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Sustainable energy cycle

» Delivery energy using hydrogen to solve the negative effects of using hydrocarbon fuels
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At anode: At cathode:
Acidic 2H,0 -»4H* +0,+ 4e” 4H" +4e” - 2H,

Alkaline 40H™ — 2H,0 + 0, + 4e~  Hydrogen Evolution Reaction (HER)
Oxygen Evolution Reaction (OER)

Electrolyzer
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Structure of lectures

= Basics of electrochemical reactions
= (oxide) electrocatalyst

= Atomic and electronic structure

= Tonic bond

= Covalent bond

= Pauling's rule

= Oxide structure

= Descriptors of electrocatalysts’ activity
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Electrochemical reactions
and electrocatalyst
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Applications of electrochemistry

Battery - first invented by Alessandro Volta (1745 - 1817 )

Voltaic cell: an electrochemical cell that uses a chemical reaction to produce
electrical energy

—> electrons —— Anode: oxidation process
@ (losing electrons)
salt bridge In — ZTl2+ 4+ 2e-
zinc ions l sulfate ions

— /g | — - Cathode: reduction process
zinc —— g =i copper aining electrons
electrode - J i > electrode (9 9 )

\ : o / Pk —
X 3 / Cu“™ 4+ 2e~ » Cu

| B F
noce Zn g\ Cathode Zn(s) + Cu?*(aq) - Zn**(aq) + Cu(s)

s s

sulfate ) (+) copper (Il) Reducing OX|d|zmg
anode cathode sufate
oxidation reduction agenT agen'r
T e
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Applications of electrochemistry

Battery - first invented by Alessandro Volta (1745 - 1817 )

Voltaic cell
—> ¢lectrons ——> Oxidation Reduction
@ (anode) (cathode)
Inea | Zn2* H Cu?’ | Cu
salt brldge (s) (aq) (aq) (s)
zinc ions sulfate ions
Phase Salt Phase
' R boundary bridge boundary
N S Q]»,>
zinc | — [ copper
electrode < QD eIeth)rpode
N . L = As electrons moves from anode to
s B cathode, ions travel through salt
bridge
= Salt bridge is to maintain charge
@ é balance = Cations travel to
zinc — ) cathode, anions travel to anode.

sulfate ) (+) copper (1)
anode cathode sufate
oxidation reduction
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Standard reduction potential

> Standard reduction potential indicates the likelihood that a species o be reduced
(measured at 298 K, 1 atm with 1 M solution (opposite to standard oxidation potential)

Eieq (V) Reduction Half-Reaction

+2.87 Falg) + 2 ¢ » 2F (aq)

+1.51 MnQO, (aq) + 8H (aq) + 5¢ -» .\ln“'(uq) + 4 H,O)

+1.36 Cly(g) + 2¢ » 2CI (aq)

+1.33 Cr;O;* " (aq) + 14 H  (ag) + 6 ¢ » 2Cr* " (aq) + 7 HO(!)

+1,23 Ox(¢) + 4 H (ag) + 4 ¢ » 2 H,O() Oxidation Reduction
+1.06 Bry(l) + 2¢ » 2 Br (aq) (anode) (cathode)
+0,96 NOy (agq) + 4H " (ag) + 3¢ » NO(g) + 2 H,O()

0,80 /\g'(m,),‘ ¢ "f\g(.\) Zn(s) Zn%;CI) H Cu(zc-lI-CI) | Cu(s)
0,77 Fe''(ag) + ¢ » Fe' " (aq)

0,68 Oy(g) + 2H (aq) + 2¢ » H,05(aq) Cell potential Ecell
+0.59 MnQy, (aq) + 2 H,OU) + 3¢ * MnOy(s) + 4 OH ™ (aq)

+0.54 Ii(s) + 2 ¢ * 21 (aq)

+0.40 O.(g) + 2 HOU) + d¢ » 4 OH (aq) Ecell — Ecathode - Eanode

Cu''(ag) + 2¢ )
0 2H" (aq) + 2¢ » Hy(g) What is Ecell? =0.34—-(-0.76) =11V

0.28 Ni"'Hul) + 2¢ » Nils)
Fet” (ag) + 2¢ » Fe(s)
0.76 /.n"'hup 2 » Zn(s)
0.83 2HO() + 2¢ » Ha(g) + 2 0H (aq)
- 1,66 AlY? lagq) + 3¢ » Al(s)
-2.71 Na'(aq) + ¢ + Na(s)
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Gibbs free energy

AG = qF = —nFE

where n is the number of moles of electrons and F is the Faraday
constant (96485C/mol)

Standard condition (1 atm, 298 K,

AG° = —nFE®° concentration 1 mol/l)
o __
Er=11V = _2 (96485 & )(1'1]> Spontaneous
mole™ )\ C reaction

= —212.267 kJ /mol

Cell potential is positive, A G is negative, so when E is negative, A G is positive

lnstizur for

VN et | ctitute for Materials tong.li@rub.de | Bochum M



Nernst equation N\ A o

At non-standard conditions, what happens? \Y)
T :
E=E°— ﬁan Q = concentration of products/reactants

R: 8.314J k'lmol!, T=25°C, F is 96485C/mol

0.0257 0.05916
- InQ E=E°———
n n

EO

logQ

Zn(s) + Cu**(aq) - Zn**(aq) + Cu(s) What is the cell potential?
10M 0.01 M

0.05916 0.0591 0.01
— ogl—— ) =119V

(0]

n o090 2

10

- Increasing the concentration of reactants or decreasing the concentration of
products would increase the potential to a higher value - stronger driving force
to drive the reaction to take place
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Standard Nernstian potential of oxygen evolution reaction (OER)

Ereq (V) Reduction Half-Reaction
+2.87 Fa(g) + 2 ¢ » 2 F (aq)
+1.51 MnQ, (aq) + 8H (ag) + 5¢ = Mn**(aq) + 4 H,O() OER
' +1.36 Cly(g) + 2¢ — 2CI (aq) /'—-/_—_'7’\7\
+1.33 Cr;O:* (aq) + 14 H" (ag) + 6 ¢ » 2Cr*  (aq) + 7 H,O(!) Ziesa
+1.23 Oy(g) + 4 H (aq) + 4¢~ —— 2 H,0O) 0, H,
+1.06 Bry(l) + 2¢ * 2Br (aq)
+0.96 NOy (ag) + 4H " (aq) + 3¢ » NO(g) + 2 H,O) H'
0,80 Ag "(aq) + ¢ » Agls)
0,77 Fe' (aq) + ¢ » Fe* ' (aq)
+0.68 Oyg) + 2H"(ag) + 2¢ » H,O05(aq) B
+0.59 MnOy, (aq) + 2H,0O) + 3e * MnQOy(s) + 40OH (aq) . .
+0.54 Ia(s) + 2 ¢ * 21 (aq) AC|d|C SOIUTIO”
+0.40 ()'-(:\') F 2HOU) + 4e = 4 OH (aq) Cell potential Ecell
+0.34 Cu*'(ag) + 2¢ » Cu(s)
0 2 "' ag) + 2¢ * Ha(g) Ecen = Ecathode — Eanode
0.28 Ni“"(aq) + 2 ¢ » Nils)
0.44 Fe'"(ag) + 2e » Fe(s) =0-(1.23) =-1.23V
0.76 Zn'"(aq) + 2¢ —> Zn(s)
0.83 2HO(N) + 2¢ » Hy(g) + 20H (aq)
- 1.66 .‘\lh(m“ + Je + Al(s)
-2.71 Na'(aq) + ¢ -+ Nals)

