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FOREWORD 

The research  and development work repor ted  here w a s  per-  
formed a t  Applied Electrochemistry Incorporated,  Mountain 
V i e w ,  Ca l i fo rn ia ,  from March 29,  1968 t o  May 29, 1969,  
under Contract NAS2-4843. The work w a s  done by D r .  J.  
Weissbart ,  D r .  W. H. Smar t ,  who were the  p r inc ipa l  inves- 
t i g a t o r s ,  M r .  S. H. Inami, M r .  C .  M. McCullough and M r .  
S. A. Ring. The p r o j e c t  w a s  under the  o v e r a l l  d i r e c t i o n  
of D r .  Weissbart .  The technica l  monitor w a s  D r .  T. 
Wydeven, Environmental Control Research Branch, NASA A m e s  
Research Center,  Moffett  F i e l d ,  Cal i forn ia .  

D i s t r i b u t i o n  of t h i s  r e p o r t  i s  provided i n  the  i n t e r e s t  of 
information exchange. Respons ib i l i ty  f o r  the contents  re- 
s i d e s  i n  the  au thors  and organiza t ion  t h a t  prepared it .  
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ABSTRACT 

A twelve-ampere m u l t i - c e l l  C02-H20 e l e c t r o l y z e r  employing 
s t a b i l i z e d  z i r con ia  e l e c t r o l y t e  d i sks  w a s  designed, f a b r i -  
ca ted ,  t e s t e d  and operated t o  produce O2 and carbon f r o m  CO? L 

i n  conjunct ion wi th  a c a t a l y t i c  CO d i spropor t iona tor .  Design 
p r inc ip l e s  appl icable  t o  s o l i d  oxide e l e c t r o l y t e  devices  of 
t h i s  type a r e  presented.  These p r inc ip l e s  include ceramic 
e l e c t r o l y t e  i n  the form of p l a t e s ,  series e l e c t r i c a l  connec- 
t i o n  of ce l l s ,  p a r a l l e l  gas flows, and gas- t igh t  high-temper- 
ature seals. The twelve-ampere prototype used hot-pressed 
z i r con ia  d i sks  6.35 c m  i n  diameter and ,199 c m  t h i ck ,  p l a t i -  
num e lec t rodes ,  z i rconia  c e l l  bodies and gas manifolds,  and 
precious rretal brazed seals. The s i z e  of each ce l l ,  20 c m 2  
of active area, i s  bel ieved adequate f o r  incorpora t ion  i n t o  a 
127-an;pere u n i t  s u f f i c i e n t  t o  supply 0 2  f o r  one man (two 
pounds per  day). These cells  e lec t ro lyzed  C 0 2  a t  825OC with-  
ou t  s i g n i f i c a n t  e l ec t rode  po la r i za t ion  i n  both s ing le  c e l l  
tes ts  and connected toge ther  i n  the  mult i -cel l  u n i t .  Appli- 
c a t i o n  of da ta  r e s u l t i n g  from the  f a b r i c a t i o n  and t e s t i n g  
phases of t h i s  program t o  the  development of l a r g e r  u n i t s  f o r  
02 recovery from C02 f o r  use i n  aerospace l i fe -suppor t  systems 
i s  discussed. 
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Sect ion 1 

INTRODUCTION 

A c r i t i c a l  problem t o  be solved f o r  space missions beyond 
t h r e e  months i s  the  regenerat ion of oxygen from the  exhaled 
carbon dioxide i n  the  atmosphere of t he  space cabin.  Feas- 
i b i l i t y  studies and labora tory  development work of several 
chemical processes based on the  Saba t i e r  and Bosch r eac t ions  
f o r  C02 conversion and oxygen recovery have been extensively 
supported f o r  t h i s  purpose. Much less work i n  t h i s  area has 
been done wi th  high temperature s o l i d  oxide cells .  A qua l i -  
tat ive comparison of var ious systems f o r  t he  regenerat ion of 
0 2  from C02 based on the  a v a i l a b l e  experimental  da ta  and an  
a p p r a i s a l  of t h e i r  re la t ive complexity, engineering and sys- 
t e m  i n t e g r a t i o n  d i f f i c u l t i e s  and eventual  r e l i a b i l i t y  appro- 
p r i a t e  f o r  space missions rates the  s o l i d  oxide e l e c t r o l y t e  
system very highly.  
t h e  results achieved on the  previously supported NASA/Ames 
program under con t r ac t  NAS2-2810, e n t i t l e d  "Study of Electro-  
l y t i c  Dissoc ia t ion  of C02-H20 Using A Sol id  Oxide Electro-  
l y t e "  (Refs. 1 and 2).  The present  program under cont rac t  
NAS2-4843 has as i t s  primary goal ,  based on the  previously 
obtained resul ts ,  t he  extension of th i s  work t o  the  design, 
cont ruc t ion  and operat ion of a multi-cell  1 2 4  e l e c t r o l y s i s  
and c a t a l y t i c  r e a c t o r  system. The 12-A u n i t  should be ab le  
t o  serve as a sub-system o r  u n i t  bu i ld ing  block f o r  a one- 
man e l e c t r o l y s i s  u n i t .  

This a p p r a i s a l  has been confirmed by 

The magnitude of t he  scale-up required t o  achieve the  goals 
of t he  present  NAS2-4843 program is  i l l u s t r a t e d  by a compar- 
i son  of t h e  12-A u n i t  wi th  the  previously constructed 1 - A  
T11011ipop71 u n i t .  
w a s  the  design,  cons t ruc t ion  and opera t ion  of a 1-A two-cell  
l abora tory  model e l e c t r o l y s i s  u n i t  opera t ing  near 8OO0C con- 
t inuously f o r  1,000 hours a t  a cur ren t  dens i ty  of 100 mA/cm2 
wi th  a C02-H20 mixture. 
i zed  z i r con ia  e l e c t r o l y t e  d i sks  of 4.45 c m  diameter and 
5 c m  active e l ec t rode -e l ec t ro ly t e  area per  d i s k  f o r  a t o t a l  
active area of 10 cm2. 
cathode chamber. The present  program required a t  least .  
t h r e e  e l e c t r o l y t e  d i sks  of 6.35 c m  diameter and 20 cm2 
active e l ec t rode -e l ec t ro ly t e  area per  d i s k  f o r  a t o t a l  a c t i v e  
area of 60 cm2,  and a t o t a l  of four  anode and cathode gas 

The requirement under the  NAS2-2810 program 

The 1-A u n i t  consis ted of two s t a b i l -  

2 
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chambers with cell electrical connections in series and cell 
feed gas connections in parallel. To the electrolyzer must 
be connected a GO-disproportionation reactor. 

To accomplish this task a large-scale expansion in ceramic 
electrolyte and cell body fabrication cabability from pre- 
vious NASZ-2810 program levels was undertaken during the year 
covered by this progress report. Expansion took place in the 
areas of powder preparation, powder compaction, ceramic mach- 
ining, drilling and polishing, as well as sealing and’elec- 
trode preparation with the concomitant requirement of con- 
struction, installation and testing of large firing ovens 
and furnaces, hot-pressing equipment and ceramic machining 
equipment. Research in support of the development program 
was also performed. 

Three 12-A electrolyzers were built and preliminary tests 
were made on them. 
saturated with H20 at room temperature in conjunction with a 
catalytic reactor to deposit carbon from disproportionation 
of GO from the electrolyzer. In the course of this develop- 
ment program, sufficient knowledge and experience was gained 
in the areas of zirconia electrolyte fabrication, large high 
temperature seals, battery construction and manifolding to 
allow work to proceed to the next step--the construction of 
a one-man scale (127-A) electrolyzer. 

