'# 5d° 65" [Xe] 4f'4 5d'° 65" [Xe] 4f'% 5d' 657 [Xe] 4f'4 5d'° 652 6p’ [Xe] 4% 5d'° 652 6p? [Xe] 4f'4 5d'° 652 6p* [Xe] 4f'4 5d'° 652 6p* [Xe] 4614 5d'° 652 6p* [Xe] 4f'4 5d'° 652 6p°
@23 88| @2 103(@2¢) 104 (@262 105(@¢ 106|049 107|@77) 108(@8 109(@N 110(@72 117|@85 1712|084 113((8) 1714(288 7115|292 116 117|@4 118
500 93 050 b 5800
y ) s | s .. ] -
Fr r Rt IDb |Sg |Bh |Hs Mt |Ds [Rg |Cn |Uut [Uug |Uup [Uuh [Uus |Uuo
Francium i rencium | Rutherfordium | Dubniom Seabotgium | Bohrium Hassiom Meitnerium Darmsfadium | Roert @ i Ununtrium U T Ununpenti Ununhexi u i u i
[Rn] 75! [Rn] 752 Isf1s 752 7p! [Rn] 5614 62 752
electron configuratiofiblocks
138.9054 140.116 140.9076 144.242 (145) 150.36 151.964 157.25 158.9253 162500 164.9303 167.259 168.9342 173.054
st 000 O e Vi 98 g7 59 |20, 60185 61 11330, 621501764 631312, 64115537250 65 |50, 66T 67, seh Vo 68557152 69t 70

) ; ? ‘ ;

: la |Ce Pr Nd |Pm |[Sm Eu 1Gd |Tb Dy 'Ho 1Er |Tm |Yb
Lanthanum Cerium P ol N “y P l Europium Gadolinium Terbium Dysprésium Holmium Erbium Thulium Yiterbium

notes (227) 89 232.0380 90 231.0358 9] 238.0289 92 (237) 93 (244) 94 (243) 95 £§47' 96 (247) 97 (251) 98 (252) 99 (257) '| OO (258) ] 0'| (259) ] 02

4990 110 5870 130 | 5680 150 597.6 138 6045 136 | 5847 128 | 5780 130 . 6010 130 6080 1.30 6190 130 627.0 130 4| 6350 1.30 6420 130

* as of yet, elements 113-118 have no = ‘2 'g T; il lg 8 be] “ 3| b1 2 b1 3
official name designated by the IUPAC. AC Th PO i p o e Am 4| ( m B k ( f E S F m
1 ki/mol =~ 96.485 eV. Actiniom Thorium Profactinium | Uranium Neptuhium Plutonium Americium Curium Berkelium Californium Einsteinium Fermium Mendelevium | Nobeliom

« all elements are implied to have an [Rn] 6d" 752 [Rn] 6d? 752 [Rn] 562 6! 75 [Rn] 56° 6d! 757 [Rn] 56 6d! 757 [Rn) 560 75 [Rn] 567 757 [Rn] 567 6d! 757 [Rn] 56° 752 [Rn] 5610 752 [Rn] 561" 657 [Rn] 5612 752 [Rn) 5612 75 [Rn] 5614 752

oxidation state of zero.
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group | 18