M. Carmo et. al. International Journal of Hydrogen Energy, 38(12), 4901 (2013)
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Standard Nernstian potential of oxygen evolution reaction (OER)

Ereq (V) Reduction Half-Reaction

+2.87 Fa(g) + 2 ¢ » 2F (aq)

+1.51 MnQ, (aq) + 8H (ag) + 5¢ = Mn**(aq) + 4 H,O() OER

' +1.36 Cly(g) + 2¢ » 2CI (aq) "'——F\r

+1.33 CryO:* (aq) + 14 H (ag) + 6e » 2Cr*  (aq) + 7 H,O(!) g ZiesA

+1.23 Oy(g) + 4H " (aq) + 4¢ - 2 H,O() 0, H,
+1.06 Bry(l) + 2¢ * 2 Br (aq)

0,96 NOy (ag) + 4H " (aq) + 3¢ » NO(g) + 2 H,O() H'

0,80 Ag ' (ag) + ¢ » Ag(s)

0,77 Fe'' (ag) + ¢ » Fe* ' (aq)

0,68 Oyg) + 2H (ag) + 2¢ » H,0,(aq) el i

+0.59 MnQy, (aq) + 2H,00) + 3¢ * MnQOy(s) + 40H (aq)

-0.84 la(s) + 20 . 217 (aq) Alkaline solution

+0,40 Os(g) + 2H0) + de -+ 4 OH (aq) ;

+0.34 Cu”' (ag) + 2¢ » Cul(s) = pOtentlal Ecell

! . |.| Tong) 3 > Palg) Ecen = Ecathode — Eanode
0.28 Ni“"(aq) + 2 ¢ » Nils)

0.44 Fe'"(ag) + 2e » Fe(s) =—-0.83 - (0.40) = —1.23V
0.76 Zn'*(aq) + 2e » Zn(s)

-0.83 2HO) + 2¢ » Hylg) + 2 OH (aq) AG° = —nFE?®

~1.66 AP"(aq) + 3¢ > Al(s) Spontaneous or hon-spontaneous?

-2.71 Na'(ag) + ¢ -+ Na(s)
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Standard Nernstian potential of oxygen evolution reaction (OER)

od (V) Reduction Half-Reaction
+2.87 Fa(g) + 2 ¢ » 2F (aq)
+1.51 MnO, (aq) + 8H (ag) + 5¢~ — Mn**(aq) + 4 H,O()
' +1.36 Cly(g) + 2¢ » 2CI (aq)
+1.33 Cr;O:* (aq) + 14 H" (ag) + 6 ¢ - 2Cr*" (aq) + 7 HOU)
+1.23 Oy(g) + 4H (ag) + 4¢” —— 2 H,O)
+1.06 Bry(l) + 2¢ * 2Br (aq)
+0.96 NOy (ag) + 4H " (aq) + 3¢ » NO(g) + 2 H,O()
0,80 Ag "(aq) + ¢ » Agls)
0,77 Fe'* (aq) + ¢ » Fe' ' (ag)
+0.68 Oy(g) + 2H (aq) + 2¢ » H,O05(aq) el i
+0.59 MnQy, (aq) + 2H,00) + 3¢ * MnQOy(s) + 4 OH (aq) At anode:
+0.54 Iy(s) + 2¢ *» 21 (aq) 2H,0 » 4H* + 0, + 4e”
+0.40 Ou(g) + 2HOU) + 4¢ = 4 OH (aq) p _
+0.34 't lag) + 2¢ » Cu(s) anoge = ~123V
0 2H (aq) + 2¢ > Hy(g) Kinetically slow
has Ni-..““’) e oo Eanode = gnode + Nanode
0.44 Fe*"(aq) + 2e¢ » Fe(s)
0.76 Zn' " (aq) + 2e —> Zn(s) T
-0.83 2H,O() + 2¢ » Hy(g) + 20H (aq) Over'po‘ren‘rial
~1.66 AP (aq) + 3¢ » Al(s)
-2.71 Na'(aq) + ¢ -+ Nals)

v
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M. Carmo et. al. International Journal of Hydrogen Energy, 38(12), 4901 (2013)

Institute for Materials

tong.li@rub.de | Bochum .



lnstizur for
rrrrrrrrrr

Oxide electrocatalysts

Institute for Materials

tong.li@rub.de | Bochum M



What is a catalyst?

> Catalysts are substances that can speed up/slow down chemical reactions.

» They can do this without being used up or chemically changed as the reactants turn
into products.

> They have essentially the same structure and properties before and after a chemical
reaction.

Reactants Products

Slow
® O - @
1

Intermediate | 4

® 6 00 O
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Why uses catalyst?

> Catalyst enables the reaction pathways that require lower activation energy

> It does not change the energy difference between the reactants and products

Energy

Activation energy
without catalyst, AG

Activation energy
v with catalyst

. . ! ! — Products

Reactants

v

Progress of reaction
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Oxygen evolution reaction

Electrolyzer

At anode:

40H™ - 2H,0 + 0, + 4e
in alkaline solution
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OH +* - HO* + e~ (1)
HO* - O* +e~ +H' (2)

O* + OH™ — HOO* + e~ (3)
HOO* — * + O,(g) +e” + H' (4)

1) In particular, OH- first adsorbs on the surface O
vacancy site (equationl).

2) The adsorbed OH (OH* species) then undergoes
subsequent deprotonation to form O*.

3) The following O-O bond formation step allows O*
to react with another OH- to form the HOO*
intermediate.

4) In the final step, O, is evolved through the
deprotonation of HOO* with regeneration of the
active site

tong.li@rub.de | Bochum
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Subprocesses and Gibbs free energy change

1 5
OH +* — HO* + e~ (1) AGy = AGyo. — AG, 4 E(JH:‘},_ el
HO* — O*’ + e_ + I—I+ (2) AG, AGo. — AGlo. + -l.(’H;-_c —el
O*+ OH — HOO* + e (3) AG: = AGhoo. — AGo, + ;(,H:'gv el
HOO* — * + 0y(g) +e” + H' (4)

, . |
AGy ,\(u)_. g) T+ AG, — AGroo. + :(IH:|1 — el

Scaling relation

6
OOH g O+4H"+4e| 1AC ' ' ' '
+3H* + 3e”
HZO + Ogag) AG E,-Eo-'- n<0
+2H* + 2e 4 1
H,O + OH 44,
*HT+@" AG,
2 H,0 o 2 -
AG, %
‘ 3 B
AG, l_l-—— w -
i et T N Ez'E°=’7<O <
b e =y
Lww=t EpE%=p<0 1
Real catalyst
Ideal catalyst
F : 3
Reaction coordinate AE,o/eV

- (AGHOO* — AGHO*) - 32 i 02
Il‘\l " Institute for Materials tong.li@rub.de | Bochum [




Volcano plot

AGO * AGHO*
00 A ssnRn { Rutile
¥V Perovskite
QO Other oxide
0.2 4
- 0
&
: Weak Strong
< %4 Joxygen- oxygen-
binding inding
0.6 4
0.8 T T T T T
1.0 1.2 14 16 1.8 2.0

AG,-AG,,, (€V)

Sabatier principle:

a) If the interaction is too weak, the molecule will fail to bind to the
catalyst and no reaction will take place.

b) if the interaction is too strong, the product fails to dissociate.