One of these units was operated on GO2 

2 



Section '2 

ELECTROLY ZER DESIGN 

2.1 DESIGN PRINCIPLES 

A consideration of the goals to be attained by multi-cell 
solid oxide C02 electrolyzers for NASA life-support end use 
has led to our adoption of a set of guiding principles for 
their design and construction. Successful designs should 
permit the evolution of electrolyzers capable of reliable 
long-term operation under zero-gravity conditions. 
addition, these designs must be sufficiently compatible with 
fabrication technology to permit units to be built and tested 
on a laboratory scale, to be scaled up later to practical 
capacities, and to operate at practical current densities, 
gas flow rates, and thermal parameters without adverse effects 
on either internal components or on sub-systems to which the 
electrolyzer is connected. 

In 

Design principles formulated in the belief that these goals 
can be met, and based on extensive background in solid oxide 
electrochemistry and ceramic technology, can be summarized 
as follows: 

The ceramic electrolyte is in the form of a disk 
or plate for ease of fabrication and electrode 
processing. 

The electrolyte is a separate component from the 
cell body segment and does not provide structural 
support other than for electrodes. 

There is accessibility and interchangeability of 
anode and cathode surfaces for the fabrication of 
flat, porous electrodes. 

The seals are gas-tight, noble metal ceramic-to- 
ceramic or metal-to-ceramic. 

The cells are connected in series electrically 
obviating high-current conductors and minimizing 
heat losses due to conduction. 
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( 6 )  The gas flow to the cells is in parallel to main- 
tain uniform gas composition in each cell prevent- 
ing preferential chemical reduction and electronic 
conduction paths in the electrolyte. 

(7) Cell segments or bodies have compositions which are 
essentially unrelated to the composition of the 
electrolyte disks. 

(8) Individual cells can be tested before final 
assembly. 

(9) The number of cells can be increased without major 
design changes. 

(10) The size of cells can be increased without major 
design changes. 

(11) External area to volume ratio is controlled to 
reduce heat losses via radiation. 

(12) Electrolyte disks can be modified by composition, 
thickness or be replaced by thin supported films 
without requiring major design modifications. 

These design concepts can be adhered to in units with stabil- 
ized zirconia electrolyte disks sealed to either ceramic or 
metal cell segments. An example of a unit using ceramic cell 
segments is shown in Fig. 2-1 whereas Fig. 2-2 illustrates 
the use of metal segments. The composition of cell sements 
need not be related to the composition of the electrolyte. 
Potential materials include stabilized zirconia, magnesium 
and aluminum silicates (Lava, Forsterite, Steatite), mag- 
nesium oxide, high temperature metals and alloys (Hastelloy, 
Inconel, Kanthal). 

In the design employing ceramic structural parts (Fig. 2-l), 
the flat ceramic electrolyte disks holding the electrodes are 
supported by ceramic spacers containing the gas manifolds, 
gas entry and exit holes, and electrical lead-throughs. One 
end of the stack is closed with a blank ceramic plate whereas 
the other end plate contains gas inlet and outlet tubes. 
Each electrolyte disk with its two sealed-on porous elec- 
trodes constitutes one cell. The cells are electrically con- 
nected in series by short wires sealed through the ceramic 

4 



0 2  OUTLET FROM 
ANODE CHAMBER 

POROUS 
ELECTRODE 

1 CO/C02 OUT 
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0 
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E LE CTRO LY T E  
DISK 
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0 

Fig .  2-1 S o l i d  O x i d e  E l ec t ro ly t e  U n i t  
U s i n g  C e r a m i c  C e l l  B o d i e s  
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Fig. 2-2 Electrolyzer with Metal Structural Parts 
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segments. The entire unit contains only four kinds of 
ceramic components, viz., electrolyte disks with elec- 
trodes, spacers, a blank end piece, and an end piece with 
gas tubes (see Fig. 2-3). 

This version of a 12-A unit using ceramic cell bodies is an 
approach to the design shown in Fig. 2-4 which has uniform, 
thin ceramic walls. Another variation of this basic design, 
intermediate between those of Fig. 2-3 and Fig. 2-4 was 
shown in Fig. 4-1 of Ref. 1. Many other modifications are 
possible; the choice must depend upon practical ceramic 
fabrication and sealing technology as well as on desiderata 
of heat transfer, stress-strain relationships and weight 
per unit of oxygen output. 

In the design shown in Fig. 2-2 the disks are sealed to metal 
segments containing a septum that divides the space between 
disks into two gas chambers. The electrodes are in electrical 
contact with the metal segments which serve to connect the 
disks in series electrically. This design has the advantage 
that electrical leads need be brought out only from the end 
cells, but it suffers the disadvantage of requiring a metal 
that can be used at high temperature in both oxidizing and 
reducing atmospheres which is thermally compatible with the 
ceramic electrolyte. In addition, provision would have to 
be made to prevent the gas manifolds from short-circuiting 
the cells, either by using non-conducting manifold materials 
or by appropriate electrical insulation. 

In either modification of the basic design (i.e., structural 
components of ceramic or of metal) the cells would be elec- 
trically connected in series to prevent breakdown that could 
occur with disks connected in parallel caused by the following 
sequence of events: a slight imbalance in the current heat- 
ing one disk causes its resistance to fall because of the 
negative temperature coefficient of resistance of the elec- 
trolyte; this allows more current to flow through that disk 
until a runaway condition develops in which most of the 
current in one disk could result in failure of the unit by 
local overheating and cracking of the electrolyte. With 
series connection and control of the current, breakdown of 
this type could not occur. 

Although series electrical connection would be mandatory, 
series flow of gases through the cells would have the dis- 
advantage that the cells would operate under widely differ- 

7 
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Fig. 2-3  Components of t he  Elec t ro lyzer  
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Fig. 2-4 Electrolyzer Design with Uniform, Thin Ceramic Walls 
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ing  condi t ions of anode and cathode gas compositions, v o l t -  
age and, probably,  temperature. Each c e l l  i n  a series flow 
arrangement would be opera t ing  on the  exhaust gas from the 
c e l l  ahead of it. Therefore,  optimization of conditions i n  
one ce l l  implies operat ion of o ther  cel ls  under conditions 
removed from optimum. The p a r a l l e l  gas flow p a t t e r n  of the  
design proposed above does not s u f f e r  from t h i s  defec t .  

2 .2  TWELVE-AMPERE PROTOTYPE 

For the  12-A C02-H20 e l e c t r o l y z e r ,  the  design using ceramic 
c e l l  bodies and noble metal seals discussed i n  sub-section 
2 . 1  and shown i n  Figs.  2-1  and 2-3 w a s  chosen. T h i s  choice 
w a s  based on the  importance which we  a t t a c h  t o  the  design 
p r i n c i p l e s  discussed above and a l s o  on our having g rea t e r  
experience wi th  ceramics than with f a b r i c a t i o n  techniques 
f o r  high-temperature a l loys .  Thus, cons t ruc t ion  of the  12-A 
e l e c t r o l y z e r  i n  t h i s  configurat ion u t i l i z e s  many methods 
previously employed i n  the  1 - A  CO2 e l e c t r o l y s i s  u n i t  (Refs. 
2 and 3) .  The designs of Fig. 2-4 above and Fig. 4-1 of R e f .  
1, although they have more uniform w a l l  th icknesses  than the  
chosen vers ion ,  w e r e  not considered f o r  actual f a b r i c a t i o n  
because of t h e  very considerable p r a c t i c a l  d i f f i c u l t i e s  t h a t  
would be encountered i n  making these shapes i n  high-tempera- 
ture r e f r a c t o r y  ceramics. W e  f e l t  t h a t  the  modification 
shown i n  Fig. 2-3, although i t  has r e l a t i v e l y  th i ck ,  non- 
uniform w a l l s ,  could be made i n  numbers adequate t o  develop 
the  technology of s o l i d  oxide e l e c t r o l y t e  devices f o r  
l i fe -suppor t  purposes i n  the  t i m e  permitted by the program 
schedule. The design p r inc ip l e s  discussed i n  the preced- 
i n g  sub-section are incorporated i n  t h i s  design. 

