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(b)
Fig. 5.27 Silver bromide adopts an NaCl lattice. (a) An ideal lattice can be described in terms of Ag* ions occupying @)’7 A /)WQ J,Q
octahedral holes in a cubic close-packed array of bromide ions. (b) A Frenkel defect in AgBr involves the migration
of Ag* ions into tetrahedral holes; in the diagram, one Ag+ ion occupies a tetrahedral hole which was originally «ern P m—}»ao .
vacant in (a), leaving the central octahedral hole empty. Colour code: Ag, pale grey: Br, gold.
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Table 5.1 The formation enthalpy of Schottky and Frenkel defects in some Z renmon Lo 4@6&
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efecto de la temperatura

TABLE 5.2 Values of ny/N

T(K) AH=5x10"J AH=1x10"J

300 6.12x10%7 5.72x10°°

1000 1.37x10°% 2.67x107°
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v La carga de ambos iones ha se ser la misma.- O - tienen
lugar cambios adicionales: p.ej. vacantes o atomos extra.

v Habitualmente la diferencia de tamafo de los iones que se
sustituyen es de hasta el 15 % aprox. en aleaciones, en
sistemas no metalicos mayor (aunque es dificil cuantificar los

radios...)

v Los compuestos han de ser isoestructurales para dar rango
de solubilidad completa: Al,03-Cr,03
* Lainversa no es cierta : LiF CaO
*  En otro caso la solubilidad puede ser parcial:
Mg2Si04-Zn,SiO4 hasta 20% Mga.xZnxSiO4 Zn2.xMgxSiO4
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Fig. 5.12 Interstitial sites for carbon in (a) a-Fe and (b) 7-Fe
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Table 5.3 Typical values of electrical conductivity

Material Conductivity (Sm™)
Ionic conductors Tonic crystals <10716-1072

Solid electrolytes 107!-10°

Strong (liquid) electrolytes 107'-10°
Electronic conductors Metals 10°-107

Semiconductors
Insulators

1073-10*
<1071
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*Ag* Ion Conductors
-AgI & RbAg,I;
*Na* Ion Conductors

-Sodium B-Alumina (i.e. NaAl;,0,,, Na,Al;,0,5)
-NASICON (Na,Zr,PSi,0;,)

+Li* Ion Conductors
-LiC00,, LiNiO,
-LiMnO,
*0?- Ion Conductors
-Cubic stabilized ZrO, (¥,Zr.0,.,,. Ca,Zr,,0,.)
- 5-Bi,0,
-Defect Perovskites (Ba,In,Os, La; ,Ca,MNnO;., ..)
*F- Ion Conductors
-PbF, & AF, (A = Ba, Sr, Ca)

A AT

o-Agl ‘ ‘
. S‘rcgle above 146 °C B-AgL po &vnon‘&t o 73-Agl,
*BCC A £T- molten/ + Stable below 146 °C

disordr;:aen ir;\fan‘r of I-, molten + Wurtzite Structure (tetrahedral ol- A’Ql 4 a/- A o T.

coordination)

* 6~15/cm, E,=005 eV - 5= 0,001 S/cm - 0.0001 S/cm

+ Conductivity decreases on melting

(J»u /S"AQI (%) QA XO/WWM

ety o T< 1467,

fione %4‘%{% Lo .

\X/m*zn""? — HCP L
L7 g Aqm e IR e

a-AgI — molten AgI NN

ASQ: 11.:?;!/!110!-!!(J / &n me “,ltu_e/oﬂu‘w?.

B-Agl — a-Agl
T =146 °C, AS = 145 J/mol-K

entropy of melting of 24 J/mol-K for NaCl
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@ Tetrahedral’ site
@ Trigonal site

O Distorted octahedral site

eThere are many possible positions
for the Ag* to occupy, 6 are
distorted octahedral, 12 are
~tetrahedral, and 24 are trigonal,
giving 42 possible sites.

eStructural determinations indicate
the Ag* ions are statistically
distributed among the twelve
tetrahedral sites.

eThere are five spare sites
available per Ag* atom.

*Silver moves from site to site by
jumping though a vacant trigonal
site, changing the coordination
from 4-3-4, the activation energy
is very low, 0.05 eV.

eDescribed as a molten sublattice
of Ag*.

Coramon 12 Lot
}2‘ QAz;: io Q\Azoov

10/2A4"- &

6)'1 PWMO(LO %@)’W@o
coh A +
‘() ’

loo A,(; PR Ul a_+/uwn;03 L2 Cos Pk o ‘L/uaona.@», de wuno Letro-
o pavar ol {M'Goymf SZMDO Wl o fetn & duco H — 3 =4,

deo wwL/wuLuma-e Pwa& oo b oo ma aed

(@6“ M cores T —

4 uma pidbned  ppoan € gowaoﬁa poon Uers Lones A%)’.