—> The interactions between the catalyst and the substrate should be
neither too strong nor too weak

Paul Sabatier (1854-1941, France)
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Perovskite ABO; & spinel oxides - AB,O,

AGo, — AGyo- Enthalpy of lower to higher oxidation oxide
Trasatti, J. Electroanal. Chem., 111(1980) 125-131
0.0 disisnniianaanuissi { Rutile % 0.0
V Perovskite
QO Other oxide .aRuO
024 0.2 &
S ¢ S IrO,‘%PtO
< | Weak 5 Mno®°
© 041 oxygen- Strong > P '-.‘N'o
binding oxyget}- £ ’
inding y
0.6 4 il &
06| FO» PbO, }
O
0'81 0 12 14 16 18 20 :
AG-AG,, (6V) 300 AzHoof)/ . 100 0

» IrO, and RuO; are active OER electrocatalysts in acidic media, but they are
expensive

> Spinels and perovskites (ABO; , AB,O,) are promising
» Regulating the electronic structure can optimize the value of AGy. — AGyo. >

substituting with foreign elements, creating vacancies, tuning the strain and
engineering the interface
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e, orbital occupancy: The lower the eg occupancy, the stronger the binding of oxygen

Mn3+ (3d%) Mnz+ (3d°) Mn* (3d3)
sl +- 14
T | it
5|ttt Wi 4+
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Metal-oxygen covalency

> Increasing the electronegativity of transition metal typically moves the
metal d state close to O 2p state > decreasing the binding dissociation

bonds of M-O > improving OER activity

E (eV)

~

4 4 E*(O./OH

— pH =14
E. b’ e 0, ==|%o
M o - 6 9] & = ° 8
EF . . O

N‘ (j E‘ == x pH - 0
M d E°(O,/H,0O

O O“ p O* p
» N (g)
Cationic redox Anionic redox O, release

<
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Atomic/electronic structure
of atoms
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Atomic structure

Electron Shells

What is this element?

- It contains 6 neutrons and

@ Electron 6 protons

@ F SN - It is orbited by 6 electrons

Atomic number (Z) = number of protons  Isotopes = protons + neutrons

Mass number (A) = sum of protons and 2 = 98,89% (abundance)
neutrons BC = 1,109%
14C = 1ppt (part per trillion)

lnstizur for
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Electron shells

e Electrons’ orbit is quantized with a discrete level K, L, M, N is the principal quantum
number n

N shell

M shell
L shell
K shell

nué_’%us

= orbitals are the regions
of space in which
electrons are most likely

to be found.
Sgcond SLTENNE: Schrodinger Wave Function
with respect to X . .
\ / Wave function: the probability
92y 8mPm of finding electrons at certain
Gzt 2 E-V)Yp=0 energy levels within an atom
/ \
Position Energy Potential energy

Instizor for
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Principal quantum number n 1,2,3,4,..n

Angular momentum quantum number | 0,1, 2,3, ...(n-1)
Magnetic guantum number m, -1 ..-1,0,1, ..., |
Spin quantum number m, +1/2,-1/2

= Principle quantum number n : energy of an electron and size of the orbital

= Angular momentum quantum number I: divides the shells into smaller groups of
orbitals (subshells), 0,1,2,3,4,5 > s, p, d, f, g, h (the energy of subshell
increases with |) > determines shape of the orbital

= Magnetic quantum number m;: orientation in space of an orbital of a given energy n
and shape | (individual orbitals)

= Spin quantum number m,: orientation of the spin axis of an electron (up or down)

Instizor for
VN et | ctitute for Materials tong.li@rub.de | Bochum M



Electrons in subshells

= Angular momentum quantum number s, p, d, f, g, h, i, j etc indicates the shapes
of orbital

Maximum electrons
2(21+1)

0 2
1 6
2 10
3 14

S

—h O O
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Vv
n | M, Number of Orbital Number of
(1=n-1) (-,..1) orbitals name electrons
2(21+1)

1 0 0 1 1s 2

2

3

4

Instizor for
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n | M, Number of Orbital Number of

(1=n-1) (-,..1) orbitals name electrons
2(21+1)
1 0 0 1 1s 2
2 0 0 1 2s 2
1 -1,0,1 3 2p 6
3 0 0 1 3s 2
1 -1,0,1 3 3p 6
2 -2,-1,0,1,2 5 3d 10
4 0 0 1 4s 2
1 -1,0,1 3 4p 6
2 -2,-1,0,1,2 5 4d 10
3 -3,-2,-1,0,1,2,3 7 Af 14
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FAMSE: Fundamental Aspects of Material

Science and Engineering

(Electro-)catalyst oxide materials - part II
Tong Li
Atomic-scale Characterisation

Institute for Materials
Department of Mechanical Engineering
Ruhr-University Bochum
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Perovskite ABO; & spinel oxides - AB,O,

AGo, — AGyo- Enthalpy of lower to higher oxidation oxide
Trasatti, J. Electroanal. Chem., 111(1980) 125-131
0.0 disisnniianaanuissi { Rutile % 0.0
V Perovskite
Q Other oxide
4 RuO
024 0.2 &
S N & IrO:‘%PtO
< Weak "o MnO :'0
i o NI
L 0.4 4 o%(yglen_ STPO“E 2 04 "/ -"
binding oxygef)- = ¢
inding y
a | Fe,0.o" .
0.6 i 4 PbO,}
O,
0.8 : . . . . i
1.0 1.2 1.4 1.6 1.8 2.0
-300 -200 -100 0
AG,-AG,, (eV) e
> IrO, and RuO; are active OER electrocatalysts in acidic media, but they are
expensive

> Spinels and perovskites (ABO; , AB,O,) are promising

> Design strategies:
1) e, orbital occupancy > the higher the e, occupancy, the better OER activity
2) Increasing metal-oxygen covalency - improving OER activity, why?
3) Substitution of foreign elements
4) Tetrahedral and octahedral sites, which is more active for OER?
Al
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Electron orbitals

Principal quantum number n 1,2,3,4,..n
Angular momentum quantum number | 0,1, 2,3, ...(n-1)
Magnetic guantum number m, -1,..-1,0,1, ... 1
Spin quantum number m, +1/2,-1/2

= Principle quantum number n : energy of an electron and size of the orbital

= Angular momentum quantum number I: divides the shells into smaller groups of
orbitals (subshells), 0,1,2,3,4,5 > s, p, d, f, g, h (the energy of subshell
increases with |) > determines shape of the orbital

= Magnetic quantum number m;: orientation in space of an orbital of a given energy n
and shape | (individual orbitals)

= Spin quantum number m,: orientation of the spin axis of an electron (up or down)
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Angular :

quantum quantym  JUantum

number number number
A R

n I M, Number of Orbital Number of

(1=n-1) (-, ...l orbitals name electrons
2(21+1)

1 0 0 1 1s 2

2 0 0 1 2s 2
1 1,0, 1 3 2p 6

3 0 0 1 3s 2
1 -1,0,1 3 3p 6
2 -2,-1,0,1,2 5 3d 10

4 0 0 1 4s 2
1 -1,0,1 3 4p 6
2 -2,-1,0,1,2 5 4d 10
3 -3,-2,-1,0,1,2,3 7 Af 14
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s, p orbitals

s orbitals: spherically symmetric around
; 7 l the nucleus of the atom. As energy level
P a increases, the electrons are located
W ﬂ\ | X further from nucleus

p orbitals: three equivalent p orbitals p,,
py and p,. the p orbitals starts to appear
a‘r the 2" energy level, called 2p,, 2p,,

2p,.

o < )
i 3
.
o a o o
a e~
: =
3|
o w -
£ ¥ o P2
° °
3 3
o o
o o
A

p orbital

Instizur fi
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d orbitals

= dorbitals > 3d,,, 3d,,,

3d,,, 3d,2.2, 3d,?