100794 h M M 4002602 9
[he Periodic Table of the Elements [}
period | H ! sl He
Hydrogen ) ) ) Helium
i 2 obf‘omlc mass—r 55.845 2 6 41— atomic number I:‘ alkali metals |:| metalloids 13 14 15 16 17 B
or most stable mass number *
- 3‘ 012052 4 1st ionization energy— 762.5 1.83 1 electronegativity I:I alkaline metals D nonmetals o 5: 12,010 6‘ Koy 7s B 8? 850 ) 9‘ o)
2 |_| ' Be v Dother metals Dh(ﬂogens B i C ? N 4
Lithium Benyllium chemical symbol — +3 transiti tal bl Boron Cabon | Nitrogen 3| Oxygen Fluorine Neon
157 25 157 257 i? I’OnSITIOn metals noble gOSeS 152 257 2p! 157 252 2p? 9 157 257 2p° 9 157 252 2p* 157 25 2p° 152 27 2p¢
22.98976 24.3050 . I+— oxidation stafes lanthanoids unknown elements 2698153 28.0855 30.97696 32.065 35.453 39.948
| PEEI name— Iron B — oridation stoes [l O oms 13 [zoess 1.4 I =2 17 =20 18
3 N a ! M | electron configuration — [Ar] 3d° 4s2 I:I actinoids 4t radioactive e‘em'i”'f have Al S| 3 3 S “ Cl ;é Ar
masses in parenthesis i I 3 bt
Sodium Mugne‘gum i Silicon ;| Phosphorus 3] Sulfer “| Chlorine  #1[ Argon
[Ne] 35 [Ne) 357 52 3p! [Ne] 352 3p? [Ne] 3 3p? [Ne] 3s? 3p* [Ne] 32 3p° [Ne] 3s? 3p°
39.0983 40.078 4495591 47.867 50.9415 51.9962 5493804 55,845 58.93319 58.6934 63.546 65.38 23 72.64 74.92160 78.96 79.904 83.798
o 19li00e s 21095 22]0oms 23] 51779 24]ss7eei 25 e 26 [0 07| meron, 28] 5%, 29]%0 30| W 31(72et 32| momco3a|mese, 34l B5leme 36
4K C Sc 1Ti V. ICr M {Co 4Ni 1C '*Z 1Ge 4As 4Se 4Br K
a C | er i O | U n oQl € “AS 19€ 'Dr EINE
Potassium Calcium Scandium Titanium Vanadium Chromium 3| Manganese [ Nickel Copper ium Germanium | Arsenic Selenium Bromine Krypton
(Al 4s' A 452 [ 3d! 45’ A] 3k 452 (A 3k 4s? Av] 3 4s' A 308 452 3| fa 3de 452 A 3 4s? [Av] 3 457 A 3d° 4s’ [Av] mw 48 10 452 4p [A] 3d1° 452 4p2 [A] 3d1® 457 4p° [ 3d1° 452 4p* [A] 3d1° 457 4p° A 3d° 457 4p®
85.4678 87.62 88.90585 91.224 92.90638 95.96 98) 101.07 102.9055 106.42 107.8682 112,441 818 118.710 121.760 127.60 126.9044 131.293
4030 082 371 5495 095 . 6000 1.22 39: 640.1 1.33 4Q 652.1 1.60 4]! 6843 216 42 (/OZ(E 1.90 a 7102 220 44R 719.7 228 45)} 8044 220 46 731.0 193 47 867.8 1.69 48 1.78 49’3 708.6 1.96 50 8340 205 5] 8693 210 52‘ 1008.4 2.66 53’ 11704 260 54
: : : i ! ! 4 i g t 4 ] - 4
sRb ISr BlIY 1Zr INb Mo 4Tc 4Ru JRh +4Pd 7Ag ‘|Cd Sn 1Sb Te 4l  iXe ¢
Rubidium Srontium Yitriom Zirconium Niobium Molybdenum 3| Technetium ~ *i[ Ruthenium 2| Rhodium Palladium Silven Cadmium m Tin Antimony Tellurium lodine Xenon
K] 55 Ke] 557 [Ki] 4d! 552 Ke] 4d? 55 K 4d 55 [Ke] 4d° 55" Kr] 4d® 552 [Ki] 4d7 5s' 2| [Ke] 4d® 55 [Ki] 410 [Ke] 4d'© 5! [Ki] 4d1o 55 0 552 5p! K] 4d® 552 5p [Kr] 4d'° 557 5p° [Kr] 4d1© 55 5pt [Ki] 4d0 557 5p° [Ke] 4d1© 557 5ps
132.9054 137.327 174.9668 178.49 1809478 183.84 186.207 190.23 192.217 195.084 196.9665 200.59 3833 207.2 208.9804 210) 210) (220)
B o7 e, 72 e 73 mes T4l 75 imen 76 [veery 77 et 75 zsoeis 79 | e o] o [z, 52 eoect o [
¢/Cs [Ba BI|L 1Ta  |W Re +Os Al 4Pt 4Au |Hg * IPb |Bi |Po '
U i : 1r : u [ o AL n
Cassium Barium Lotefium Tantalum Tungsten Rhenium Osmium [ iridiom {| Platinum Gold Mercdr TiMlium Lead Bismuth Polonium Astatine Radon
[Xe] 65" [Xe] 65* [Xe] 4f'% 5d" 65’ 14 5d? 657 [Xe] 4f'¢ 5d° 657 [Xe] 414 5d* 652 [Xe] 4f'4 5d° 65° 3| [Xe] 414 5d° 657 2] [Xe] 40'% 5d7 6s° [Xe] 4f'# 5d° 65" [Xe] 4f'4 5d'° 6s' [Xe] 4f'% 5d' 657 '* 5d'° 657 6p’ [Xe] 4f'4 5d'° 657 6p° [Xe] 4f'4 5d'° 652 6p* [Xe] 4f'4 5d'° 652 6p* [Xe] 4614 5d'° 652 6p* [Xe] 4f'4 5d'° 652 6p°
(223) 226 ) ! 289) 288) 292 294
(e Om87‘50“)MO . - - ) 11389 114|088 115|092 116 117(@4 118
\F R L Rf Db |S Bh |H Mt D R C U U U Uuh |U U
r a r g S t S g n ut ug |Uu U us uo
Francium Radiom Lowrencium | Rutherfordium | Dubniom Seabofgium | Bohrium Hassiom Meitneri Darmstadium | R Copernicium | Ununtrium Ununquadidm | Ununpentiom | Ununhexium | Ununseptium | Ununoctium
[Rn] 75" [Rn] 757 [Rn) 5714 752 7p! [Rn] 5714 64?2 75
electron configuration blocks []
138.9054 140.116 140.9076 144.242 (145) 150.36 151964 157.25 158.9253 162.500 164.9303 167.259 168.9342 173.054
st 000 O e Vi 98 g7 59 |20, 60185 61 11330, 621501764 631312, 64115537250 65 |50, 66T 67, seh Vo 68557152 69t 70

)
d L 1Ce |Pr INd |P S E 1Gd 1Tb Dy H Er |Tm |Yb
s a e r m m u y O r m
Lanthanum Cerium Praseodymium | Neodynium Promethium Samarium Europium Gadolinium Terbium Dysprésium Holmium Erbium Thulium Yiterbium
notes (227) 89 (2320380 9() | 231.0358 9] | 238.0289 92 | (237) 93 | (244) 94 | (243 95 gu) 96| 247) 97 [ @51 98| (252 99 (@57 100[@8 10129 102

4990 1.10 587.0 130 5680 1.50 597.6 1.8 6045 1.36 ; 5847 128 | 5780 130 1.3 6010 130 6080 1.30 6190 130 627.0 1.30 6350 1.30 6420 1.30

* o of ye, elements 113-118 have no @ 4 3 ‘; H ; i E 4 1 t tt
official name designated by the IUPAC. AC Th PG i P PU b Am 4| ( m B I( ( f E S F m
1 ki/mol =~ 96.485 eV. Actinium Thorium Profactinium | Uranium Neptuhium Plutonium Americium Curium Berkelium Californium Einsteinium Fermium Mendelevium | Nobelium

« all elements are implied to have an [Rn] 6d 757 [Rn] 6d? 752 [Rn] 562 6! 75 [Rn] 56° 6d! 757 [Rn] 56 6d! 75 [Rn) 560 75 [Rn] 5§7 75 [Rn] 57 6d! 757 [R] 5F° 752 [Rn] 5F1° 752 [Rn] 561" 657 [Rn] 5612 75 [Rn) 5612 75 [Rn] 5614 75

oxidation state of zero.

Maximal oxidation states for 2"d & 3" row transition metals in Groups 3 thru 8
increase from +3 for Y and La to +8 for Ru and Os. Going farther to right,
maximum oxidation state decreases, reaching +2 for elements of Group 12
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GENERAL FEATURES OF TRANSITION
METALS

The electronic structures of the d block elements shown are:

SC AI' 3d14$2 4s before 3d First 3d state occupied. Valence
T Ar 3d*4s” ABABIBININININLI L ?# f'r/ ggg?:ya::o:) retiosiane
Vv Ar 3d34s2 Sc wSB B ®™m o wW
Cr Ar 3d54s1 'l'mnsiligg Metals
Mn .Ar. 3d54$2 y IVB VB VIB VIB '_V""* — B m}‘ ' _ ' _
Fe (Ar] 3d%4s2 K“|ca|sc |Ti |V |cr [Mn|Fe |Co [Ni |Cu|zn |Ga|Ge |As |Se |Br |Kr
Co [Ar] 3d74s2

. - B/ 2
Ni — [Ar] 3d°4s® zo @ A1 40 4h 140004 BB A0 B0
Cu _Ar_ 3d'%4s 1s 28 2p 3s a3p 4s 3d
Zn 'Arl 3d104s2 Zinc fills the 3d state with 10 electrons. Gallium begins

" ' the 4p state.