The 12-A e l e c t r o l y z e r  w a s  constructed as a s t ack  of t h ree  
d i sks ,  each having a n  e l ec t rode  area of 20 cm2 opera t ing  a t  
a cu r ren t  dens i ty  of 200 mA/cm2,  wi th  gas chambers between 
them. This design i s  shown approximately f u l l  scale i n  
Figs.  2-5 and 2-6. A s i n g l e  c e l l  of the  s t ack  i s  shown i n  
Fig. 2-7. A l l  p a r t s  are ceramics except f o r  the  lead w i r e s  
and e l ec t rodes ,  which are noble metals. Three 12-A u n i t s  
of t h i s  type w e r e  b u i l t  and operated.  

10 



Fig. 2-5 C u t a w a y  V i e w  of the 12-A U n i t  
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P 

Fig. 2-6 Perspective View of the 12-A Unit 
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LEAD WIRE HOLE 

Fig. 2-7 Components of an Individual Cell 
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Section 3 

FABRICATION OF THE TWELVE-AMPERE ELECTROLYZER 

3.1 ELECTROLYTE DISKS 

All the stages in the manufacture of electrolyte disks for 
the 12-ampere unit, powder preparation, densification by 
hot pressing, slicing and polishing, were performed in-house. 
Three types of powder, Zr02-CaO, Zr02-Y203 and Zr02-Sc203, 
were employed, all yielding hot-pressed compacts of high 
density, stabilized zirconia. 

Hot pressing was carried out in a 45KVA, Astro Industries 
vacuum press. A schematic view of the essential parts is 
given in Fig. 3-1. Although the complete hot press was 
available, a great deal of effort was required for the 
assembly, repair and check-out of the sub-systems including 

water-cooling, vacuum-pumping, and temperature-control s y s -  
tems. The operational details of only the furnace-press 
section will be discussed here. 

. the muffle furnace and press section, power supply, hydraulic, 

All dies used were machined in-house from high-strength 
graphite stock, usually National, ATJ. The die body size 
was limited by the size of the furnace cavity to an 0.d. of 
six inches and a height of nine inches. Hot pressings for 
electrolyte disks of the desired size require a nominal 2.5 
inch die cavity, which leaves a die body wall thickness of 
1.75 inches. This thickness has proved sufficient to contain 
the 4,000 psi internal die cavity pressure which could be 
generated by the ten-ton Astro press. 

Various methods of die filling, pressing and heating sequence 
were investigated. By experience, a procedure was adopted 
that gave long die life and consistently good compacts with 
Zr02-Sc203 powders. The die was filled outside the furnace 
with botton, piston in place. Charges of approximately one 
pound of sub-micron size powder (as determined by micro- 
scopic examination and photomicrographs) were used. After 
insertion of the top piston, the charge was compressed on an 
auxiliary press, before setting up in the Astro furnace. 

14 



ANCHOR P L A T E  

G R A P H I T E  P I S T O N  

I N S U L A T I O N  HEARTH 

HEARTH 
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Fig. 3-1 Schematic View of the Hot Press and Muffle 
Tube Assembly (Scale: 2 Inches = 1 Foot) 
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After securing the furnace, the system was pumped down and 
vacuum tightness checked. Ram pressure was applied at room 
temperature and the furnace heated, initially at a slow rate 
until out-gassing had fallen off. The heating rate was then 
increased to about 2OoC per minute. Up to about 1000°C, the 
powder and die increased in volume, and it was necessary to 
bleed oil from the hydraulic system to maintain the desired 
ram pressure. In the temperature range of about 1100 to 
1400OC the volume shrinks due to rapid densification of the 
powder. During this stage the ram pressure was maintained 
automatically. Following each small reduction in pressure, 
the hydraulic amplifier was recharged with the emission of a 
T1gluggingTT sound. For a given weight, powder type, and pres- 
sure, the number of rrglugsTr was constant. The absence of 
rlglugsT' signaled the end of rapid densification. Movement of 
the hot-pressing ram during densification of the oxide ceramic 
compact has been precisely followed by other workers using a 
linear variable differential transformer (LVDT) attached to 
the hydraulic plunger (Ref. 4 ) .  This device allows plots of 
ram displacement versus both temperature and time to be made 
as an aid to establishing optimum conditions of temperature 
and pressure for the particular powder being hot pressed. 
The Astro hot press did not lend itself to easy installation 
of an LVDT and counting the lTglugsll was adopted as a quali- 
tative substitute. 

The rapid densification stage, which takes place by sliding, 
fragmentation and plastic flow of the powder particles was 
usually not sufficient to give a low porosity compact. The 
furnace temperature was raised beyond the final *lgluggingll 
value to allow further densification by a bulk diffusion 
process (Refs. 4, 5 and 6). During this period the ram 
pressure increased slowly. A s  the furnace temperature 
reached the final, pre-set value, the heating rate had 
fallen to about 10°C per minute. The final temperature was 
held automatically, and the die temperature checked with an 
optical pyrometer. After soaking at temperature, the ram 
pressure was relieved and the ram backed off. Following 
another soak period, the furnace temperature was reduced 
manually at a rate not exceeding 12OC per minute. 

The details of the pressing runs made for electrolyte disk 
preparation are given in Tables 3-1 through 3-3. (In the 
case of the Zr02-CaO powder, the 2.48 inch round die runs 
were for electrolyte disks.) The powders are designated by 
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batch number, mole percent  of C a O ,  Y 2 0 3 ,  o r  Sc 0 
t h e s i s ,  and source of z i rconyl  ch lor ide  i n  cap i t a l s .  The 
designat ion VAR r e f e r s  t o  high-puri ty  material obtained from 
the  Varlacoid Chemical Company, and TAM r e f e r s  t o  a commer- 
c i a l  grade obtained from the  Tam Divis ion of National Lead. 
The dens i ty  of t he  hot-pressed compacts w a s  determined by 
measurement of dimensions and by water displacement. The 
t h e o r e t i c a l  dens i ty  w a s  determined, f o r  each powder type,  by 
x-ray d i f f r a c t i o n  of powder specimens from the pressed com- 
pac t s  a f t e r  a i r  f i r i n g .  I n  every case, the  only l i n e s  ob- 
served on t h e  d i f f rac tometer  record w e r e  those of the  de- 
s i r e d  cubic ,  s t a b i l i z e d  z i rconia .  

i n  paren- 2 3  

To be useful as e l e c t r o l y t e  d i sks ,  t he  t h i n  sl ices cut from 
t h e  pressed compacts m u s t  be r e l a t i v e l y  gas- t igh t .  
achieve t h i s  condi t ion using hot  press ing  i n  vacuum, we have 
found t h a t  t he  ceramic m u s t  have a s i g n i f i c a n t l y  higher 
dens i ty  than w a s  necessary f o r  t he  s a m e  degree of gas perme- 
a b i l i t y  i n  t h e  case of t h e  e l e c t r o l y t e  d i s k s  prepared f o r  the 
former l o l l i p o p  cel ls  by cold press ing  and s in t e r ing .  I t  
would appear t h a t ,  f o r  z i r con ia ,  vacuum hot  press ing  leads 
t o  a g r e a t e r  degree of interconnect ion of pores than does 
co ld  press ing  and s i n t e r h g  i n  a i r .  