= 3d,,, 3d,,, 3d,, indicate
/ that the orbitals lie in the
X-y, X-z and y-z planes;
' each orbital has four
lobes and each lobe points

2
Y

between the axes

X

" ; = 3d,%.,% manifest the
2

Zz

lobes points along the

= 3d,2looks like p obital

d
xy
d,, do 2 wearing a doughnut
: around its waist

Y

x

%d
yzZ

= dorbital appears at the
third energy level
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Periodic Table/electron configuration VAG

< Periodic Table of the Elements
Atomic Radius

Atom sizes are relative 10 the largest element, Cesium

. . Dymmed elements have no cata
Elements 87, 88, and 104-118 have no data and were omitted

INa 12Mg

19K 20Ca 21§ 2T 2y 240 25Mn  2Fe

IRy  M8Sr Y 4072y QAIND 42Mo T MRy

SCs %Ba 2t 7a W T5Re T78(s

lnstizor fir
Iw Wcrkstoﬂc
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27Co

28 NI

29Cy

30Zn

458h

46pPg

CTAQ

“cy

My

780

WAy

OOHQ

(%) ¢ ¢ . © ©
sg 5C N 80 9F  10Ne
® ¢ ¢ e o

3A 145 15p 16§ 17¢) 18 Ar

® © ¢ ¢ o o

NGs RGe BDAs MSe IBpr  WKr

4%n %0Shn MShH 2T 53 M Xe

® ®© 6 ¢ ¢ o

8171 ®Wpp B 2014 Todd Weireratne
(heowatry st comm
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n | M, Number of Orbital Number of

(1=n-1) (-,..1) orbitals name electrons
2(21+1)
| "= ‘/K 1s 2 t 2
. X
2 = 2 2
n=2 /g( 2 s 8
‘/m/ > & 2p 6
n=3 3p X
3 3s 2 8
n=4 4p /M 3p 6
~ I 10
4 _ 4s 2 2
n==6 6p X
. 4p 6 ] 6
h=7 4d 10
I's

(arrows indicate the next shell that should af %

be filled by electrons)
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Periodic Table

1s
s « Periodic Table of the Elements .
Atomic Radius -
He
2s . . (%) ¢ ¢ ¢ © © 2p

8 6C N L{0) SF 10Ne
Atom sizes are relative 1o the largest element, Cesium

3s . . Dvmmed elements have no data ® & ¢ (" © © 3p

Elements 87, 88 and 104-118 have no data and were omitted
INa 12Mg 13A 148 15p 188§ 17¢1 18

45“....".‘.’.‘.(".4P

19 20Ca 21§ 2M Ay UG id 2Fe 27Co 28N 29Cy 0Zn AGa VGe PAs M5 Bpr  WKr

N I X XXX 0000000 EOC GO 05

3IRp S w%y 4072r 4IND  2M0 d SRh 4pg 47ag 48Cg 49  S0Sp NSH N2Te 53 M xe
s @@ .Q.g 00000000 0 o
SCs 9%Ba 2t MN7a 4y T5Re T0s Ty 8Pt TAy 80Hg SIT] ®Wpp g MPa BSa B8R
CR014 Todd Melmeratine
(heowatry sbOA com
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Orbital energy levels & electron filling principle

1) Aufbau principle: electrons fill subshells of the lowest available energy,
followed by the subshells with higher energy

2) Hund's rule: if multiple orbital of the same energy are available, electrons
occupy different orbital singly before any are occupied doubly

3) Pauli exclusion principle: electron that occupy the same orbital must have
different spins

Energy

Instizor for
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Electronic configuration of S VAV

S: 1s522522p%3s23p*

Energy

I lnstizur for
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Electronic configuration of Co Yoo

Co: 1s2s2p 3s 3p 4s 3d

A G T T T T T
PR 4f
'5?___ 4d
4p e
4_5’___ 3d
| 3p
| A8
O
-
LUl
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=4 o Institute for Materials

Energy

lnstizur for
Werkstoffe

Electronic configuration of Co?* VAV

Co: 1s2s2p3s3p4s3d

17
4p

4s

_ 3P

3s

What is the electronic structure of Co2*?
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Chemical bonds

Tonic bond
+ - Tonic bond
Q)
O
S 2.0
[ Q
No sharing of electrons Mixed nE
O
5 £ 17
5 =
Polar S
P P covalent Q
bond o
+—
O
Q
Unequal sharing of electrons H
0.5
Nonpolar
covalent
¢ ¢ bond Covalent
bond

Equal sharing of electrons

lnstizur for
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Electronegativity x

« The tendency or ability of the atoms fo attract electrons from the other
elements (electron acceptor)

1

1
2

Li

098
Na
093
082
Rb

082

79

Be
157

Mg
1.31

Ca

1.00

Sr

0.95

0.89

136

122

110

Ac

lv*\ Electronegativity, x

Bsblock B oblock B dblock B fblock

F is arbitrarily set at 4.0 (3.98)

by Linus Pauling and the other
elements are between 0 - 4.0 \

a 5 6 7 8

Ti v Cr Mn Fe
154 1 e 155 A8

Zr Nb
133 16
Hf Ta \V lp
12 15

Rf Db Sg

=2

9
Co
l.ll

9..

s] Ce Pr Nd Pm Sm Eu Gd Tb

[ 112 113 114 117 120

Th Pa U Np Pu Am Cm Bk
rl 3 15 i 13 13

CRC handbook of chemistry and physics

Viaterials

12

Zn

165

Cd

169
"'H
” "
Uub Uut
Dy Ho
122 123
Cf Es

u

Xe
MJ\ 266
.“- .