3d subshell fill based on aufbau principle & Hund’s rule
You will notice that the pattern of filling isn't entirely tidy! It is broken
at both chromium and copper.
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When metals do oxidize, they lose electrons,
and so form positive ions. Some transition
metals only make one type of ion, for
example, silver only forms Ag* ions and zinc
only forms Zn?* ions.

However, most transition metals can form \\ [ &
more than one type of ion, as they can lose
different numbers of electrons.

|

The rule is quite simple. Take the 4s electrons off
first, and then as many 3d electrons as necessary
to produce the correct positive charge
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One of the key features of transition metal chemistry
is the wide range of oxidation states (oxidation
numbers) that the metals can show.

Iron: has two common oxidation states (+2 and +3) in,
for example, Fe?+* and Fe3+. It also has a less common
+6 oxidation state in the ferrate(VI) ion, FeO,?.

Manganese: has a very wide range of oxidation states
in its compounds. For example: +2 in Mn?+, +3 in
Mn,O,, +4 in MnO,, +6 in MnO,%, +7 in MnO,’
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Scandium | [Ar]ds’3d! R R —
4

gold), steel, hemoglobin, blast furnace, magnetic

Titanium [Ar]4s23d? + Strong, light, corrosion-resistant, steel alloys, white
pigments, ore is rutile
[Ar]4s23d3 +2,+3, +4,+5 Catalysts, steel alloys
Chromium [Ar]4s'3d> +2,+3,+6 Colorful, Cr,0,%~ OA, stainless steel, chrome
plating
[Ar]4s23d> +2,+4,+7 MnO,- OA, MnO, catalyst, Mn steels
[Ar]4s23d° +2,43 Ores are hematite, magnetite, and pyrite (fool’s

Cobalt [Ar]4s23d” +2,43 Blue cobalt glass, , AINiCo, magnetic
[Ar]4s23d8 +2 Coins, AINiCo, Monel, magnetic

Copper [Ar]4s!3d10 +1,+2 Coins, brass, bronze, Statue of Liberty, patina,
electric wires, ores are chalcocite, chalcopyrite and
malachite, unreactive w/ HCI and H,SO, but very
reactive w/HNO,

[Ar]4s23d10 +2 Coins, brass, biochemistry, RA

Gold [Xe]6s'4f145d10 +1,+43 Coins, jewelry, soft as pure metal, alloys are harder,
CN- used to extract Au from ores

Silver [Kr]5s'4d™0 +1 Coins, jewelry, most electrically conductive of all
metals

Mercury [Xe]6s24f145d10 +1,42 Quicksilver, poisonous, “mad as a hatter”,
Minimata
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As most metals can form different ions, this means they can form
multiple compounds.

Copper can form Cu*, which can Copper can also form Cu,

make the red compound copper (I)  Which can make the black

oxide — Cu,0. compound copper (ll) oxide —
CuO.
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Most transition metals form coloured compounds.

For example:

® Iron (ll) oxide (FeO,) is black.

® Iron (lll) oxide (Fe,0,) is red/brown
— when hydrated this is rust.

® Copper (ll) sulfate crystals
(CuSO,.H,0) is blue — these can be
turned white by heating the crystals Erot e
to remove the water.
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SIMULATIONS OF OXIDES

Structure
bulk and surfaces

Anders Hellman, Department of Physics, Chalmers



The KS decomposition is important as it separates contributions that
are (in principle) possible to compute from those that are complicated.

1500 | Eov

—

o

o

S
i

Energy (eV)

500+

Mn

Ml Jones, Gunnasson (1989)

The E,. is on an absolute scale a minor contribution to the total energy.
It is crucial that the kinetic energy is evaluated to a high accuracy (this is

not done in Thomas-Fermi theory).
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The KS decomposition is important as it separates c~

tions that
are (in principle) possible to compute from those * iplicated.
1500 |- Eev

< 1000 |- =

3 Tov

=

g

500t .

EVV
E)(
| Ml Jones, Gunnasson (1989)

The E,  is solute scale a minor contribution to the total energy.

It is crucial | .ne kinetic energy is evaluated to a high accuracy (this is
not done in Thomas-Fermi theory).
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COMMON OXIDE CRYSTAL STRUCTURES AND SOME EXAMPLES

Graphs of connectivity in crystals: Atoms are nodes and edges (the lines that connect
nodes) indicate short (near-neighbor) distances.

CO,: The molecular structure is 0=C=0. The graph is:
Each C connected to 2 O, each O connectedtoa1C

OsO,: The structure comprises isolated tetrahedra (molecular). The graph is below:
Each Os connected to 4 O and each O to 1 Os
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COMMON OXIDE CRYSTAL STRUCTURES AND SOME EXAMPLES

Monovalent ions: A,O

Cu,O Linear coordination is unusual. Found
e usually in Cu* and Ag*.

Na,O (anti-fluorite) 4-coordination for Na* and 8-
coordination for O*~ are unusual.

D
o
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COMMON OXIDE CRYSTAL STRUCTURES AND SOME EXAMPLES

Divalent ions: AO

ZnO (wurtzite), sp3 MgO (rock-salt)

= ‘
aser - A
y’
Ubiquitous for AO oxides including

transition metals (distorted for CuO
and NbO).

PbO (litharge), lone pairs

Insulators, metals (TiO), magnetic, ...
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COMMON OXIDE CRYSTAL STRUCTURES AND SOME EXAMPLES

Tetravalent ions: AO,

TiO, (rutile) TiO, also crystallizes as
anatase and brookite.

SiO, takes on this structure,
and can be quenched to it,
(stishovite) under pressure.

CeO, (fluorite)

Also the structure of ThO,,
and of ZrO, and HfO, at
elevated temperatures.