To 

Compacts of Z r 0 2 - C a O  having t h e o r e t i c a l  dens i ty  w e r e  pre- 
pared (see G - 6  and G - 7  i n  Table 3-1) but they w e r e  f u l l  of 
cracks and, t he re fo re ,  not u s e f u l  f o r  the  preparat ion of 
e l e c t r o l y t e  sl ices.  

The hot-pressed Zr02-Y203 compacts d id  not  exh ib i t  the  m u l t i -  
p l e ,  coarse cracks of t he  Z r 0 2 - C a 0  p ress ings ,  but suf fe red  
from a d i f f e r e n t  de fec t ,  namely s t r a i n .  To obta in  leak- f ree  
s l ices ,  t he  ZrO2-Y2O3 compacts had t o  have an average bulk 
dens i ty  of a t  least 94% of t he  t h e o r e t i c a l  x-ray densi ty .  
Several  such pressings w e r e  obtained (see Table 3-2). In  
every case a s t r a i n  w a s  p resent  which r e s u l t e d  i n  a s p l i t t i n g  
i n t o  two pieces.  Those compacts which d id  not s p l i t  on cool- 
ing  i n  the  d i e  w e r e  processed i n t o  t h i n  slices and f i r e d  i n  
a i r  t o  1300°C. 
r e s i d u a l  s t r a i n .  S l i c e s  from the  earlier,  high-density 
ZrO2-Y2O3 press ings  (G-3 and G-4) w e r e  a i r  f i r e d  t o  1 2 O O O C .  
Some survived these  condi t ions i n t a c t  and then f a i l e d  during 
the  subsequent e lec t rode  a p p l i c a t i o n  procedure. The 130OoC 
f i r i n g  w a s  adopted as a b e t t e r  tes t  of r e s i d u a l  s t r a i n .  
e ra l  v a r i a t i o n s  i n  hot-pressing condi t ions t o  produce a 

All sl ices  so t r e a t e d  "flew apar t"  due t o  

Sev- 
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strain-free ZrO2-Y2O3 compact were tried without immediate 
success. G-44, pressed in an argon atmosphere to reduce 
interconnection of residual pores, gave relatively gas-tight 
slices which still failed by strain cracking. The Fe203 
contents of the powders used in G-53 and G-55 gave very 
high densities for Tam material; however, an iron-rich, 
second phase was produced. 

The use of Zr02-Sc20 

A l l  of the pressings listed in Table 3-3  (except G-10 and 
G-16) yielded disks which have survived the 130OoC air fir- 
ing. 
pressure applied, resulting in fracture due to excessive 
pressure at reduced temperature. In G-16, the powder batch 
was contaminated with a water soluble impurity which leached 
out on slicing. For the Zr02-Sc203 pressings, the major 
source of loss is mechanical breakage during the slLcing 
and polishing operation. 

powder has been quite successful for 
the preparation of e 4 ectrolyte disks by vacuum hot pressing. 

(In G-10, the compact was cooled in the die with ram 

A significant variation in density occurs within a given 
pressing as determined by leak checks on slices as a function 
of distance from top of pressings. The density increases 
(porosity decreases) from top to bottom of a given pressing. 
For a Zr02-Sc20 compact having a nominal bulk density below 

as electrolyte material. The pressing becomes completely 
impermeable at a nominal value of about 99%. A s  the density 
increases, the pressings become very hard and difficult to 
slice, and the mechanical loss goes up. By experience, hot- 
pressed compacts were produced such that all slices were 
useable as electrolyte disks. The variation in density within 
a pressing is probably caused by the press design. 
Astro hot press the ram pressure is applied only to the bot- 
tom die piston. 
apparently not sufficient to overcome the effect of pressing 
from only a single direction. 

about 95%, roug 2 ly half the pressing is too porous for use 

In the 

The use of a free-floating dj.e body is 

Zr02-Y203 and Zr02-Sc203 pressings were made using both Var- 
lacoid and Tam source materials. The trend in the data in- 
dicates that a denser specimen is obtained with the higher 
purity Varlacoid for a given temperature-pressure profile; 
however, the readily available, commercial Tam material 
gives good disks, and its use results in a significant sav- 
ings in the raw materials cost. After air firing, the 
Varlacoid disks are dead-white while the Tam disks have a 
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pronounced yellow color  dile t o  t h e  impuri t ies .  Both types 
have the  s a m e  oxygen conduct ivi ty ,  as a funct ion of temper- 
a ture ,  wi th in  experimental  t e s t i n g  prec is ion;  and both types 
are  t r ans lucen t ,  as  would be expected f o r  high-density,  
cubic  phase material. 

For s l i c i n g ,  a c y l i n d r i c a l  rod i s  glued t o  the  face of t h e  
pressed compact. The rod i s  clamped i n  a movable vise on a 
diamond cut-off  saw.  Af te r  much experimentation wi th  var ious 
types of diamond wheels and f i x t u r e  geometry, it has been de- 
termined t h a t  a wheel imbedded wi th  l a rge  diamonds gives the 
f a s t e s t  s l i c i n g ,  longest  l i f e ,  and least  breakage of d i sks .  
Apparently,  a chipping a c t i o n  i s  super ior  t o  a grinding a c t i o n  
f o r  s l i c i n g  t h i s  hot-pressed material. In  operat ion,  the  
vise i s  pul led  toward the  water-cooled s a w  blade by a weighted 
lever arm and pu l l ey ,  taking about two hours f o r  each s l i c e .  
Depending on t h e  thickness  of the blade,  about ,127 t o  .190 c m  
of the  press ing  i s  l o s t  f o r  each sl ice.  This i s  g rea t e r  than 
t h e  s l i ce  thickness.  

Depending on the  f i n a l  d i sk  thickness  des i r ed ,  t he  sl ices 
are cut s l i g h t l y  oversized and then lapped on diamond pol i sh-  
i n g  wheels t o  give a d i s k  wi th  f l a t  p a r a l l e l  faces.  The 
pol ished d i s k  thickness  used during t h i s  per iod has been 
mainly i n  the  range .063 t o  .127 cm. The d i sks  are then 
vacuum leak checked, pickled b r i e f l y  i n  a c i d ,  washed, d r i ed ,  
and then f i r e d  i n  a i r  f o r  about four  hours a t  a nominal 
130OoC, 
pared by t h i s  procedure. Most of t he  l o s s  occurs i n  s l i c i n g  
( s l i c e s  too t h i c k ,  chipped edges and the  l ike) .  None has 
been l o s t  on a i r  f i r i n g .  