D
[on 200 2¢rmon o

nalto g M

n @A Tl—/l,am'oc'oﬁ

e Jeune -
gwm&&? %Waa

L/

éoo wa‘e o&w(w

o-Agl
- Stable above 146 °C o
*BCC Arrangement of I-, molten/ i} /
disordered Ag* o RbAg. |
6 ~15/cm, E,=0.05 eV 3 ‘s
+Conductivity decreases on melting e 5
-,-u Agl
E -
e 4
RbAg4I5 o b3
+Highest known conductivity at room 3
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Fig. 13.16 Conductivity of Ag* in Agl and
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NaZr,(PO,); (NZP) consists of corner linker ZrOg
octahedral joined by PO, tetrahedra, each of which

corner-shares to four octahedra. (112, U newe Q&

*This arrangement creates a 3D system of channels {_ : z

with two types of vacant sites: matTeun e
Type I - a single distorted octahedral site AL o(l/non’w' Nea
occupied by Na+ ions in NZP. IUZ P ( e ne a(l

oType II - a larger vacant site

V)OYn@'lu/l QA Iwael
da 4:3 eﬁa mmﬂLao

eThe structure type is very versatile and hundreds of
compounds adopt it by varying the charge balancing

‘A’ cation with alkali or alkaline earth metals, the . ) )
structural ‘M’ cation with transition metal, Ti, Zr, Nb, PMW P aﬁa .
Cr, or Fe, and the P may be substituted with Si. EA ~03eV

eThe NASICON (Na SuperIonic Conductor) has a conductivity of 20
S/m at 300°C and has the formula Na;Zr,(PO,)(SiO,), and has three
out of the four vacant sites occupied by Na*.
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CaO (mol %)

-Introduces anion vacancies (lower valent cation needed)

-Stabilizes the high symmetry cubic structure (larger cations
are most effective)
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Li/C // polymer gel // CoO, and polymer
: Charge | i+
u Anode A: Li,Cy(s) > xLi*+6C + xe-
| i Cathode C: xLi* + CoO,(s) + xe” > Li,CoO,(s)
| /
B R /é

| Electrolyte | U

Curre! LixCe Li{.xCoOp  Current
Collector  Anode Cathode Collector
Figure 6. Schematic illustration of the discharge and charge
processes in a rechargeable lithium ion battery. In the Li.-

Co0; cathode, the solid and open circles refer, respectively, to
Co and O atoms (adapted from ref 14).
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§ BoC"'e/l,Cw At moclio /a/bu&‘e’ K,

Na* conduction has been used in a high-temperature secondary
battery, the sodium sulfur battery.

eUses NASICON and B-alumina as the electrolyte.
eGenerate approx. 110 Wh/kg, with lightweight Na and energetic rxn.
eElectrolyte separates molten sulfur from molten sodium

Solid
elestrolyte
© Electron @ Sodium @ Sodium fon () Sulfur

Discharge @2 Sodium polysulfide

Sulfur
electrode

Cell
container

=2 % [e5,2

® 5o NG ~4

e AN — :

Negative  godtum Cliquid) | Na(l) // B-alumina // S(I) and C(graphite)
Beta alumina (solid) supur o/ —

—\CMM (iauid)  trode
P
r Anode A: 2Na(l) > 2 Na* + 2e-

.'. \/—sa\.ﬂ — Cathode C: 2Na*+55(l)+2e >Na,Ss(l)
u‘.g.:.vs:sm{nmmﬁ ;10O Overall Reaction: 2Na(l)+5S(1)->Na,Ss(1)

Beta alumina (solid) gyifyr 7
liquid
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. S?/M)on A Ox"€>4/no3
P ZA«%& a,—r?' 6 SO c

0,
020
0. . —
: o : /L, (ZL QA 174%4) m"m‘o»
0,0, 0
The partial pressure of oxygen 0, J'\ ng_ /. Neot -[’a/m o
in the sample gas, (Py,(sample), 0,

can be determined from the Reference Ama /llcf unc oo,
measured potential, V, via the Gas

Nernst equation.