Q
o

Ordered variants abound.

@
N

7)
(2
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COMMON OXIDE CRYSTAL STRUCTURES AND SOME EXAMPLES

a-AlLO; (corundum)

Also the structure of Cr,0,
and Fe,0;.

Ga, 0, does funny things.

In,0, is different (bixbyite).
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COMMON OXIDE CRYSTAL STRUCTURES AND SOME EXAMPLES

BaZrO,
+2[12 +4/6
Ba 0 Zr
LaMnO,Pnma
(Jahn-Teller distorted) _

Note that the space group Pnma (#62) can be written
in a variety of ways.

This is the most common perovskite space group.
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COMMON OXIDE CRYSTAL STRUCTURES AND SOME EXAMPLES

Hexagonal ABO, structures

BaNiO, LINbO, (ferroelectric R3c)

Unusual 5-fold coordination
(trigonal bibyramid) of MnO,
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COMMON OXIDE CRYSTAL STRUCTURES AND SOME EXAMPLES

Spinel AB,O,

Ubiquitous structure when ions have similar sizes, around 0.6 A.
A is tetrahedrally coordinated, and B octahedral (actually with a slight trigonal
distortion).

In general, lower oxidation states and smaller bandwidths than in perovskites.
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Caco,
Perovskite

Hexagonal ABX; (eg. BaNiO, in the CsCrBr, structure)

Pyroxenes and related structures (eg. diopside CaMgSi,0,)

Corundum and related structures (eg. ilmenite FeTiOB)

E<
Zircon (ZrSiO,)
Scheelite (Cawo,)
ABX, Barite (BaSO,)
Ordered SiO, derivatives
A,BX, ‘é

Ordered rutile derivatives not ||Sted by MU”er and Roy

Ternary structural

families

K,NiF, (m = 1 Ruddlesden-Popper)
[3—KZSO4
Olivine (Mg,SiO, and for eg. LiFePO,)

Spinel (MgAl0,)
CaFe,O,
Phenacite (Be,SiO,)

ABX, (¢g: LiC0O, and CuFeO,) Muller and Roy, The major ternary

A,B.X; (eg. pyrochlore Y,Ti,0,) structural families. Crystal Chemistry of
others A,BX, Non-Metallic Materials. Editor: R. Roy.

A,BX, Vol. 4 Springer-Verlag Berlin-Heidelberg-

ABX, New York 1974.
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COMMON OXIDE CRYSTAL STRUCTURES AND SOME EXAMPLES

Many oxides have similar lattice constants
allowing for a good match at the interfaces

N e} -
< =~ Q9d dgg &
= @ sSgo 5 3
M %) Mo O m o
| | Pb(Zr,Ti)O,—
Film lattice (A) (Ba,Sr)TiO
3.70 3.80 3.90 l \ 4.00 4.10 4.20
| | | _ l’ | |
[ 3] ) 1 ) 1 1 I | I |
‘ ‘ LaGaO, GdScOI3 NdScO, Substrate lattice (A)
LaSrAlO, LaSrGaQ, |LSAT DyScO; SmScO,
I
YAIO, LaAlO, NdGaO,; SrTiO, KTaO,

What would happen if we could mix materials with different properties?

Potential for novel behavior

P. Yu, et al. Materialstoday, 7-8, 320 (2012)
D. G. Schlom et al., Annu. Rev. Mater. Res. 37, 589 (2007)

Anders Hellman, Department of Physics, Chalmers
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COMMON OXIDE CRYSTAL STRUCTURES AND SOME EXAMPLES
Some surprises at the interfaces between two oxides

The interface between two good insulators (LaAlO; and SrTiO,) is
metallic and even, under certain conditions, superconducting

N. Reyren et al., Science 317, 1196 (2007)
A. Ohtomo and H. Y. Hwang, Nature 427, 423 (2004)
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SIMULATIONS OF OXIDES

Structure
bulk and surfaces

Anders Hellman, Department of Physics, Chalmers



CuBIC STRUCTURES E.G. MGcO

L2 - i
Ja!!ilfg\ el

m- ‘|

ELCOREL workshop 24t — 26t of September Anders Hellman, Department of Physics, Chalmers



RUTILE STRUCTURES E.G. RUO,

Cutting plane and corresponding surface
termination of RuO, (110) surface
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CORUNDUM STRUCTURES E.G. FE,O,

Cutting plane and corresponding surface
termination of Fe,O; (0001) surface
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SURFACE TERMINATIONS ACCORDING TO T

:

i

(a) Type 1 (Q=0, u=0)

(b) Type 2 (Q# 0, u=0)

- Q00000000
_ e0000000

000000008

- 00000000

000000000

(c) Type 3(Q#0, u=0)

P.W. Tasker, J. Phys. C: Solid State Phys. 12 4977 (1979)
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YPES OF RECONSTRUCTION

Electronic lonic Chemical

o
_ EE—Q —>+Q/2 .MQ
I -Q M Q I -Q

+Q/2
I +Q I +Q I +Q
S I Q —»>-0/2 I -Q I -Q
Rearrangement of Rearrangement of Vacancies or add lons
electrons lons faceting (K+) or OH-
Kresse et al. Phys. Rev. B 68 (2003)
K;Cey: NiO(111): 245409
R. Hesper et al., Phys. Rev. B D. Cappus et al., Surf. Sci. 337,  M.A. Hossain et al., Nat. Phys.
62, 16046 (2000). 268 (1995). 4, 527 (2008)
Lauritsen et al. ACS Nano 5 (2011)
5987
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OCTAPOLAR RECONSTRUCTION OF MGO (111) SLAB

Top view Side view

A. Wander, |. J. Bush, and N. M. Harrison Phys. Rev. B 68, 233405
C. Franchini, V. Bayer, R. Podloucky, G. Parteder, S. Surnev, and F. P. Netzer Phys. Rev. B 73, 155402
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LSDA BAND STRUCTURE OF CAO (111) SLAB
TERMINATED WITH CA AND O

10

’/\/\ﬁ/\/¥

S Spin Down a4

N —
/7 N\
I -
S~ 7

Now NS
Bulk material X N | But surface is
(no surface) . ' metallic! And
is an insulator . ferromagnetic
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A ATOMISTIC THERMODYNAMICS