Over f i v e  dozen d i sks  of Zr02-Sc203 have been pre-  

Due t o  the  reducing condi t ions i n  the  hot  p re s s  and contact  
of the  compact w i th  t h e  w a l l s  of t he  graphi te  d i e ,  sur face  
carb id ing  and blackening can be noted ac ross  the  face of the  
d isks .  This i s  seen i n  Fig. 3-2 as a func t ion  of pene t ra t ion  
depth due t o  diffusion of oxygen r a d i a l l y  outward during 
reduct ion.  Several  d i sks  have been weighed before and a f t e r  
ox ida t ion  by a i r  f i r i n g .  
p l e s  (from press ings  G - 6  and G - 7 )  va r i ed  from 0 t o  100 p a r t s  
pe r  mi l l ion .  The Zr02-Sc20 (G-9) w a s  intermediate ,  with 
weight ga in  values ranging &om 80 t o  350 ug/g. 
weight gains  l i s t e d  above have been from press ings  made wi th  
Varlacoid material. For Tam source material, the  weight gain 
f o r  Zr02-Sc203 samples (G-13 and G-15) w a s  s i g n i f i c a n t l y  
h igher ,  i n  t h e  range of 650 t o  1,000 p a r t s  pe r  mi l l ion ,  pre- 

The weight gain f o r  Zr02-Ca0 Sam- 

A l l  of the  
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Fj-g. 3-2 Blackening of the Outer R i m  of a D i s k  Due t o  
Reduction i n  the Hot Press  
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sumably because of t he  presence of a reducible  i m p u r i t y ,  such 
as Ti02. 

The f i n a l  s t e p  i n  the  prepara t ion  of a n  e l e c t r o l y t e  d i s k  i s  
the  a p p l i c a t i o n  of e lec t rodes .  The c e n t r a l  a r ea  of t he  d i s k ,  
which i s  t o  be covered with an e l ec t rode ,  i s  f i r s t  painted 
wi th  a t h i n  coa t  of unfluxed plat inum pas te  ( cu r ren t ly  using 
Engelhard-Hanovia $16926) and then f i r e d  i n  a i r  f o r  approxi- 
mately two hours a t  a nominal 1 2 O O O C .  A 5-cm c i r c l e  i s  cu t  
from .01 em th i ck ,  expanded pla-tinum mesh, and a .05 cm 
platinum wire i s  bonded t o  the  circumference of the  mesh by 
spot  welding. A " ta i l"  of the  .05 cm P t  w i r e  i s  l e f t  f r e e  
f o r  la ter  connection of t he  e l ec t rode  t o  the  lead-through i n  
t he  body segment. The a i r - f i r e d  f i r s t  coa t  i s  repa in ted ,  the 
platinum mesh c i r c l e  l a i d  on, another  coa t  i s  appl ied  and the  
assembly i s  f i r e d  as before.  Fig. 3-3  i s  a photograph show- 
i n g  the  appearance of t he  f in i shed  d i s k  wi th  e lec t rode  i n  
place.  
t he  s a m e  t i m e .  

Electrodes a r e  a f f i x e d  t o  both s i d e s  of the  d i s k  a t  

3 . 2  CELL BODIES 

Zirconia  i s  the  obvious choice f o r  the  body segments because 
of i t s  c lose  match i n  c o e f f i c i e n t  of thermal expansion with 
the  d i sks  and because of our previous successfu l  s ea l ing  
experience wi th  z i rconia- to-z i rconia  seals i n  the  l o l l i p o p  
u n i t s .  Accordingly, a g rea t  dea l  of e f f o r t  w a s  expended i n  
diamond sawing, core d r i l l i n g ,  and gr inding high-density 
z i r c o n i a  p l a t e s  of commercially a v a i l a b l e  compositions pur- 
chased from a vendor. 
eral  had v i s i b l e  e x t e r n a l  cracks o r  s t r i a t i o n s  and w e r e  not 
processed and most of the  r e s t  had i n t e r n a l  cracks,  stria- 
t i o n s ,  o r  l a rge  voids which were apparent a f t e r  var ious 
stages of t he  diamond machining operat ions.  These f a u l t s  
forced a l l  but seven bodies and f i v e  end p l a t e s  t o  be r e j e c t -  
ed. Because of t he  high r e j e c t i o n  rate,  wear on the  diamond 
t o o l s  has been very severe ,  being appropr ia te  not t o  seven 
bodies but  t o  seve ra l  t i m e s  t h a t  number. The procedure 
descr ibed below f o r  c e l l  body f a b r i c a t i o n  w a s  evolved from 
experience gained during the  operat ion.  A l l  work w a s  per-  
formed in-house. 

Out of a t o t a l  of t h i r t y  p l a t e s ,  sev- 

As-received, round p l a t e s  are v i s u a l l y  i-nspected and those 
wi th  obvious flaws r e j ec t ed .  The balance are a i r  f i r e d  a t  
a nominal 1300OC t o  d e t e c t  s t r a i n e d  pieces  
under thermal cycling. The surviving plates are then squared- 

which f l y  a p a r t  
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Fig. 3-3 Elec t ro ly t e  Disk Showing Electrodes and Sealing R i m  
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off  on the  diamond cut-off  s a w  described i n  3.1. The 7.0 cm 
square p l a t e s  are mounted i n  a holding j i g  fas tened t o  the  
t a b l e  of a water-cooled d r i l l  p re s s  f o r  ceramics. The 5.85 cm 
cen te r  hole  i s  cu t  f i r s t  using a diamond core d r i l l .  I f  no 
l a rge  i n t e r n a l  flaws are found, the  piece i s  counter-bored t o  
form the  s e a l i n g  ledge us ing  a 6.35 c m  diameter diamond core 
d r i l l .  The corner edges are rounded of f  on a diamond lapping 
wheel. The piece i s  then mounted i n  an  o s c i l l a t i n g  d r i l l  
p re s s  where the  .10 cm gas p o r t s  and e l e c t r i c a l  lead-through 
holes  are d r i l l e d  using a s o l i d  diamond d r i l l .  The body i s  
aga in  a i r  f i r e d  a t  a nominal 130OOC t o  a l low it t o  warp, 
i f  so inc l ined .  The las t  s t e p  i s  t o  l a p  the  opposite faces  
f l a t  and p a r a l l e l  and buff the sea l ing  ledge p r i o r  t o  
e l e c t r o p l a t i n g  operat ions t o  follow. A photograph of a f in i shed  
c e l l  body component i s  shown i n  Fig. 3 - 4 .  

the  

Several  a t tempts  w e r e  made t o  hot  p re s s  z i r con ia  body blanks. 
Since the  square bodies have a t o t a l  a r e a  over one and a 
h a l f  times g r e a t e r  than the  e l e c t r o l y t e  d i s k s ,  the  e f f e c t i v e  
d i e  pressure  of the  Astro hot  p re s s  i s  l imi t ed  t o  about 2500 
p s i .  The f i r s t  square d i e  w a s  made by m i l l i n g  a 7.0 c m  sqyare 
hole  (with rounded corners)  i n  a graphi te  cy l inder  with match- 
ing  p is tons .  The f i t  between p i s tons  and d i e  cav i ty ,  of 
necessity,  could not be as c lose  and as uniform as f o r  a cy l in -  
d r i c a l  d i e .  This d i e  l a s t e d  f o r  only one run. On the  second 
run,  t he  d i e  f r ac tu red  and broke the  graphi te  hea te r  of the  
hot  press .  Subsequent square d i e s  which could be employed 
f o r  s eve ra l  ho t  press ings  w e r e  constructed using a novel 
technique. Graphite shim-plates were made, so  t h a t  when 
placed around the  circumference of t he  square p i s tons ,  a 
cy l inde r  w a s  produced t h a t  could be f i t t e d  c lose ly  t o  the  
i . d .  of a cy l ind? ica l  cav i ty .  Since the  0.d. of t he  d i e  
body i s  l imi t ed  t o  six inches,  t h e  d i e  w a l l  th ickness  i s  r e -  
d~iced t o  about 1.6 inches. This has been found s u f f i c i e n t  t o  
conta in  an i n t e r n a l  cav i ty  pressure of 2500 p s i .  