Uuq Uup

Er Tm Yb Lu
124 125 10

Fm Md No Lr
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Chemical bonds

» Chemical bonds > electronegativity

a) Difference in electronegativity > 2 - ionic bond >
electrostatic attraction and forming ionic bond

b) Difference in electronegativity < 1.7, no electrons
are stolen but the electrons are shared between
nucleus

- Polar covalent bond (difference in
electronegativity > 0.5) > electron density
towards to the one who has higher
electronegativity > slight electron excess in one
element compared to the other

- Nonpolar covalent bond (difference in
electronegativity < 0.5) > electrons are shared
more evenly, the atoms have no partial charges

lnstizur for
Werkstoffe

Institute for Materials

Tonic bond
Tonic bond
g 2.0
S
Mixed )
e
O
> 1.7
Polar E
covalent S
bond .
o
%
o
O R}
Nonpolar
covalent
bond Covalent
bond
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Tonic bond
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Tonic bond

» Chemical bonds - electronegativity

a) Difference in electronegativity > 2 - ionic bond > electrostatic
attraction and forming ionic bond

QX1

Na atom cl atom Na*ion Cl- ion

> Tonic bonding results from the transfer of electrons - making
the ionic compound stable due to the electrostatic attraction
between positive and negative ions

Instizor for
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Oxides

Most oxides have ionic character which involves exchange of electrons

Lonization energy Electron affinity
Electron o Energy change
released : Energy when a neutral atom
f‘EE_'dE‘f]: receive an electron,
lonization becoming an anion
energy

Remove an electron > cation Accept an electron - anion

lnstizur for
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Tonization energy

= Energy required to remove an electron from an atom

e Periodic Table of the Elements o
‘ Atomic Radius
H ZHa
4./ \I a . ' [ ¢ (9 ¢ 3 ©
I
3u 480 8 6C N 80 oF 0Ne
%k Atom sizes are relative 10 the largest element, Cesium
Dvmmed elements have no data C (¥ © ®
:J . . Elements 87, 88, and 104-118 have no data and were omitted . ’
INa 12Mg 1BA  14S  1%p 16§ 1701 18,

I N KRR EEEEEEREEEENEEE

d
1
rg 19K 20Cq 21§ 227) 23y  24Cr 2Mn WFe 27Co 28N VCy I0Zn NGs RGe IBAs MSe BB WKr
|
g

IRy  BS oy 40Zr 4IND 42Mo “Tc MRy 45Rh pg 4Tag 48Cg 49n  0Sn NSH N2Te 53 M Xe

%Cs %%Ba 22t MV7a W 7T5Re T8(Qs Ty Bpr TAy S0Hg 81T Wpp B  MpPa B5a B8Ry
C2014 Todd Heireratire
e ——— m:Iv«:c-um
e o o e Tonizationenergy_ _ _ _ _ _ ______ iy
4
Coulomb's law gives the electrostatic forces . _ Q10>
between e.g., protons and electrons : T g2
lw Instizor fur
Werkstoffe
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Tonization energy

How does the d orbital energy level change?

1

, L Be B
5202 | 8995 o

; Na Mg Al
4958 7377 = p s 6 ) 8 5 10 " 2 | 598

K Ca Sc Ti \'} Cr Mn Fe Co Ni Cu Zn Ga
4188 5898 6331 6588 6509 6529 7173 7625 7604 7371 7455 5788

g

Rb Sr Y Zr Nb Mo Tc Ru Rh Pd Ag Cd In

403.0 5495 5999 640.1 652.1 6843 702 7102 7197 B804 4 7310 B&78 5583

.| Cs Ba La Hf Ta w Re Os Ir Pt Au Hg T
3757 S029 5381 | 6585 7284 7588 7558 8142 8652 8644 8901  100A1 5894 7156 7030 8121 10371

Fr Ra Ac Rf Db Sg Bh Hs Mt Ds Rg Uub Uut Uuq Uup

3930 5093 49838 580

Increasing

5281 5331 5386 5445 5471 5934 5658 5730 581.0 5893 596.7 6034 5235

Pa U Np Pu Am Cm Bk cf Es Fm Md No Lr

568 5976 6045 5814 5764 578.1 5980 606.1 619 627 635 642 4728

Increasing

First lonization energy (ki/mol) CRC handbook of chemistry and physics
MW sblock W pblock W dblock W /block

Instizur for
!K*} YT Institute for Materials tong.li@rub.de | Bochum .

Materials



Electron affinity

* Electron affinity is the change in energy of a neutral atom when an electron
is added to the atom to form a negative ion

H
~728
Li Be
9.6 20
Na Mg
529 0 :
. K Ca Sc
a8.4 24 18
Rb Sr Y
—46.9 -50 -30
. Cs Ba
} ass 140 @
Fr Ra Ac

Magnitude of electron affinity (kJ/mol),
s-, p-, and d-block elements

B :block B pbicck W dblock B /block

lnstizur for
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tEeriIa.s

Ti
Zr
-41

Hf

Ce

20 kvmol
I
v Cr
51 652
Nb Mo
—85 -T2
Ta w
)| ”»
Db Sg
Pr Nd
Pa U

Institute for Materials

Pm

Np

s : 10 " 12
Fe Co NI €Cu 2Zn
15 S0 1L ~N92 20
Ru Rh Pd Ag Cd
1010 103 ~542 -1259 =0

Sm Eu Gd Th Dy

Pu Am Cm Bk Cf

270

Al

418

Uut

Es

Fm

11

He

Tm Yb Lu

Md No Lr

i3

CRC handbook of chemistry and physics
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Tonic bond energy

How to calculate ionic bond energy?

e.g., Formation of NaCl from neutral Na and Cl atoms

Na (g) > Na* (g) + e- AE = ionization energy = 494 kJ/mol

Cl (g) +e- > Cl (9) AE = electron affinity = -349 kJ/mol

Na (g) + Cl (g) = Na* (g) + CI- (g) AE = 145 kJ/mol
- Need energy

Il The electronic attraction between Na+ and Cl-

Instizor for
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Tonic bond energy

z = ion charges

Using Coulomb's law, the Coulombic : 7,7,e> ;=TS€PGHP9T:]ZH distance
! . = etween io
potential energy is: potential = o ity of free
space

e=charge of an electron

For NaCl, r = 2.36 A, e=1.602 x 1019 C, £,=8.854 x 10-12C2/JIm,
Avogadro's constant = 6.022 x 1023 mol!

What is the Coulomb potential (unit: kj/mol)?

E _ (+1)(-1)(1.602 x 10719 ¢)? 9 kJ
potential ™ 4314 x8.854 x10~12 €2]~1m~1 x2.34 x10~1%m ~ 1000
6.022x1023
——— = —589 kJ
mol

Instizor for
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Tonic bond energy

« Tonic bond

 e.g., Formation of NaCl from neutral Na and Cl atoms

Na (g) > Na* (g) + e- AE = ionization energy = 494 kJ/mol

Cl (g) +e- > Cl (9) AE = -electron affinity = -349 kJ/mol

Na (g) + Cl (g) > Na* (g) + CI- (g) AE = 145 kJ/mol
- Need energy

Il The electronic attraction between Na+ and Cl- is -589 kJ/mol

Net energy change Na (g) + Cl (g) > NaCl AE = -444 kJ/mol

- Favored reaction
AE measured = -411 kJ/mol

Instizor for
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Tonic bond energy

z = ion charges

Using Coulomb's law, the Coulombic : Z,Z5e> ;z*sepan'”?‘“‘;” Slion
. . .= etween ion
potential energy is: potential dtegr €0 = permittivity of free

space
e=charge of an electron

Madelung constant - accounts for short-range and long-range geometric
facets of forces between two interacting species

1D NaCl crystal

KN et Institute for Materials M@ delungdegrsdemiin M



Madelung constant > A J

< >
* A
1D NaCl crystal Cl- Na* Cl- Na* Cl- Na* Cl-
| | | | | | |
-3r,  -2rg -ro 0 o 2r, 3r
212262 z = ion charges

Based on: Epot = r = separation distance between ions

T £, = permittivity of free space

. . e —e? N —e*  —2e”
1) First nearest neighbor of Na*: E; = T B AT
2) Second nearest neighbor of Na*: E e, ze”
e e e e +: — =
B : '9 R B 2 477,'8027"0 477,'8027"0 47T€02T0
o . _82 _82 282
3) Third nearest neighbor of Na*: g, = 4 =
47'[8037"0 47'[8037"0 4‘7'[8037"0
e? 1 1 1
Total energy: E =— 212422 4.
9y 41yt [ 2 3 4

WAL Gt 2In2 > Madelung constant
T Institute for Materials tong.li@rub.de | Bochum M



Madelung constant

3D NaCl crystal

1) First nearest neighbors: 6 Cl- at r
2) Second nearest neighbors: 12 Na+

o -
P at
S 3) Third nearest neighbors; 8 Cl- at %
\ T
\/§r\&\ @
’
eﬁ ------ i PR 1 E = e [6 12 8
| ,,,/v - 477:807"0 1 B \/E T \/§ T
/("/ , /ﬁ/ @ Na* l
1
1.74756 for NaCl
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Tonic bond energy

a) Using Coulomb's law, the
Coulombic potential energy is:

Z1Ze?