Motivation:
- extend length scale
- consider finite temperature effects

Approach:
- separate system into sub-systems
(exploit idea of reservoirs!)
- calculate properties of sub-systems
separately (cheaper...)
- connect by implying equilibrium
between sub-systems

Drawback:
- no temporal information
(“system properties after infinite time*)
- equilibrium assumption

Ab initio atomistic thermodynamics and statistical mechanics of surface properties and functions
K. Reuter, C. Stampfl and M. Scheffler, Handbook of Materials Modeling Vol. 1, (Ed.) S. Yip,
Springer (Berlin, 2005).
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AB INITIO ATOMISTIC THERMODYNAMICS

Y surf. = 1/A [ Gsurf.(NO’ NM) - NO Uo - NM U ]

O, gas
) & o
” \ O Use reservoirs:
surface i) uo from ideal gas
i) uy = Mqu

Forget about F''* and Fe°nf for the moment:

ATP) ~ (ESR — Ny él\ln"k YA — Nouo(T,p)/A

urf.
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OXIDE FORMATION ON PD(100)

600K 10 10" 1 10"
1

y ~ (EST) — NyE ™ VA — Nouo/A

300110(0 107°10%*10°1010™ 1

=
()
E
C
.
. 2D a5 S
(V5 x V5)R27° PdO(101)/Pd(100) oo
-2.0

M. Todorova et al., Surf. Sci. 541, 101 (2003);
K. Reuter and M. Scheffler, Appl. Phys. A 78, 793 (2004)
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OXIDE FORMATION ON PD(100)

(1 X 1)-CO bridge/
Pd(100)

(4v2 x V2)R45° ,
CO/Pd(100)

(3V2 x V2)R45° 244
CO/Pd(100) Gt

surface oxide
+2CO bridge

surface oxide
+CO bridge

(22 x V2)R45° :
CO/Pd(100)

surface oxide

+0 bridge

clean Pd(100)
PdO bulk

surface oxide
p(2 X 2)-0/Pd(100) (V5 x V/5)R27°

Rogal et al, PRB 75 (2007) 205433
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SURFACE STRUCTURE OF RUO, IN OXYGEN EXCESS

RuO,(110)-OPridee
Opbridge Ru5C Ru®C

\

O, pressure (at 600 K) (atm)
10751071910 1 10°

1 i | ! 1

250 -

..O-poor
O-rich

RuO,(110)-Ru

2 EC oLC 200

150

100

Surface energy (meV A2)

RuO,(110)-0-C RPridge.4C

Ru5°\ 50

—02.0 -15 -10 -05 0 +0.5
O chemical potential (eV)

K. Reuter and M. Scheffler, PRB, 65, 035406 (2001)
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L)
1100 1000 900 800
Wavenumber (cm™")

e
N 04r — T T T T L
: R-Fe-Fe-O R-Fe R-Fe-O R-Fe-Fe-Og4
203 S
g i PBE (Present work) |
202 1
=) PBE + U (Present work) i
1 S
0.1 L HSE(12%) (Present work) _
0 ‘ ‘ : , ' ‘ , : L Expt. ref. . 4
35 3 25 -2 15 -1 05 0 0.5 b =
IoHo(9as) (eV) — oy dg ge |
f
. . . - o mm.
Shaikhutdinov, et al. Surf. Sci. Lett. 432 L627 (1999)
Lemire, at al. PRL 94, 166101(2005) s
Wang, et al. J. Phys.: Condens. Matter 30 (2018) 275002 ' Hog(eV) '
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ELECTRONIC STRUCTURE
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Insulators have very low Semi-conductors are Metals are conducting, and
conductivity, but when materials with an the conductivity decreases
measured, the conductivity conductivity that increases  as the temperature

is found to increase with an with increasing temperature. increases. Usually the

increase in temperature. In  Semi-conductors valence band is not
general, there is a huge characteristically have a completely filled. Other
band gap between both the band gap between the properties of metals are that
valence band and the valence and conduction they have a luster and are
conduction band. bands that is smaller than  very malleable. A diagram
that found in the insulators.  of the band structure can be
seen below

7

E >>kgT E ~kgT

Kk
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Thumb rules for the k-mesh

The product, k*a, between the number of k-points, Kk,
in any direction, and the length of the basis vector in
this direction, a, should be

k*a ~ 30 A, for metals
k*a ~ 20 ‘?" for semiconductors
k*a ~ 15 A, for insulators

Elp] = Y.9%€;—5 [ [ drdr /”<“>“(“> — [droxe(r)n(r) + Eze[n(r)]
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E S

Decomposition of DOS into contributions from different atomic
functions @; :

gi(&) = ZJQBZ

2
[ oW m | 5z -2, 0)a%

50 | | |
401 NERN .
5 DS TS M)
AN ra \'E: Mg(3s)
@ 107 < O(2p)
0 S =7 d
10/ 0(2s)
r XW UL I K

Recovery of the chemical interpretation in terms of orbitals
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C F T

Bonding model explaining many

important properties of transition-metal Vol

complexes: Octahedral hole 7

Central assumption are metal-ligand The °°‘ah§d;at')h°'_e ;
. . . IS surrounae SIX

connections with electrostatic y

atoms.

interactions between a central metal ion
and a set of negatively charged ligands
(or ligand dipoles) arranged around
metal ion.

d,>

dXZ
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C F T

The d,?_,?and d,? orbitals (e, orbitals) point directly at the six (-) charges, which
increase their energy compared with a spherical distribution of negative charge. The d,,,
d,,, & d, (t,g orbitals) are all oriented at a 45° angle to the coordinate axes and point

between the 6 (-) charges, which decreases their energy compared with a spherical
distribution of charge.