A commercially a v a i l a b l e ,  s t a b i l i z e d  z i r con ia  powder, Zircoa 
B (10 mole% CaO i n  ZrO2)  w a s  employed f o r  hot  press ing  c e l l  
bodies (see Table 3-1). The average 91% dens i ty  press ing  
obtained i n  G-12 had a low enough permeabi l i ty  a t  the  bottom, 
but  w a s  too permeable a t  the  top. Increasing the  temperature 
and pressure t o  the  condi t ions of G - 3 3  gave a 97% dense com- 
pac t  which had low permeabi l i ty  throughout. However, t he  
G-33 press ing  w a s  s t r a i n e d  and f r ac tu red  on a i r  f i r i n g  j u s t  
l i k e  the  high-density Z r 0 2 - Y 2 0 3  compacts. I n  run G-42, t he  
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Fig, 3-4  Ceramic Cell Body 
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pressing was carried out in an atmosphere of argon, instead 
of the usual vacuum. 
less channelization of pores and thereby a reduced permeabil- 
ity. The result was a net increase in porosity due to a much 
lower achievable density, In G-22, the square die assembly 
was fitted with a central, hollow graphite core to produce a 
cell body with pre-formed center hole. The pressing cracked 
on cooling due to the differential shrinkage between the 
ceramic body and the graphite core. 

It was hoped that this might lead to 

A high degree of success has been achieved in hot pressing 
cell body components from magnesium oxide (see Table 3-4). 
Commercially available, USP grade MgO is used without further 
treatment , The higher bulk density "Heavy-Grade" powder 
appears to hot press better than the ''LightT1 powder, and re- 
quires no pre-compaction to get enough powder into the die 
for a full-thickness cell body component. Among the MgO 
pressings produced only two have fractured on subsequent 
air firing (which is carried out at a nominal 12500C to 
avoid approaching the hot-pressing temperature). 
pieces were full area end plates, which appear to be more 
sensitive to thermal shock than the center-core-drilled body 
segments. The body segments were shaped using the same 
diamond tooling described for Zr02. 
easier to machine, gave less tool wear, and did not fracture 
on machining. 
plates were produced. 

These two 

The MgO blanks were 

Eight cell body components and three end 

A material of potential interest for the preparation of cell 
body components is fired talc (magnesium silicate), because 
its coefficient of thermal expansion is close to that of sta- 
bilized zirconia. The natural mineral is available as Ameri- 
can Lava Corp,, Lava grade 1136. A problem in using the 
natural stone is that only a fraction of the pieces are 
crack free and therefore suitable for fabrication of cell 
body components. A selection was made from a shipment of 
Lava 1136 plates, and a few found free enough of large-scale 
cracks to allow machining and firing into cell body components 
suitable for subsequent sealing tests. 

Talc has the nominal composition 3MgO*4SiO2*H20, and, on fir- 
ing at"311000C, loses water to become a steatite-like ceramic. 
The results of hot pressing talc are given in Table 3-5. 
G-21, the product (probably not dehydrated) was full of 
cracks. For the remaining runs, USP grade talc was first 
dehydrated, as a powder, at a nominal llOO°C, to allow hot 
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pres s ing  t o  higher  temperatures.  A t  tes t  pressures  of about 
2500 p s i  ( the  m a x i m u m  a v a i l a b l e  f o r  a f u l l - a r e a ,  square d i e )  
t h e  compacts w e r e  too  porous. Rais ing t h e  pressure t o  near ly  
3500, and dropping the  temperature s l i g h t l y ,  allowed the pre- 
pa ra t ion  of high q u a l i t y  press ings  i n  t h e  smaller, round d ie .  
To ob ta in  t h e  higher  pressure i n  the  l a r g e r  cav i ty ,  sqxare 
d i e ,  a center  i n s e r t  w a s  employed. 
ever, w a s  too  much f o r  the  th inner  outer  d i e  w a l l .  

The h igh  pressure ,  how- 

Another magnesium s i l i ca t e  composition which has a c o e f f i c i e n t  
of expansion c lose  t o  t h a t  of s t a b i l i z e d  Z r O  i s  syn the t i c  

ture of MgO+Si02 (under the  condi t ions ernployed f o r  calcined 
ta lc )  gave porous compacts having 89% t h e o r e t i c a l  densi ty .  

f o r s t e r i t e ,  2MgO-Si02. Several a t t e q p t s  t o  E ot press  a mix- 

A six-cell  body, assembly mock-up w a s  prepared from Lava A,  
a machinable, l a r g e l y  aluminum s i l ica te  s tone ava i l ab le  from 
American Lava Corp. This material i s  l a r g e l y  crack f r e e  and 
f i r e s  exac t ly  t o  s i z e ;  however, i t s  expansion c o e f f i c i e n t  i s  
too  much smaller than s t a b i l i z e d  Z r 0 2  t o  a l low sea l ing  t o  
e l e c t r o l y t e  d i sks  . 
3 . 3  SEALING 

3.3.1 Individual  Cells 

The noble m e t a l  s ea l ing  technique t h a t  proved r e l i a b l e  i n  the 
2016-hr run  of t h e  l o l l i p o p  u n i t  w a s  chosen as t h e  b a s i s  f o r  
t he  seals i n  t h e  12-A u n i t .  The l a r g e  scale-up f a c t o r  i n  
both s i z e  and number of seals between the  l o l l i p o p  and the 
12-A u n i t  necess i t a t ed  several modif icat ions and extensions 
of this  s e a l i n g  procedure as follows: 

(1) Whereas the  l o l l i p o p s  contained two types of seals, 
namely, "conical" (or  tube-to-body) and llledgelT (or  
disk-to-body) seals, the  12-A e l e c t r o l y z e r  of the 
design descr ibed i n  sub-sect ion 2.2 above r equ i r e s  
fou r  types of seals, namely, conica l ,  ledge, body- 
to-body, and w i r e  ( e l e c t r i c a l  leads through the 
w a l l s  of t he  ceramic bodies) seals. 

(2) Noble m e t a l  brazes  melting a t  several temperatures 
were used t o  permit s e a l i n g  the  e l e c t r o l y z e r  i n  
s t ages  r a t h e r  than making a l l  the  seals simultane- 
ously as had been done wi th  the  lo l l i pop .  
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( 3 )  Development work w a s  c a r r i e d  out  t o  extend the seal- 
ing  technique t o  ceramics o ther  than zirconia .  

