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Outline of presentation

® Historical background, terminology

® Incentives for high temperature PCFC
® The thermodynamic argument

® Materials, defects, properties

® Case studies and achievements

® Which way to go now

HTPC OBPC SOFC p-SOFC = SPFC
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Historical background

H. lwahara, T. Esaka, H. Uchida & N.
Maeda, Proton conduction in sintered
oxides and its application to steam
electrolysis for hydrogen production.
Solid State lonics 3/4 359 (1981).

This morning’s speakers entered in the early 1980s.
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Fig. 1. Concept of stearn concentration cell.
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Fig. 4, Hydrogen evolution rate versus current density at
900°C. Electrolyte: (1) SrCepScp 1pOs-a, (2)
SrCeossScopsOs-q (broken line shows theoretical rate).
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Oxide ion conductor
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Air

H, or CH,

At air electrode:
0,+4e —> 207

At fuel electrode:

H,+ 0°—> H,0 +2e’
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H, or CH,

At air electrode:
4H'+ O,+ 4¢ —> 2H,0

At fuel electrode:
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H, / O, cell, irrepective of conduction mechanism, will generate an emf:

2H,+ O, = 2H,0 Bl |.|TJ
popo_RT, Pyt o rns

Flowe | |
Spiitter

Pr: steam in O, counts 106 mV/ decade

Most SOFC systems are envisaged to run 5
with air, supplying oxygen in excess of the
reaction stoichiometry, typically by 6 times.

2 (Nernst) x 5 (0, in air) x 6 (stoic): it is 60 times better to evolve the steam in the air compt.



Running on hydrocarbons: reforming reaction
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Fuel conditioning (reforming) carried out in reactor, thermally coupled to the fuel cell.

CH,+ H,0 <& CO + 3H, REFORMING
H, SHIFT REACTION

CO + H,0 < CO, +

Table 8-2 Typical Steam Reformed Natural Gas Reformate

Mole Reformer Shifted
Percent Effluent Reformate
H, 46.3 52.9

cO 7.1 0.5
CO, 6.4 13.1
CH,4 2.4 2.4
N> 0.8 0.8
H-,O 37.0 304
Total 100.0 100.0

Source: the Fuel Cell Handbook, 7th edition (2004)

pre-
reformer
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Schematic SOFC with pre-reformer

Anode

R ecyle

Gasoline or Diessl

water

Flow |
Splitter

Image obtainded from the Fuel Cell Handbook, 7th ed. (2004)
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Reformed methane

VS 6 xstoichiom. air

Proton cond.
Oxide ion cond.

J. Hartvigsen, S. Elangovan & A. Khandkar, AICHE Meeting, St Louis, USA, Aug. 1993.
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Typical SEs that have been used for SOFCs & SPFCs

H* [l SrCeq g5Yb0.0502 g75 O; at 800°C
H* [ 5r©€0.95Y0.0502 975

H+ [ BaCeq gGdg 102 g5
H* [ BaCeq g¥p 10295

- robably needs revisin
-.:"'-::::E: BEZFD_QYD_ 1 02_95 < P y 9

Zrp 86 70.1491 93
Zrg.805¢0.16Y0.04©1.90

. . . . 030.8‘3%901 a0
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oj (MS/cm)
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Point defects Iin high temperature proton conductors

Mg V,° OHy h' ¢
HO + V,© + O — 2O0Hy
120, + Voo —> 0% + 2h;
O x> Vo +2e' '+ 120,
2[V,1+[OHg1+[h]-[e]-[M;']1=0

[VO"] + [OOX] =3
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Button cell assembly

Can be used for fuel cells and to determine transport numbers
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A flow-through humidity meter is
essential for these experiments.
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Results of button cells with BCG electrolyte

1200 Taniguchi et al. (1992)
1000 } -===- Bonanos et al. (1991)
800
=
E 600
>
400 .
200 }
0 1 1 s 1 1 1
0 100 200 300 400 500
i (mA/cmz)

Bonanos, Knight and Ellis, Perovskite solid electrolytes: structure, transport properties
& fuel cell applications, SSI 79, 161 (1995).
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Results of button cells with BCG electrolyte

Electrolyte: BaCeg g5Gd) 1502 925
1200

1000 k. ~

Anode: Ni,

we

need

s Cathode: Ag thinner
E 600} electrolytes
-

400 +

200

0 ' ' : - Comparison of BaCeO.-based fuel cells
4] 50 100 150 200
i (mA/em?) Current density at 700 mV, at 800°C

Bonanos, Knight and Ellis, Perovskite solid
electrolytes: structure, transport properties
& fuel cell applications, SSI 79, 161 (1995).

With electrolyte thickness ~0.5mm

Electrolyte Anode, | Fuel, i (njék Reference
Cathode |Oxidant |cm™)
BaCe, gNdy {0,951 Pt Pt | Hy air | 70 |lwahara et al (1988)
BaCe, gNd; {0, 05| Pt Pt | Hy air | 105 |Iwahara et al (1990)
BaCe, Gd, 0, 05| Pt.Ag | Hy O, | 105 |Bonanos et al (1989)
BaCegGdy 009 | PLPt | Hy air | 285 |Taniguchi et al (1992)
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Fabrication of anode supported cell

Furnace

Glass seal

|5 Electrochemical
# Test Equipment

YSZ Oxygen.
Sensor

—

Respectable thick supported films of BCG could be formed on BCG/Ni cermets, but
the ionic transport number of the electrolyte was reduced due to dissolution of NiO.

V. Agarwal & M. L. Liu. Electrochemical properties of BaCe, ;Gd, ,O5 electrolyte films
deposited on Ni-BaCe, ;Gd, ,O5 substrates. J. Electrochem. Soc. 144(3) 103, 1997.
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Electrochemical steam permeation

Net transport of H,O0 —

No net charge transport

Rate expression for ambipolar transport of water: Kreuer SSI 125, 285 (1999)
Relevance to operation of PCFC on HCs: Coors JPS 118, 150 (2003)
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W.G. Coors, Steam reforming & Water-Gas Shift by Steam Permeation
in a Protonic Ceramic Fuel Cell, J. Electrochem. Soc. 51(7), A994 2004.
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Steam emitting diode (1993)

IDEAL-SOFC (2007)
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Future directions

Materials
* Those discussed herein
» Barium zirconate [!]

« Lanthanum niobate [?]

Architectures

* Electrolyte supported: maybe

« Cermet anode support: most
probably not due to reactions

« Metal supported: best option v’

« Junction (IDEAL-SOFC) v
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"It doesn't matter whether the cat is
black or white, as long as it catches
mice"” Deng Xiaoping (1904-1997).