6— charge distributed
uniformly over surface

6— charges located
of a sphere

at vertices of an
octahedron

Metal cation,
Mn+ ///

crystal field splitting energy \ g

Electrostatic attractions
(+/-) considered
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Additional e”’s placed in lowest orbital available while
keeping their spins parallel

TP TAHL WY v et e, Mt M, Fe?t  Fe?',Co®t Co?t NPt Ccu?t Cu', Zn?*
d1 d2 d3 d4 d5 ds d7 d8 d9 d10
ey pEE . pREe 0 pEE o pEEs
AI e o e 2 O 2 2 s 2 20 2 2 s 2 2 12
High spin 1
A,
11 w1 vul 1nni
Low spin

Metal ions with d4, d°, d® or d’ e- configurations can be
either high spin or low spin, depending on magnitude of A,
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MoO, 2.74 3.51

Cdo 2.5 3.24
Compound Eg (eV) X In,0, 355 331
BeO 10.5 3.15 SnO, 257 3.41
B,0, 8.45 3.45 BaO 52 1.9
MgO 7.8 2.86 La,0; 5.5 2.5
ALO, 6.96 3.18 CeO, 3.78 2.54
Si,0, 9.24 3.38 Pr,0; 3.8 2.56
CaO 6.26 2.26 Nd,0; 4.6 2.58
TiO, 3.6 3.12 Sm,0; 5 2.64
Cr,0, 2.58 3.22 Eu,0, 4.3 2.69
MnO 4 3.13 Gd,0; 5.4 2.69
FeO 32 333 Tb,0; 3.8 2.69
CoO 32 3.37 Dy,0; 4.9 2.72
. Ho,0, 5.3 2.74
NiO 2.86 3.38
Er,0, 5.3 2.76
Cu,0 2.04 3.38 'm,0, iy Y
ZnO 3.3 3.25 Yh,0, o s
Ga,0, 5.4 3.3 Lu,0, o e
00 >3 >4 HgO 2.58 3.43
5¢:0; > 3.64 T1,0;, 225 3.19
SrO 6.5 2.11 PbO 2.75 3.57
Bi,0, 2.85 3.44
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R N . g

i.ca.l Accuracy

Heaven

+ dependence on virtual orbitals
Rung 5

+dependence on occupied orbitals
Rung 4

Rung 2 GGA: PBE, BLYP

Rung 3 meta-GGA: TPSS, M06-L

Rung 1 dependence on the density

Earth

Mardirossian, Head-Gordon, PCCP 16, 9904 (2014)
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SIMULATIONS OF OXIDES

‘ﬂ' | T T T T T I I/
- .// =
| | = LsDA ] u <
1 | o PBE 0 I
— ] ] 4
> 6l a TPSS . - g :
= = HSE . 2
a 8- GLLB-SC gap__ g B
O s . 8 o —_ | .. / A
5] & A > ‘,/
= [« (D) 7
5] 4 8 — 6k 7/ A ]
1] 4 ~ //
© - © § L o,/’ -
:.% 34 lm o .. / A
r ! A =~ | ® -4 A _]
™ | 0 4 [ ] 4 “
o . 4
o 2 - ? ron e | /
= [ ° & i 7/ AA |
o 8= A ob P AAA
1. ﬁ oao 2+ ’/ Py —
88 2 e Ra
¥ 89 o’ ALl
| 23 - A PO -
0| Sood > 3 A PBEsol gap
— L v St IR T B SRR B
0 1 2 3 4 5 6 7 8 0 9 4 6 8 10
Experimental Band Gap (eV) Experimental [eV]

Heyd et al. J. Chem. Phys. 123, 174101 2005 Castelli, at al. Energy Environ. Sci., 2012, 5, 5814

ELCOREL workshop 24t — 26t of September Anders Hellman, Department of Physics, Chalmers



© 02 2s% 2pb
¢ Ni*": 348

LSDA

DOS (states/eV cell)
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 Rock salt structure
* AFM insulator (Exp. Gap ~4eV)

LSDA+U (U=8eV J=0.9eV)

10 —O02p -
5 .

DOS (states/eV cell)
N

{[Sorm 0o

Energy (eV)

Anders Hellman, Department of Physics, Chalmers



FE,O; BULK

Density of states (arb. unit)

-8 -6 -4 -2 0 2 4
Energy (eV)

Figure 2: Density of states of bulk a-FesO3 calculated using (a) PBE, (b) PBE + U, (c)
rPBE + U, (d) PBEsol + U, (e) HSE06, (f) PBEO and (g) HSE (12 %). Color code: gray
total DOS, red Fe 3d T, blue Fe 3d ey, green O 2p

B. Wang, et al. J. Phys.: Condens. Matter 30 (2018) 275002
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FE,O; SURFACE

Density of states (arb. unit)

-8 -6 -4 -2 0 2 4
Energy (eV)

Figure 14: Density of states of R-Fe-Fe-30 terminated surface calculated using PBE, PBE
+ U and hybrid functional: (a) PBE, (b) PBE + U, and (¢) HSE(12%).

B. Wang, et al. J. Phys.: Condens. Matter 30 (2018) 275002
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O When simulating oxides: Structure is everything
 Right level of theory
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WHAT CAN WE USE THIS FOR?
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A PERSPECTIVE ON ACTIVE SITES:
FROM NEAR-SIGHTEDNESS TO FAR-SIGHTEDNESS

cat

RS

Short range Long range
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High activity of: Pd oxide?
Pd metal?
Oxide on metal?

%CONY. O/(Pd)s
30|
<« 3
20
ﬁ 2
o Pd/y-Al,O,
1
0 0
0 300 600 900
TIME /s

R. Burch et al. (1996)
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OXIDATION OF PALLADIUM SURFACES

Adsorbed atoms
0=0.25 ML

bulk oxide

Surface oxide

10
10°
7
Bulk oxide 10
10°
PdO ' N

10” _—r
600 700 800 900 1000
Temperature (K)

Scheffler and Reuter ef al.
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M PD(100) -

0.2mbarCH, o, Co,
0.5 mbar O, H,0

>
Temperature ramp 500°C

A. Hellman, et al.,J. Phys. Chem. Lett. 3 (2012) 678
N.M. Martin, et al., ACS Catalysis 4 (2014) 3330
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METHANE OXIDATION OVER PD(100) - EXPERIMENTS
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A. Hellman, et al.,J. Phys. Chem. Lett. 3 (2012) 678
N.M. Martin, et al., ACS Catalysis 4 (2014) 3330
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M 1 ML PpO(101)

Intitial Final

a = 109.5°

-0.02 eV 1.22 eV 0.38 eV
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M 2 ML PpO(101)

Intitial TS Final

0.66 eV -0.43 eV

A. Hellman, et al.,J. Phys. Chem. Lett. 3 (2012) 678
N.M. Martin, et al., ACS Catalysis 4 (2014) 3330
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M PDO(101)
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A. Hellman, et al.,J. Phys. Chem. Lett. 3 (2012) 678
N.M. Martin, et al., ACS Catalysis 4 (2014) 3330
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METHANE ACTIVATION ON FREE-STANDING PDO(101)