The bas i c  s ea l ing  procedure f o r  a l l  four  types of seals l i s t e d  
above w a s  the  same as t h a t  used i n  the  l o l l i p o p  (Ref. 3 ) ,  
t h a t  i s ,  cleaning, s e n s i t i z i n g ,  and p l a t i n g  followed by 
furnace brazing i n  a i r  wi th  noble m e t a l  brazes.  A series of 
experiments w a s  conducted i n  which Zr02-Sc203 d isks  of approx- 
imately 6.35 c m  diameter wi th  thicknesses  ranging from .063 
t o  .14 c m  w e r e  sea led  i n t o  z i r con ia  bodies. The rate of 
f r a c t u r e  of d i sks  wi th  thicknesses  less t h a n 3 0  c m  w a s  ex- 
cessive leading t o  the  adoption of t he  range . l O  t o  .13 c m  
as our "standard" thickness  f o r  subsequent prepara t ion  of 
c e l l s  intended f o r  t he  1 2 - 8  e l ec t ro lyze r .  The s m a l l  number of 
good z i r con ia  bodies a v a i l a b l e  (see sub-sect ion 3.2 above) 
necess i t a t ed  removal of broken o r  unsealed d i sks  a f t e r  many 
of the  experiments and r e -p l a t ing  of both d i sks  and bodies. 
Our masking techniques w e r e  adequate t o  permit complete o r  
p a r t i a l  r e -p l a t ing  as required without damage t o  the elec- 
t rodes  o r  t o  remaining p l a t ed  areas. 

Seals w e r e  made a t  temperatures above the  gold poin t  by the  
use of gold a l l o y s  in s t ead  of pure gold i n  the  furnace braz- 
i ng  s t e p  of t he  s e a l i n g  procedure. Changing from a pure 
m e t a l  t o  a n  a l l o y  s o l i d  s o l u t i o n  introduces the  complication 
t h a t  each a l l o y  has a melting range approximately equal t o  
the  temperature d i f f e rence  between the  so l idus  and the  l iqu idus  
of the  appropr ia te  phase diagram, r a t h e r  than a sharp melt ing 
poin t .  The exact melting range during a p a r t i c u l a r  s ea l ing  
opera t ion  depends on t h e  rate of r ise of t he  furnace tempera- 
ture,  t h e  a l l o y  composition, t he  nature  of t he  s e n s i t i z e d  
su r faces ,  the  re la t ive amounts of f u s i b l e  a l l o y  and p l a t ed  
m e t a l ,  and the  geometry of t he  p a r t s  being sea led  together.  
The furnace temperature-time p r o f i l e  and the  geometry de t e r -  
mine the  temperature a t  the  seal i t s e l f ,  a r i se  of t h i s  temp- 
erature above the  so l idus  i n i t i a t i n g  melting. A s  an a l l o y  
m e l t s ,  the  composition of the  l i q u i d  phase i s  d i f f e r e n t  from 
t h a t  of t h e  s o l i d  phase and the  rate of mel t ing w i l l  inf luence 
the  ex ten t  of t h i s  d i s p a r i t y  a t  any given t i m e .  
t i o n  i s  f u r t h e r  changed as the  l i q u i d  m e t a l  w e t s  and d i s so lves  
s o l i d  m e t a l  p l a t ed  onto the  ceramic sur face  being sealed.  The 
nature  of these  sur faces  (e.g., composition, dens i ty ,  rough- 
ness ,  po ros i ty )  and the  r a t i o  of f u s i b l e  t o  non-fusible metal 

The composi- 
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both g r e a t l y  inf luence the  melting range and concentration 
gradients .  A t  one extreme, the sea l ing  a l l o y  could f a i l  t o  
fuse  adequately leaving a n  unsealed area and a t  the o ther  
extreme, the  l i q u i d  m e t a l  could completely d isso lve  the  
p l a t ed  m e t a l  coa t ing  from the  ceramic leaving  a gap. 

U s e  of t h i s  s e a l i n g  technique i n  p r a c t i c e  depends upon a reali- 
z a t i o n  of the  p rope r t i e s  of a l l o y s  and melting condi t ions jus t  
discussed but i t  a l s o  re l ies  on previous experience wi th  the 
gold seals of the  l o l l i p o p  u n i t s  and on observation of the 
results of empir ical  a l l o y  sea l ing  experiments. 
and gold-palladium a l l o y s  melting over the  temperature range 
1085 t o  1 1 6 O o C  w e r e  used. 
furnace temperature-time p r o f i l e  and visual observation of 
t h e  s e a l i n g  reg ion  and surrounding ceramic during a sea l ing  
run enabled the a l l o y  technique t o  be used successful ly .  Top 
and bottom views of a sealed z i rconia  c e l l  are shown i n  Figs,  
3-5 and 3-6. The a l l o y  bead can be seen around the  perimeter 
of t h e  e l e c t r o l y t e  d i s k  and on both e lectr ical  leads.  The 
top  and bottom sur faces  of the segment are p l a t ed  and are 
ready f o r  s e a l i n g  i n t o  the  12-A u n i t  w i th  lower melting a l l o y s  
o r  gold. 

Gold-platinum 

Measurement and con t ro l  of the 

Ledge seals (disk-to-body) of t he  type i l l u s t r a t e d  w e r e  s ens i -  
t ive  t o  thermal shock and became leaky on cyc l ing  t o  1000°C 
where the  heat-up t i m e  w a s  two hours o r  less. 
assembly of t h ree  such cel ls  i n t o  a 12-A u n i t  (see the follow- 
ing  sub-sect ion) ,  therefore ,  the  rate of temperature change 
w a s  c a r e f u l l y  held t o  less than 2OC per  minute. 
seals exhib i ted  no such tendency t o  leak. 

I n  subsequent 

The w i r e  

I n  s e a l i n g  experiments w i t h  ceramic bodies o the r  than z i rco-  
n i a ,  the  z i r con ia  e l e c t r o l y t e  d i sks  w e r e  s e n s i t i z e d  and p l a t -  
inum p la t ed  as before;  the  non-zirconia (e.g., magnesia) 
bodies and end p l a t e s  w e r e  p l a t ed  wi th  metals matching t h e i r  
c o e f f i c i e n t s  of thermal expansion and the  brazed seal w a s  
made wi th  a l l o y s  s i m i l a r  t o  those used i n  the  zirconia- to-  
z i r con ia  seals described above. The e lectr ical  leads w e r e  
of a higher  mel t ing alloy than any t o  be m e l t e d  i n  t h e  seal- 
ing  operat ions and matched the  thermal expansion of the  cer- 
a m i c  through which they w e r e  sealed.  
c o e f f i c i e n t s  of thermal expansion f o r  
i n t e r e s t  i n  t h i s  program are given i n  

Appioximate values of 
some materials of 
Table 3-6. 
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Fig. 3 - 5  Top V i e w  of a Zirconia  C e l l  
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Fig. 3 - 6  Bottom V i e w  of a Zirconia Cell 
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Table 3-6 

COEFFICIENTS OF THERMAL EXPANSION (107cm/cm-~~) 

I C e r a m i c s  

MgO 160 

Lava 1136 110 

Z r 0 2  100 

A1203 80 

Lava A 40 

Noble Metals 

A u  

Pd 

P t  

Rh 

Ir 

160 

130 

100 

95 

75 

It i s  apparent from Table 3-6 t h a t  t he  pure noble metals o r  
s u i t a b l e  binary a l l o y s  can be used t o  match a l l  of the  cer- 
amics except Lava A. For magnesia, the  surface t o  be sea led  
w a s  p l a t ed  wi th  a gold-palladium a l l o y  having a melting range 
above t h a t  of the  f u s i b l e  a l l o y s  used t o  make the seal. 
Although, wi th  magnesia bodies,  no successfu l  ledge seals 
w e r e  made, the  w i r e  seals w e r e  gas- t igh t .  Successful gas- 
t i g h t  seals of both types w e r e  made wi th  Lava 1136 bodies. 