Na* Cl- Ey =

dmreyr

z = ion charges
E r = separation distance between ions
£o = permittivity of free space

Instizur for
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[

N

Na* Cl-

Net energy
|

Repulsive
energy

lnstizur for

Werkstoffe

Institute for Materials

—
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Tonic bond energy

a) Using Coulomb's law, the
Coulombic potential energy is:

Repulsive S
forces =
dmreyr
z = ion charges
r = separation distance between ions
€9 = permittivity of free space
b) Born equation to consider the
r repulsive forces due to two charged
- species being in proximity:
B
- p

B = constant

n = born exponent, between 6-12, depending
on the principal quantum number

tong.li@rub.de | Bochum M



Tonic bond energy

z = ion charges
z,Z,e*> B r = separation distance between ions
Enet = Ea + B = T + n €0 = permittivity of free space
0 B = constant

n = born exponent, between 6-12

Net energy
\
| The constant B from Borne
\ Repulsive equation can be estimated by
'\ energy the minimum energy level
|
|
. r T\ 1
E II _— bond 4-7'[807‘ ( Tl)
0 s .
‘\ # Considering Madelung constant a,
B JV. A
2
Z1 Z, € 1
Eqm=—"—|1——]a
SUM " Amreqry, ( n)
| 7 e
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Lattice energy

For a mol of crystalline solid,

lattice energy = E bond energy x Madelung constant x Avogadro constant

. :NA212262 1_1 .
Sum AmreyTy

* N,: Avogadro constant

* a: Madelung constant for a lattice

* z,and z, are the charge numbers of cation and anion
+ e is elemental charge, 1.6022 x 10-19 C

« gy is permittivity of free space

* g is the distance to the closest ion

h is the born exponent

Instizor for
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Chemical bonds

Tonic bond
+ - Tonic bond
Q)
O
S 2.0
[ Q
No sharing of electrons Mixed nE
O
5 £ 17
5 =
Polar S
P P covalent Q
bond o
+—
O
Q
Unequal sharing of electrons H
0.5
Nonpolar
covalent
¢ ¢ bond Covalent
bond

Equal sharing of electrons
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No clear cut! Degree of ionic character
Fraction of ionic character can be calculated by electronegativity values:
IC =1 —exp[—0.25(Xy — X,)?]

X is the electronegativities of the element in a compound MX

H He
220 2 7 - .50 3 " ; ¢ o
Li Be B C o Ne
0.98 157 204 255 I

| Na Mg Al si P Ar
093 1.3 y . & 6 y a o 10 o 12 14 1.9 219 g
K Ca Sc Ti v Cr  Mn Fe Co Ni Cu ZIn Ga Ge As Kr
B 1.00 1.36 154 163 1.66 1.55 143 188 191 1.90 165 181 2m 218

Xe

_Rb St Y Zr Nb Mo Tc Ru Rh Pd Ag Cd In Sn Sb Te | |
"| os2 o0 122 133 16 216 210 22 228 230 183 9 i7m 196 208 21 266

Cs Ba La Hf Ta w Re Os Ir Pt Au  Hg Tl Pb Bi Po At Rn
0.79 0.89 110 13 15 1.7 19 22 22 22 14 19 18 18 19 20 22

Fr Ra Ac Rf Db Sg Bh Hs Mt Ds Rg Uub Uut Uuq Uup

Lanthanides | Ce Pr Nd Pm Sm Eu Gd T Dy Ho Er Tm Yb Lu

1.13 114 117 120 1.22 123 124 125

nides IEEEI Pa u Np Pu Am Cm Bk cf Es Fm Md No Lr

For Nacl |7 7 2 % %
IC=0,67 or 67% > this compound is 2/3 ionic (a fair degree of convent bonding)
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Covalent bond
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Covalent bond

Electrons shared and
spend more time
between nucleus >
molecular orbital

lnstizur for

!m " Institute for Materials tong.li@rub.de | Bochum



Covalent bond - valence bond theory

= Covalent bond: a pair of electrons shared between two atoms

Ideal
internuclear H H
distance, ) ;
> : ) >
o \ r
Q >:
<
W
0| ——4—————————————r——— H+H
Electron- Bond dissociation energy (BDE)
elgctron & —> Energy required to separate
nucler-nuclears bonded atoms - covalent
rdpulsion, : bond strength
llllllllllllllllllllllllllllllllllllllllllllllllllllllllllllll "llllllllllll H2

Electron-nuclear attraction
Sharing electrons - ideal
internuclear distance

Instizor for
VN et | ctitute for Materials tong.li@rub.de | Bochum M



Molecular orbitals (MO)

Combination of atomic orbitals (AQ) gives rise to molecular orbitals (MO)

Constructive interference of AOs—> Destructive interference
Bonding MO - anti-bonding MO
Nodal plane
Electrons Electrons
localized delocalized
o.*
- MO -

e ..g A (e 0') 5 § A I

o 4.,

=9 J >9 |

= o = ¢ |

=8 S |

2 o2 |

a “ e PY Q- S o P

WA e
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Molecular orbitals (MO)

Antibonding MO

Antibonding MO = .
* kS % A °
91 Z9
’ \ = 0
/! ) o
I ,* Bond AN I _§ =
/ ener Y, c .S
N 4 /// Q- % o @
SR l l PO - § ~ BondingMO
orbital O1s orbital = 9
Bonding MO S
AO =
AO -§ -g

Anti-bonding molecular orbitals are less stable and have higher energy
Bond order = 3(No. of bonding electrons - No. of anti-bonding electrons)
- Bond order indicates the number of covalent bond
AN e Institute for Materials tong.li@rub.de | Bochum M



- — = s % \\
e ‘ \
) b}
+ ; . _—
- -
Y A
\ \.\ .
;\ + . —_—
\kﬁ_ -
IW Werkstoffe

Molecular orbitals (MO) of p orbitals

Institute for Materials

-
T[p
() )
. - -
| | B
- N

(Courtesy of chem libretexts)

o bond are formed
by end-to-end
overlapping of
atomic orbitals
(stronger >
electrons along the
axis of nucleus of
atoms)

7 bond are formed by
lateral (x, y) overlapping
of atom orbital
(unhybridized p orbitals)
(weaker-> electrons
concentrate above or
below the axis of nucleus
of atoms)

tong.li@rub.de | Bochum E



Molecular orbitals (MO)