8 a = 109.5°
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M - PDO(101)

o=109.5° a=113.3°
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M - PDO(101)

o=109.5° a=113.3°
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M PD-AGO(101)

aa&az

PdO(101)

E,=-0.17 eV AE =0.68 eV E, =-0.66 eV
Pd@AgO(101)
E,=-0.18 eV AE =0.61 eV E, =-0.24 eV

A. Trinchero, et al., Phys. Status Solidi RRL 8, 605 (2014)
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A PERSPECTIVE ON ACTIVE SITES:
FROM NEAR-SIGHTEDNESS TO FAR-SIGHTEDNESS

cat

RS

Short range Long range
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DISPROPORTIONATION REACTION: 2NO, <> NO* + NO;"

A

gy

MgO(100)

4 e

"5‘ e
II‘II [
| ,LI
. /'

|
3 =
5 %
H'I'Mﬂﬂ l'ul
ot ) 8 :/v.l -
Ml!l!]h.“!l

»
N

i\ /A V/AY

=—t

H. Gronbeck, J. Phys. Chem. B (2006)
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J. Phys. Chem. C 2009, 113, 7355-7363

NO

7355

NO, Adsorption on Ag(100) Supported MgO(100) Thin Films: Controlling the Adsorption
State with Film Thickness

David E. Starr," Christoph Weis,”* Susumu Yamamoto,” Anders Nilsson,' and
Hendrik Bluhm*'
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Figure 1. N K-edge NEXAFS spectra for increasing NO, exposure at
300 K and p(NO,) = 1 x 107° Torr. (a) 2.2 ML MgO(100)/Ag(100),
(b) 8.4 ML MgO(100)/Ag(100), and (c) Ag(100).

XPS (N1s)
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O, ADSORPTION

A. Hellman, et al., JACS communication 131, 16636 (2009)
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1.36 A

1.24 A

0.1eV
-6 o
-8 — o
Oo/MgO T Oo/MgO/Ag |
-10
1.0 eV EDOS (1/eV)

A. Hellman, et al., JACS communication 131, 16636 (2009)
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Energy (eV)

A. Hellman, et al., JACS communication 131, 16636 (2009)

ELCOREL workshop 24t — 26t of September Anders Hellman, Department of Physics, Chalmers



C

E. ~ E .. T E,(A/oXxide) + E_,, (oxide/metal) + (EA — ®) + E(A/A)

a

t /‘ t
N T I T I 1 I 1 i
3.0 ~o Al / -
- g R 4 =
o 20F N Pt ]
27F 14 15k AR S
@ [ 2 200 1of AR
o™ " g 25 o UL P .. B
> ° - s 2aF 20 25 30 35 40
r:n_ﬂ,,-l,f.\,t, 224'_{:{:{:{:{:{:{:{_' Work function (eV)
= ! =3 : D e I 2.5 T T T T T T T T T T
= 23F = < -
' - > N (@
5 2.2‘/1\/‘—0 x 3 20 — .
[ ] " -
- . - 2.1;/—// - T 1.5F DTG
. AP IR NI N I NI B I L e -
.. ...' i 2 3 4 5 6 7 8 1.0 | | | | I
- - - Number of Layers 2 - ]
y So08F YU -~ )
o T~ i
| | | | 8 0.7F Tv~e .
&) NIV
0.6 L | 1 | 1 | 1 | 1 1
0 0.05 0.10 0.15 0.20 0.25
Coverage

Frondelius et al., Phys. Rev. B. 78, (2008) 085426

ELCOREL workshop 24t — 26t of September Anders Hellman, Department of Physics, Chalmers



CABRERA-MOTT MODEL OF METAL OXIDATION

=E*d

N. Cabrera and N. F. Mott, Rept. Progr. Phys. 12 (1948-49) 163
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O, Adsorption Energy as a function of the number of Oxide Layers
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J. Baran, et al., Phys. Rev. Lett. 114, (2014) 146103
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Tuning the Limiting Thickness of Al,O, on Al(111) with O, Pressure
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J. Baran, et al., Phys. Rev. Lett. 114, (2014) 146103
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Tuning the Limiting Thickness of Al,O, on Al(111) with O, Pressure

Saturated surface with

O, (limiting thickness)
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N. Cai, et al., Phys. Rev. Lett. 107, 035502 (2011)
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A PERSPECTIVE ON ACTIVE SITES:
FROM NEAR-SIGHTEDNESS TO FAR-SIGHTEDNESS

cat

RS

Short range Long range
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PHOTOELECTROCHEMISTRY ON HEMATITE:
A FIRST-PRINCIPLES VIEW
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PHOTOANODE

Hematite: crystalline Fe,O; (rust)

N ‘}- d . “+ .'A » :~ S.; f

A

AN

<

X X X

Absorbs visible light (Eg ~2 eV)
Inexpensive and abundant

Stable in aqueous solutions with
pH>3

Position of conduction band is too
low for HER

Indirect bandgap — 1ow Nn,,¢option
low conductivity

short hole diffusion length (4-5 nm)
— low rltransport
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MICROSCOPIC PROCESSES

external bias/PV device f{h eeee A ideal photoanode
v = max
c
o)
=
> N
§ limiting n_,
. iy ﬁ
% limiting n,,
v, % limiting —
, ) o _—~ <_real
40H+4h Vionset P hot d
I onset \ photoanode
* Net 2H,0+0, — ] >
[ETETRTE h*---:ﬁtr more Vfb Electrochemical more
Hematite Aqueous Electrolyte Cathode cathodic potential, V anodic
(photoanode)

* Photon absorption — n_ .

