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• solid electrolytes for batteries, fuel cells, gas sensors
• what is the limit of ionic conductivity in solids?
• advanced materials – nanoceramics, superlattices, mesoporous
• concept of superlattice electrolyte 
• performance of novel devices





Important ion conductors for energy application

• Oxygen conductors- CeO2:(Gd, Sm), ZrO 2:(Y, Sc, Ca), LaSrGaMgO3

• Lithium conductors – Li 2O , LiCoO2 , LiMn 2O4 , LiBO 2 , PEO6:LiXF 6  

• Materials requirements:

� * enhance the electrical transport

� * control ssss i/sssse
� ssss i/sssse > 100 for solid electrolytes
� ssss i ~ sssse for electrodes

� * enhance the reaction kinetics

� * chemical and mechanical stability

• Success in the optimizing the material
properties determines the development 
of electrochemical devices as sensors, 
batteries, fuel cells and ionic membranes
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First Application of YSZ – Nernst Lamp 1897
German Patent D.R.P. No. 104872

Nobel Price in Chemistry 1920

1864 - 1941
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Nernst research and inventions 
begun the modern electrochemistry
- oxygen sensors
- solid oxide fuel cells

- glover based on   ZrO2:Y2O3 ceramic



Nernst - type automotive sensor has 30 years
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Limitations:
- ionic transport number must be ti ~ 1 – good signal
- pressure and temperature limits of operation, T > 600oC
- material must be > 97% of theoretical density
- gas leakage
- reference gas composition

P1 P2 (Ref.)

EMF

solid electrolyte

electrodeelectrode

Bosch 1975

Honda 2002







First Paper on Fuel Cell by W. R. Grove - 1838



Electrical Resistance of Solid Oxide Fuel Cells

Reducing the electrolyte resistance, the electrode polarization 
effects have to be considered and minimized 

ZrO 2:Y;Sc
Electrolyte

V = EMF – IR – hhhhA - hhhhC

Cathode – SrLaMnO3

Anode – Ni-ZrO2:Y;Sc
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Solid Progress in SOFC Performance

YSZ

Operation Temperature
1000oC 850oC 700oC < 600oC

Bulk Materials
Technology

Thin Film Technology – 1995 => present  

1962 - 1995

P = 36mW/cm2 P = 700mW/cm2
P = 2000mW/cm2

Next challenge:
advanced materials 
design based on 
interface engineering
Nanotechnology

LSM = LaSrMnO 3; CaSZ = Ca:ZrO2; YSZ = Y:ZrO 2; CGO = Gd:CeO2;   LSCF = LaSrCoFeO3

1962
2002

To enhance the SOFC performance at reduced temperatures we need

• reduce the cell internal resistance
• develop the catalytic electrodes
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Conventional materials have reached a limit !!!
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Acceptor concentration - Me  (atomic %)

- ionic conductivity reaches maximum for
dopants levels [A’] ~14 - 20% =>[A’] = 2 [Vo

..]

- the activation energy, Eact decreases
as acceptor ion radius approaches to Zr4+

- highest conductivity observed with  Sc  
addition

New materials with enhanced ionic 
conductivity and catalytic activity are needed
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In conventional ceramics:
- ionic conductivity in solids is limited by low ion mobilities – Faraday, 1833
- maximum possible value of the ionic conductivity is ca. 10 S/cm at melting point
What is the solution?  - change the diffusion mechanism to increase the ionic 
mobility - Nanoscale Materials

Ionic conductivity in conventional solid electrolytes
limited by lattice diffusion

ion mobility in hopping model:

extrinsic region:



What is unique about nanocrystalline materials?

ADVANTAGES:

*  Dgb’’ >> D b =>  hence higher  conductivity
*  faster reaction kinetics due to extended surface

area

Conventional - material
0.1% gb fracture

Nano-material 
10% gb fracture at 
20nm grain size

Db

Dgb’
Dgb’’

* large number of grain boundaries ~ 1019cm-3

* large ratio of particles in interfacial 
to volume area ca. 30-60%

*  grain boundary impurity segregation
*  space charge effects
* surface dependent defect thermodynamics
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surface has a different structure than bulk due to 
“broken”chemical bounding between ions



The Nobel Prize in Chemistry 2007

Gerhard Ertl; b.1936

Fritz-Haber-Institut der Max-Planck-Gesellschaft 
Berlin, Germany

"for his studies of chemical processes 
on solid surfaces"

Catalytic oxidation of CO
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Objectives:

- The research has focused on nanocrystalline YSZ, ScSZ, CeO2 and 
Sm:CeO2 films and CeO2:Sm/CeO2 heterostructures

- Preparation of thin films with controlled grain size, texture and thickness

- The unique role of length scale on the electrical properties of ion
conducting oxides – grain size or film thickness 

* effect of grain size on electrical transport and lattice dynamics
* effect of film thickness and texture on the electrical conductivity
* transition from lattice - to interface-controlled conductivity

- Can be separated interfacial related conductivity?