If atomic
number 3<Z <8 f——1
A 0, ¥
1 2pa
/ / \ \
, * R
W Mapc Tapys
y I \ \
’ I \ E
'\ 2 N ’ )
2Px 2PyreP:t 7 2py 2p,
\ \ / II
\ /
\\ CIZPZ,'
\ /
Mapx Topy
*
, \023
/ \
/ \
/ \
( \l
2S /25
\\\ /
’ 02

lnstizur for
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If atomic ~
\
humber (10>Z >8) /,’ O2p
/// \\\\
Y I % x>
o Topx Mapy
Vs I 1 \
// I 1 S
, r .' >
2pZ \\Zpy Zp\x :pr ,Zp/y 2pZ
N \ ! '\
02pz
*x
PR U25
/ \
/ \
// N
\ ¢
2S . /25
\\ /
’ 025
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Bond
Energy
(kl)
436
415
390
464
569
395
320
340
432
370
295
345
611
837
290
615
891
350
741
1080
439
360
265

Bond
C-S

c-Cl
C-Br

N—Cl

O—Cl

F-Si
F—P
F-S

Bond
Energy

260
330
275
240
160
418
946
200
270
210
200
245
140
498
160
370
350
205
200
160
540
489
285

Covalent bond strength

Bond

F—Cl
F-Br
Si—Si
Si—P
Si-S
Si—Cl
Si—Br
Si—l
P-P
P-S
P—Cl
P—Br
P—I
S-S
S—Cl
S—Br
ClI-Cl
Cl-Br
Cl-=l
Br—Br
Br—l
-

Bond
Energy

255
235
230
215
225
359
290
215
215
230
330
270
215
215
250
215
243
220
210
190
180
150

Bond strength is quantified by bond
dissociation energy (BDE)

- the energy required to break a
specific covalent bond in one mole of
gaseous molecules

>Eqg., H,(g) > 2H(g) AH°=436 kJ

- When one bonds to various atoms in a
group, the bond strength typically
decreases as we move down to the

group

- Triple bond > double bond > single
bond

tong.li@rub.de | Bochum M



Hybridization

Hybridization model explains molecules with double or triple bonds
s p orbital

2 Sp

i.
/\'?(', - w - . sp

120¢
(

: )~ - ®
i\ ,‘ ) sp*

»

i | | 1
AL E s N

!
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Chemical bonds

Tonic bond
+ - Tonic bond
Q)
O
S 2.0
[ Q
No sharing of electrons Mixed nE
O
5 £ 17
5 =
Polar S
P P covalent Q
bond o
+—
O
Q
Unequal sharing of electrons H
0.5
Nonpolar
covalent
¢ ¢ bond Covalent
bond

Equal sharing of electrons
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> What kind of Co-O, Fe-O and Ni-O bond?

Electronegativity

» What is the trend in bond strength among Co-O, Fe-O and Ni-O?

093

082

082

79

Fr

07

a

Sc
136

122

110

Ac

Lanthanides

6

Actinides

7

Ti
154

133

Hf

13

LA b

13

16

Ta
15

E

Db Sg Bh Hs Mt Ds Rg Uub Uut Uuq Uup

Prr Nd Pm Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

113 114 117 120 122

Pa U Np Pu Am Cm Bk cf
15 17 13 13

CRC handbook of chemistry and physics
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IV vote | stitute for Materials

Materials

123 124 125 10
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M-O bond strength (bond dissociation energy)

900 900
800 800
700 700
__600 600
Té S
Es00 Es00
2 2
w 400 400
o a
@ o
300 300
200 200
100 100
0 0
ScO TiO VO CtO MnO FeO CoO NiO CuO 2ZnO YO ZrO NbO MoO TcO RuO RhO PdO AgO0 CdO

900

800 > Increasing the electronegativity

700 towards the right in the transition

600 metal series, M-O strength
Es00 decreases

2 400

3300 > The element with the lowest

electronegativity should have the
largest interaction with oxygen

200

100

0 Moltved and Kepp, J. Phys. Chem. C 2019, 123, 18432
la0 HfO TaO WO ReO O0sO IrO PtO AuO HgO
IW Werkstoffc
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Crystal field theory

= Crystal field theory: metal ion and set of ligands can be treated as charged particles
(neglect the covalent bond defined by valence bond theory, instead, it is simply electrostatic

or ionic)

1) attraction: between positive ion and negative ligand
2) repulsion: d electrons of metals and surrounding negative ligand

1) Stronger
repulsion> d,2and
d.z2.2 orbitals are

deszrablllzed

2) Less repulsion—>
dyy. dyz, d,, are
s’rabuhzec] by the
same amount

1stzur for
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Octahedral crystal field splitting diagram
" [Co(NH3)J3*

- ligand are negative charges can
be repulsive to the d orbital

- the energy levels of metal's d
orbital are altered from those in

d/z 5 ZZ t 69 the free metal ions
/ Ao > some experience more opposition
Co3* . N | from d orbital electrons than
d orbital ——— ‘|‘ others because of the geometric
dyy dyz Ay structure of molecules

- such electrostatic environment

d orbital create a splitting of d orbital

Ao: octahedral crystal field
splitting energy

l stizur fo
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Spectrochemical series

= Ligand determines the splitting energy >Ligands that produce a large
splitting are called strong field ligands, and those that produce a small

splitting are called weak field ligands

I <Br < Cl < NO5y < F < OH < H,0 < Pyridine < NH; < NO,” < CN-

Weak field ligand Strong field ligand
Small field Large field
splitting splitting
energy Ao energy Ao

lnstizur for
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v
Fe: 1522522p63s23p64s23d° Fe3+: 1522522p63s23p®4s03d>
A B B ol DRI 3 R
S af
Ss. 4d
T
re 5d
sl -
o) 3s
®
-
L
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Jahn Teller effect

- O Elongation Jahn-Teller
4\ distortion
/| \
Z % > Increase the d,® 2
/BN O\
/O and d, orbital energy
~ ! 2+/\/\/ —> Elongation lower
\ Y| / therepulsionand
\\"3 // increase the complex
b 4 stability through
- distortion
— d2.2
—— e — 24
/2 2 T 9 /é 2 ~— d.2
X -y X -y p4
/
,\/ Ao 4
N : N —
d orbital S Y .|.2 d orbital N dyy
N
Ay dyz Az 9 ——d, d,,

stizur for
Wcrksh)ffr
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Crystal structure of oxides
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Closed packed sites

Body
centered
cubic (BCC)
[
Hexagonal
® close
® packing
" Face (HCP)
. centered P
cubic (FCC)

)
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Interstitial sites

Anions: closed packed arrangement
Cations: interstitial sites

-
\
\
-~ ®
" 4
»

Octahedral
site

Tetrahedral
Site
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Interstitial sites

FCC contains 8 tetrahedral sites and 4 octahedral sites (12/4 +1)

Tetrahedral sites

Octahedral sites

lnstizur for
A Werkstoffe
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ABO; (LaCoO;, CaTiO; etc )

Anions and A site cations
form FCC arrangement

B site occupies the
octahedral sites

A site coordination: 12

B site coordination: 6

1 out of 4 octahedral sites

O o7 ‘ 0z is filled

A sites B sites
Iw lnstizor for
1 YT Institute for Materials tong.li@rub.de | Bochum M