- Charge transport — n,,

 Charge transfer — n,

A Hellman, B Wang, Inorganics 5 (2017), 37
B. landolo, et al., J. Mat. Chem. A, 3 (2015) 16896
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MICROSCOPIC PROCESSES
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B. landolo, et al., J. Mat. Chem. A, 3 (2015) 16896
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B. landolo, B. Wickman, E. Svensson, D. Paulsson- A. Hellman: Nano Lett. 16, (2016) 2381
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FLAT HEMATITE

Hematite
(001)
[120]

(210]

0>15°

B. Wickman, et al., Scientific Report 7, (2017) 40500
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FARADAIC EFFICIENCY & STABILITY
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PREVIOUS RESULTS
PLASMON ENHANCEMENT

Au nanodisks

Fe,04
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B. landolo, T. J. Antosiewicz, A. Hellman, |. Zoric, Phys. Chem. Chem. Phys.,15 (2013) 4947
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PREVIOUS RESULTS
PLASMON ENHANCEMENT

Au nanodisks
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behind this improvement? i LRI
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B. landolo, T. J. Antosiewicz, A. Hellman, |. Zoric, Phys. Chem. Chem. Phys.,15 (2013) 4947
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INHOMOGENEOUS BAND BENDING
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R.T. Tung, Appl. Phys. Rev. 1, 011304 (2014)
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PHOTOCURRENT DENSITY VS. POTENTIAL MEASUREMENTS

| TO,disksonFeO,
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B. landolo, B. Wickman, E. Svensson, D. Paulsson- A. Hellman: Nano Lett. 16, (2016) 2381
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HYPOTHESIS
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HYPOTHESIS

: E/eV
TiO, ie
-1.0+
054 AE =
TiO 22eV
A -02
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undoped Fermi-
level of isolated
2.5 materials
____ n-doped Fermi-
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HYPOTHESIS

Mott-Schottky analysis gives a Fermi
level of ~1.8 eV above VB
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B. landolo, et al., RSC Adv., 5 (2015) 61021
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PHOTOCURRENT DENSITY VS. POTENTIAL MEASUREMENTS

| TO,disksonFeO,
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B. landolo, B. Wickman, E. Svensson, D. Paulsson- A. Hellman: Nano Lett. 16, (2016) 2381
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COMPUTATIONAL DETAILS

d VASP(PAW method, energy cut-off 600
eV, k-point mesh of 3x3x1)

A DFT(PBE) + U calculations witha U - J
=43eVonFeandU-J=4.2¢eVonTi.

1 Ab initio molecular dynamics was
performed on the strained TiO, slab
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2 | Average potential of Average potential of -

Fe203 (0001) Vac. Ie/Jflj 0oV amorphous T|O2 thin film
The valance band Ot -
offset (VBO) is Py

calculated via:

EFe,0,
S 4f &
o
VBO = AE, + AV 2 — Ll \
. . 9 -6 \388 eV VBO AT SPRTPRY \ i 0.87 eV
AE, is the difference ¢ . snotfd = 1186V| WAL
< gl

between the two
band edges and AV -10f
IS the the lineup

owing to the interface

L. Colombo et al., Phys. Rev. B, 44 (1991) 5572
X. Luo et al., Phys. Rev. B, 84 (2011) 195309
H. Seo et al., Phys. Rev. B, 86 (2012) 075301
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B
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THE INDUCED DIPOLE AT THE INTERFACE

Charge density difference at the interface:

Ap = p(Fe,03/Ti0,) — p (Fe,03) — p(Ti0,) 0
' Net dipole: 0.135DA™ at

The dipole density is calculated by: the interface

= j Apzdz

0 10 20 30 40 50

ELCOREL workshop 24t — 26t of September Anders Hellman, Department of Physics, Chalmers



CHANGE IN BAND ALIGNMENT OWING TO DOPING

3-5 T T T 1 T T T 6

0.5 Ti-doping lss

A E(eV)
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AV (eV)
Electronegativity

- 1 1 1 1 1 1 1 1 1 ! 1 1 1 1
1'50 1 2 3 4 5 60 Ti@FezO3 Si@F9203 Sn@Fe203 Fe@Ti02 Mg@Fe2O3 Ni@Fe203

d (A)

Both the position and electronegativity of dopants
determine the potential differences at the interface.

ELCOREL workshop 24t — 26t of September Anders Hellman, Department of Physics, Chalmers



IDENTIFY THE CHARGE TRANSFER AND THE
TRAPPED ELECTRONS
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Ti, Si, and Sn doping work as n-type doping at the interface; the additional
electron is transferred and trapped at amorphous TiO, side, forming Ti** species.
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IDENTIFY THE CHARGE TRANSFER AND THE
TRAPPED ELECTRONS
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Ni, Mg, and Fe doping work as p-type doping at the interface;
the hole is localized and trapped at its neighboring O atoms.
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THE INDUCED DIPOLE AT THE DOPED INTERFACE
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d We have studied the built-in E-field at Fe,O,/TiO,
interface using first-principle methods.

[ Our results show that the defects created at the
interface can strongly alter the interface dipole
field both strength and direction, depending on
the dopants and their doping positions.

O Our results can be employed for designing new

nanostructured semiconducting heterojunction to
enhancing the photoelectrochemical properties.
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PHOTOCURRENT DENSITY VS. POTENTIAL MEASUREMENTS
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B. landolo, B. Wickman, E. Svensson, D. Paulsson- A. Hellman: Nano Lett. 16, (2016) 2381
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FROM THE LITERATURE WE KNOW THAT H-
TREATMENT IS BENEFICIAL

Potential
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G. Wang, et al., Nano Letters 11 (2011) 3026
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H IN ANATASE T10,
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BAND ALIGNMENT IN OXIDES

Mott-Schottky analysis gives a Fermi
level of ~1.8 eV above VB
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H IN ANATASE T10,
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H IN ANATASE TIO,
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H IN ANATASE TIO
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DOS H- MORPHOUS-TIO
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PHOTOCURRENT DENSITY VS. POTENTIAL MEASUREMENTS
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d We have studied the Fe,0,/TiO, interface with first-
principles methods and experiment. In particular, we focus
on the built-in E-field at Fe,O,/TiO, interface.

[ Our results show that defects at the interface strongly alter
interface dipole field strength and direction, depending on
the dopants and their doping positions.

 Our results show that H-treatment modify the TiO, phase,
e.g. band-position and localized states.

1 Our results can be employed for designing new
nanostructured semiconducting heterojunction to
enhancing the photoelectrochemical properties.
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d When simulating oxides: Structure is everything
 Right level of theory
d What are the relevant questions

1 Oxides can be near-sighted and long-sighted (and of
course anything in between.

1 Photoelectrochemistry is truly an interdisciplinary field; a
natural nexus between chemistry and physics.
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