- What is the interface thickness?

- Exceptional potential of nanocrystalline ceramics for developing
advanced electrochemical devices – fuel cells, gas sensors and ionic
membranes what is the limit of ionic conductivity in solids?



Polymeric precursor spin coating process

- low processing temperature, 300 - 1000oC
- control the grain size, 2 - 400nm
- dense, cracks free material
- good thickness control 20 - 30nm/deposition

Zirconium Dichloride Oxide
Cerium Nitrate
Yttrium Nitrate

Gravimetric Analysis

Homogeneous Solution
Add Ethylene Glycol

Viscous precursor
Stirring at 80oC

Deposit on Substrate
Spin Coating

Drying  at 320oC

Final annealing at 400-1200oC

ZrO 2 @ 900oC
dg = 22nm
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I.Kosacki and H.U.Anderson, 
Encyclopedia of Materials 2001, 4, p.3609



Pioneer work of spin coating technique, bring life to science



- Unique ability to fabricate specimens on cylindrical substrate
- Can we do this for ion conducting thin films??

The cake obtained by spin coating technique



SrCeO3:5%Yb thin film on porous Al 2O3 substrate 
obtained from polymeric precursor

SEM images of cross-section and top view of thin film

Unique opportunity for ionic membranes and electrode-
supported thin films technology
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X-ray study of YSZ thin films

X-ray line broadening can be described 
as a effect of strain (eeee) and grain size (dg)

 bbbb = bbbb’ + bbbb’’

bbbb’ = 1/dg cosq   q   q   q   ;  b;  b;  b;  b’’ = 4 e = 4 e = 4 e = 4 e tgqqqq

I.Kosacki at al. 
Appl. Phys. Letters 74  (1999) 341-343
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- exceptional control of the grain size
- very narrow grain size distribution
- dense, cracks free material
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Polymeric precursor spin coating ideal method for obtaining
nanocrystalline and multilayer films with desired compositions.

Processing is the key to controlling nanocrystalline materials

0 10 20 30 40 50 60 70 80
0

20

40

60

80

100

dg = 20nm
thin film on sapphire substrate

CeO2

F
ra

ct
io

n 
- 

(%
)

Grain Size - dg  (nm)

T.Suzuki, I.Kosacki and H.U.Anderson
Solid State Ionics 151 (2002) 111-121



12 14 16 18

-6

-4

-2

0

 

 

1.23eV

0.93eV

ZrO2:8%Y2O3

Lo
g 

C
on

du
ct

iv
ity

  (
S

/c
m

)

104/T  (K-1)

dg = 20nm

dg= 2400nm

101 102 103 104

10-6

10-5

10-4

10-3

10-2

sp

thin film on Al2O3 - substrate

T = 500oC

ZrO2:16%Y

S
pe

ci
fic

 g
b 

co
nd

uc
tiv

ity
 -

 s g
b 

  
 (

S
/c

m
)

Grain size - dg  (nm)

total
gb

g

gbsp
gb d

s
d

s ×=

ZrO2:8%Y2O3
T = 500oC

- 102 enhancement in electrical conductivity observed

- this effect is attributed to grain boundary controlled 
electrical transport

Nanocrystalline oxides offer tremendous potential

I.Kosacki and H.U.Anderson in Encyclopedia of Materials 2001, 4, p.3609



*  enhanced protonic conductivity
*  rapid response - the kinetics of the electrical conductivity is 103 faster

than bulk
*  simpler construction

I.Kosacki and H.U.Anderson, Sensors and Actuators, B48 (1998) 263-269

NANO-CRYSTALLINE CERAMICS FOR GAS SENSORS

A

substrate



Enhanced electronic conductivity in nanocrystallineCeO2

I.Kosacki at al.Appl. Phys. Lett. 69 (1996) 185 T.Suzuki, I.Kosacki and H.U.Anderson
J. Am. Ceram. Soc. 85 (2002) 1492