Spinel structure AB,O,

Oxygen on the lattice sites, and A and B cations are in the interstitial sites

Normal spinel Inverse spinel

/’ L /”
4
\ s | BRI
o ’ Intermediate spinel ' Ny /#
) e ‘/ 7
s (A1.ABU[AB2.,]0,4 /
A is degree of inversion
Normal spinel Inverse spinel
(A2*)[B3+,]0%, ( ): tetrahedral sites (B3)[A2°R3+]02-,

A cation is larger than B cation
—> A goes to larger octahedral
sites

[ ]: octahedral sites

lnstizur for
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Spinel structure AB,O,

A cations in 2 A cations in O

tetrahedral sites tetrahedral sites

and B cations 1,5 and B cations 2,5

octahedral sites octahedral sites
&

\

N
A

1/8 of the
tetrahedral sites of %+
octahedral sites

oLy
B3+
At

<
Wi

X
3

NaA
‘
.\?\#%
X

Wi
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Defects in oxides

M O M O M O M O
Cation vacancy _— Anion vacancy
O M O O M M
Substitutional impurity~
M ILIl M O M O M O
1 Interstitial impurity
O M O M O M O M
Cation interstitial M
M O M O M O M O
A
o o] o MM M O M
Misplaced atoms ="
M O M O M O M O

Figure 6.1 Various types of defects typically found in ceramics. Misplaced atoms can only
occur in covalent ceramics due to charge considerations.

Charges are associated > neutralized charges

A wericioe . :
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Schottky defects

- charge-equivalent number of vacancies formed on each sublattice

> Remove a formular unit (remove +1 and -1 charges, that is charge
equilibrium numbers

lnstizur for
f Werkstoffe
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Frenkel defects

- Ton vacancy on a reqular lattice site migrates to interstitial site
e.g., Ag+ leaves the lattice site and moves to the interstitial site
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electrocatalysts’ design -
descriptors
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I

Perovskite ABO; & spinel oxides - AB,O,

AGo, — AGyo- Enthalpy of lower to higher oxidation oxide
Trasatti, J. Electroanal. Chem., 111(1980) 125-131
0.0 disisnniianaanuissi { Rutile % 0.0
V Perovskite
O Other oxide .aRuO
024 0.2 &
& ¢ nro}% PLO
< | Weak C°‘?j.g Mno ®°
Qg 0.4 4 oxygen_ STPO“E > 04 '/" -."NIO
binding oxyger- £ ; °
inding y
0.6 4 i P &
0| FeC» PbO, \
O
0'81 0 12 14 16 18 20 :
AG-AG,, (eV) 300 AzHoof)/ . 100 0

> Spinels and perovskites (ABO;, AB,O,) are promising

> Design strategies:

1) e, orbital occupancy > the higher the e, occupancy, the better OER activity
2) Increasing metal-oxygen covalency = improving OER activity, why?

3) Substitution of foreign elements

4) Tetrahedral and octahedral sites, which is more active for OER?

lnstizur for
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vAg
I %
Fe3+: 1522522p63523p%4503d° L5

v
Weak ligand: [Fe(H,0) ( J** Strong ligand: [Fe(CN), 13-
r—— €
/ g9
/—I— —I— e dX2—y2 dZ2
// 9 // 6 ,0
2.2 d? ts el / t5,eg
N "9 g

/
dorra i T R
dyy dy; dx; o &-Hj}_(} 1-29

Xy Yyz Mxz

Ao < paring energy Ao > paring energy
(high spin complex > maximum (low spin complex >
number of unpaired electrons) minimum number of unpaired
electrons)
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e, orbital occupancy/spin state of M-O oxides

= high spin state > lower the adsorption energy > better OER activity

Doping/strain engineering etc

Institute for Materials

Cr3+ (3d3) Mn3+ (3d4) Fe3+ (3d5) Co3" (3d°) Ni3* (3d7)
= e }— ++ 1 11
o t3,eq t39€5 t5,e2 £5,e2
g bt | B | |
_ e, — — _ S R _I_ _
5 g€ tiged 29 tS5ed tSyeh
=
3t +++ | 44+ HH HA4H -
|

tong.li@rub.de | Bochum E



e, orbital occupancy

» Substitution with cations with different valences or electronegativities or the
creation of oxygen vacancies can effectively tailor the 3d electron occupancy
and oxidation state of octahedral metal centers

» E.g., CaMnO; > CaMnO, 4 (removing lattice oxygen) what would change?? What is
d coordination of Mn?

> changing oxidation state and spin - the e, electron of 1 would decrease adsorption
state of Mn from Mn** (3d3) to high- sfreng‘rh for intermediates petter OER activity
spin-state Mn3* (3d*)

Mn3* (3d%) Mn# (3d3)
§_ € _
<
S
XI ‘|‘29 L
= € —— s
o
=
3 [ —— Pt

Instizur for
IV Seoie | stitute for Materials tong.li@rub.de | Bochum M



Metal-oxygen covalency

> e, orbital occupancy of a metal cation is based on the crystal field

theory

» Oxides have both ionic and covalent nature of bonding > metal-oxygen

covalency descriptor to consider the sharing electrons along the metal-

oxygen bond

> Increasing the electronegativity of transition metal

typically moves the metal d state close to O 2p state - decreasing the
binding dissociation bonds of M-O - improving OER activity

E (eV)

A

Cationic redox

lnstizur for
Werkstoff

* Institute for Materials

Anionic redox

O, release
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Substitution of foreign elements in perovskites

9

Replace La3+ with Ca2+,
what would change?

- Oxygen vacancy

- Electron holes by moving
one electron away from
Co

0 ocv @o

A sites B sites
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Substitution of foreign elements in spinels

Reaction potential versus binding
energy difference of AGy. — AGyo.

I

lnstizur for
Werkstoffe

_ Institute for Materials

'1.4 b T L} L] T
OH Enorgqtics
Mn
E -2'2 k '
%: Si A c I ‘ N
" 26t 2
2 CoWQ,| | Co/W ColFe
m g
4 o 3 v
'3.0 * e,
Calculation scheme 1 g
2
-34 1 1 I 1 1
00 05 10 15 20 25 30

AG-() - AG~OH [eV]

By replacing Fe with Co or Ni
leads to a slightly lower
oxygen binding energies

Liao et al. JACS, 2012, 134,13296-13309

ternary oxyhydroxides with
the optimized binding energy

Zhang et al. Science, 2016, 352, 333-337
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Tetrahedral or octahedral sites?

A cations in 2 A cations in O

tetrahedral sites tetrahedral sites

and B cations 1,5 and B cations 2,5

octahedral sites octahedral sites
&

\

N
A

1/8 of the
tetrahedral sites of %+
octahedral sites

oLy
B3+
At

<
Wi

X
3

NaA
‘
‘\?#%
X

Wi
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Tetrahedral or octahedral sites

o~
¢ =100}
COJ. OH ' py
J
P,
P,
D
-
b+ co.3£1%
pl
Co” OH , P,
Interaction between the octahedral TM and O \7
is more effective than the tetrahedral TM-O © Co* ©Co™e O° P,
interaction.
Iw Instizor fur
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Active infermediate species

. COS+/4+

B Co*
WO
C
‘ b ) 9N
Resting state Oxygen evolution
h <1.2V at1.62 V CoOOH
Healed Co50, Amorphous CoO,(OH), shell

Co2+ at Tetrahedral sites > active CoOx(OH)y species - OER activity
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Reference books

» Fundamental of Ceramics

= TIntroduction to Ceramics
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