Sample
Gas

??/rwm 00 Umn 6&0‘!4({—

Anode A: 20”0, (p")+4e” o WO‘“’Z“&
ductivity at | node A: —0O,(p")+4e )

TemP?r':J'rl:Jie'sv,ltryl'\g sei\v;or is Cathode C: 02(p9+246_—>202_ /\l(g%(’/hb‘-‘&, 8 8 o
FRSSREaEEt = Overall: Ox(p')—Os(p") tereimon otne dloctio-

Because of the low ionic

V = (RT/4F) In[{(Poa(ref.)}/{(Poz(sample)}]
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Higher conversion efficiency
Lower CO, emissions

A fuel cell generates electricity and heat by electrochemically
combining a gaseous fuel and an oxidizing gas, via an ion conducting
electrolyte, typically at elevated temperatures (eg 800-1000 °C)

2H, + O, (from the air) —» H,O
2CO + O, (from the air) — 2CO,



Solid Oxide Fuel Cell
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Table 5.5 Approximate composition ranges for some
non-stoichiometric compounds &Q @'50607 Jl X ph/lo% r/&

Compound Composition range*
TiO, ~TiO] 0.65 < x < 1.25 .

~TiO,] 1.998 < x < 2.000 QQ@W’OO gf*owm g G
VO, ~VOj 0.79 < x < 1.29 D T —
Mn,O ~MnO] 0848 <x<1.000 P woton 1o eotequun
Fe,O ~FeO] 0.833 < x < 0.957 (s gt noo 4wk an Don
Co,0 ~CoO] 0.988 < x < 1.000 S
Ni,O ~NiO] 0.999 < x < 1.000 metalo o Crumacecon .
CeO, zCe203] 1.50<x < 1.52
Zr0, ~7r0,] 1.700 < x < 2.004 Q , foun .
Uo, =UQO,] 1.65<x<2.25 on M Poa om0 [Pon gt Ti -
Li,V,0s 0.2<x<0.33 o du 1,
Li, WO, 0<x<0.50 nn pacpre e ][OP ceeoy
TiS, ~TiS] 0.971 < x < 1.064 won 1 hices W Cws.
Nb,S ~NbS] 0.92 < x < 1.00 mad ) ehectnc
Y,Se ~YSe] 1.00<x<1.33
V,Te, ~VTe,] 1.03<x<1.14

*Note that all composition ranges are temperature-dependent
and the figures here are intended only as a guide.
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Table 5.6 Experimental and theoretical densities (10°kgm™>) for FeO f)a(/h’wa(/u/; 173 &;
O:Fe Fe:0 Lattice Observed  Theoretical density 0@3&/%0‘6@ , oo
ratio ratio parameter density
(pm) Interstitial Fe : . éQ e
o vacancies 9 el + 9l -
S
1.058 0.945 430.1 5.728 6.076 5.742 en L Wi /
1.075 0.930 429.2 5.658 6.136 5.706
1.087 0.920 4285 5.624 6.181 5.687 toremnon wricon te
1.099 0.910 428.2 5.613 6.210 5.652 y&, 1[(~ ° )
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por cada vacante de Fe?* debe de haber
dos Fe®* (compensacion electronica)
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- 32 0% anions (front and back faces not shown)

- 13 Fe vacancies—32-13=19 Fe ions in octahedral holes

- 4 Fe%* in tetrahedral holes —19+4=23 Fe ions

- So, formula of the cluster: Fe,;05, —almost Fe;0,

- Charge balance: x Fe2* and y Fe®* in octahedral holes
X +y=19 2x + 3y=52

- Solving: 5 Fe2* and 14 Fe®* in octahedral positions in the cluster

i(b@o&u };,O eo [)'20]41 - g"_zngféxi:L/wmv o por oo
to 4 vtes G fornmdo wmsdud .
Scteremos § celleo —> §xt =32 romes O

g@/rwrnoo ) %W\Lao 4 L/ ):e 5+.

Ju ormuhon Ab cd.(n{‘m o Je OQ———bfeO Carn
JLQX(,&M‘{‘M. e g o g

&h&o Q«Waa%aﬁ'ot/u'm %Wﬂ%< X+\/=IC(
YR 9x+zy=sa
(4° - 4R°(12) - §2

X=8 o Y=1I4

(,u,amlo on o éj cn(o 6@ -]:€ mwt/rm eaéc oncLon a&
e T o e o



* estructura tipo fluorita
» deficiencia de metal

* aniones intersticiales

. Uranium

O Oxygen

O Ideal interstitial site for oxygen

Por encima de 1127 °C una composicion entre UO2 y UO2.25
B (U4O9) con presencia de aniones intersticiales. Un anion

) Vacancy intersticial da lugar a tres defectos asociados.

@ Interstitial oxygen
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