- 104 enhancement in electronic conductivity observed in nanocrystalline CeO2
- this effect is related to a decrease in the enthalpy of oxygen vacancy

formation



Grain Boundary and Electrical Conductivity  in Ceramics
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Unblocking gb can play 
important role 
in electrical transport 
in nanoscale ceramics



Exceptional  quality  of  pulsed  laser  deposited
nanometer  scale,  oriented  YSZ  films  on  (001) MgO

• cube-on-cube  orientation  and  absence  of  dislocation  arrays
• EDS  analysis  confirms  composition  is  ZrO2 – 9.5 mol %  Y2O3

• lattice  imaging  reveals  YSZ  films  high  degree  of  crystalline perfection
• YSZ epitaxial film on MgO can be consider as a model 

of single grain boundary

I.Kosacki, C.Rouleu, P.F.Becher and D.Lownes, Electrochem. Solid State Letters 2004, 7, A459 – A461

MgO YSZ



Superionic conductivity observed in nanoscale YSZ thin films

- 15nm thick YSZ film exhibits highest ionic conductivity ever reported

- electrical conductivity of YSZ films is the superposition of grain
boundary/surface and bulk contributions and can be described
in mixing rule model with n = 0.31 => dddd ~ 1.6nm
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Exceptionally high ionic conductivity in nano-scale YSZ films

> 60 thick film conductivity 
controlled by lattice 
transport

design heterostructures based on 
high interfacial conductivity

< 60 nm thick film
interface contributes to 
conductivity

interface + surface conductivities ~ 103 greater than that of bulk

?
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Can we make bulk material with ionic conductivity  
determined by surface/interface effects?? 

Increased conductivity was observed in superlatticestructures with 
alternating 20nm CeO2:20%Sm and 30nm CeO2 layers

High texture  is critical to enhance electrical conductivity 
in CeO2:Sm/CeO2 superlattice

“Superlattice Electrolyte for Energy Application”, i nvention disclosure #5-153.1685, February 2006





- CeO2:Sm / CeO2 superlattice can be used as solid electrolyte in single
chamber fuel cells 

- internal resistance decreases with increasing number of periods
- power density increases with increase in superlattice periods
- demonstrated promising performance
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Exceptional potential of nanoscale superlattices 
for developing advanced solid oxide fuel cells

I.Kosacki at al. , 2006



Single chamber fuel cell with 400 period superlattice electrolyte 
expected to yield 3000 mW/cm2 or 3 times greater than two 
chamber SOFC output.

Superlattice electrolyte enhances fuel cell 
performance
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- predictions based on internal resistance 
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Novel design and approach of nanocomposite materials



Mesoporous Materials: pore size 2-50nm => surface ar ea ~500m2/g !!!!

Advantages of Mesoporous Electrodes:

-high surface area in contact with electrolyte
-thin walls – short diffusion distances for Li+ (t~l 2/D)
-high reversibility – 99.9% per cycle
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Summary

1. The interface/surface related phenomena can dominate the bulk 
properties in nanoscale materials

* the electrical conductivity in oxides can be enhanced by controlling
the microstructure (dg < 100nm) or film thickness (d < 60nm)

* the lattice and interface conductivities were separated – ssss int/ssssb ~103

2. Increased conductivity was also observed in superlattice structures with 
alternating 30nm CeO2:20%Sm and 20nm CeO2 layers

3. Exceptional potential of nanocrystalline ceramics for developing
advanced electrochemical devices

* demonstrated promising performance of prototype single chamber
fuel cells using superlattice electrolyte.

4.  Nanocrystalline materials are more than fancy words!!! 

5.  Materials challenge – new materials are key to major developments in 
energy conversion - fuel cells and batteries
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J. Garcia-Barriocanal, A. Rivera-Calzada, M. Varela, Z. Sefrioui, 
E. Iborra, C. Leon, S. J. Pennycook, J. Santamaria1
Science 321 (2008) 676 - 679

Colossal ionic conductivity at interfaces of epitaxial
ZrO 2:Y2O3/SrTiO3 heterostructures



Ionic conductivity in superlattices - multilayer system CSZ 
(ZrO 2+CaO)/Al2O3

A. Peters, C. Korte, D. Hesse, N. Zakharov, J. Janek 

Solid State Ionics 178 (2007) 67–76