3.3.2 M u l t i - C e l l  Units 

Individual  ce l l s ,  each cons i s t ing  of a z i r con ia  d i sk  sea led  
i n t o  a ceramic body a l s o  carrying sea led- in  .10 c m  e lec t r i -  
ca l  leads  as descr ibed and shown above, w e r e  sea led  together  
i n  a n  add i t iona l  furnace brazing opera t ion  us ing  a lower 
melt ing a l l o y  than t h a t  used t o  seal the  d i s k  and w i r e s .  
Experimental body-to-body seals were made wi th  both Lava 
1136 and z i r con ia ,  t h ree  bodies i n  each case, before pro- 
ceeding t o  assemble a 12-A e l ec t ro lyze r .  This s ea l ing  
geometry presented no p a r t i c u l a r  d i f f i c u l t i e s  and gave 
very t i g h t  seals unaffected by cyc l ing  t o  1000°C. 

,The four  z i rconia  gas manifold tubes w e r e  a t tached  t o  the  
top  p l a t e  by d r i l l i n g  conical  ho les  i n  the  p l a t e ,  making 
conica l  ends on the  tubes ground t o  f i t ,  p l a t i n g  both sur- 
faces, and brazing w i t h  gold-palladium a l l o y  i n  the  115OoC 
range. These seals a l s o  presented no d i f f i c u l t y  and, a l -  
though some minor leaks occurred i n  the  f i r s t  sea l ing  run,  
they w e r e  e a s i l y  r e sea l ed  by adding a d d i t i o n a l  gold p r i o r  t o  
t h e  body-to-body brazing operation. Later conica l  seals w e r e  
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gas - t igh t  as a resul t  of t he  a l l o y  braze a lone ,  but gold w a s  
added as a precaution. 

Using the  techniques described above, a t o t a l  of th ree  12-A 
C02-HzO e l e c t r o l y z e r s ,  each containing th ree  20 cm2 ce l l s ,  
w a s  built.  Each u n i t  used z i r con ia -ca l c i a  bodies and tubes. 
Two views of one of the  12-A u n i t s  are shown i n  Figs. 3 - 7  
and 3-8.  No p a r t i c u l a r  care w a s  taken wi th  the  f i r s t  two 
u n i t s  as far as c o n t r o l l i n g  the  rates of temperature change 
dur ing  the  f i n a l  s ea l ing  opera t ion  and subsequent t e s t ing .  
Both u n i t s  proved t o  have s i g n i f i c a n t  leaks between the  
cathode and anode chambers, although there w e r e  no ex te rna l  
leaks.  The assumption w a s  made t h a t  t he  ledge seals (disk- 
to-body) had opened up s l i g h t l y  because of thermal shock and 
t h e  two u n i t s  w e r e  disassembled by melt ing the  seals. No 
cracks were found i n  the  d i sks ,  f u r t h e r  s t rengthening the  
b e l i e f  t h a t  t he  leaks  w e r e  through the  ledge seals. 

Fabr ica t ion  of t he  t h i r d  12-A e l e c t r o l y z e r  followed the  same 
procedure as t h e  f i r s t  two wi th  two important modifications.  
Each of the  th ree  cel ls  w a s  leak-checked a t  a pressure of 
0.5 p s i  us ing  soap so lu t ion .  Previous l eak - t e s t ing  w a s  not 
done under con t ro l l ed  pressure.  This t e s t  pressure app l i e s  
a force  of 2.5 pounds t o  the  5 square inch disk.  When it  i s  
considered t h a t  t he  m a x i m u m  pressure drop i n  the  e l e c t r o l y z e r  
during i t s  opera t ion  i s  of t he  order  of 0.02 p s i ,  a t e s t  
pressure  of 0.5 p s i  would appear t o  provide an  adequate leak  
check. Apart from t h e  q u a n t i t a t i v e  pressure test ,  t h e  o the r  
modif icat ion i n  assembly of t he  t h i r d  u n i t  w a s  t o  cont ro l  
t h e  rate of temperature change t o  less than 2OC per  minute 
during f i n a l  s e a l i n g  and subsequent heat-up f o r  t e s t ing .  
These assembly procedures yielded the  12-A e l e c t r o l y z e r  f o r  
which t e s t i n g  and opera t iona l  da ta  are presented i n  Sect ion 
5 below. 
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Fig. 3-7 Twelve-Ampere Electrolyzer 
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Fig. 3-8 Close-up of Twelve-Ampere Electrolyzer 
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Section 4 

CATALYTIC REACTOR 

The catalytic disproportionation of carbon monoxide has been 
reported utilizing carbonyl iron (Ref. 7), Girdler catalyst 
H219 (NiO) (Ref. S ) ,  and iron (Ref. 9) or steel. It seemed 
reasonable in our investigation to test the relative merits 
of such catalysts which in turn would aid us in designing a 
suitable reactor for the twelve-amp2re carbon dioxide elec- 
trolyzer . 
The investigation encompassed two main areas of endeavor: 
the design of suitable reactors and the test of several cat- 
alysts. Since it is well established that metals such as 
steel are good catalysts for carbon deposition, a mullite 
reaction vessel which is found to be non-catalytic was used 
to avoid the contribution of wall reactions. 

The reaction vessel consisted of a mullite tube (30  mm i.d. 
and 450 rrun in length) with suitable O-ring tapered joints. 
The catalyst was placed in the reactor and flushed with helium 
at the reaction temperature. The metered reaction gases (pure 
CO or a mixture of CO-CO2 diluted with a few percent of hydro- 
gen) were allowed to flow through the reactor which was vented 
to the atmosphere. At suitable time intervals, an aliquot 
of the effluent gas was diverted into the gas chromatography 
instrument and the reaction products were analyzed. A 10-H 
Poropak Q column and 2-ft. molecular sieve 5A column were 
employed at 35OC to separate the individual gas components. 
The flow rates of gases were measured employing calibrated 
rotameters. The reaction temperature was 575OC and the flow 
rate of reactant gas was 180 ml/min throughout this phase of 
our investigation. 

Several test runs were made using carbonyl iron powder (Gen- 
eral Aniline and Film Company, grade E). Whether carbonyl 
iron powder was dispersed on quartz wool (0.12 g catalyst) 
or placed in a combustion boat (0.54 g catalyst), about 10% 
of the initgal carbon monoxide (initial CO/C02=1) was con- 
verted to carbon dioxide. After the run with a 50-50 mix- 
ture of CO-C02 was completed (carbonyl iron in boat), the 

40 



gas mixture w a s  replaced wi th  pure CO and t e s t ed .  
conversion w a s  observed. 

About 50% 

The c a t a l y t i c  e f f i c i e n c y  of steel  wool (2.5 g of 000 grade) 
w a s  s tud ied  us ing  carbon monoxide. The a c t i v i t y  of t h e  s teel  
wool w a s  increased wi th  exposure t o  CO and reached a maximum 
rate a f t e r  t h r e e  hours. The m a x i m u m  ra te  of conversion of 
CO w a s  about 70%. 

I n  v i e w  of t he  high c a t a l y t i c  a c t i v i t y  of steel ,  a steel  
r e a c t o r  w a s  f ab r i ca t ed  i n  which t h e  w a l l  of the  vessel ac ted  
as the  source of c a t a l y s t  f o r  t h e  d ispropor t iona t ion  of CO. 
A s teel  pipe ( 3  inches i . d . )  w a s  cut t o  des i r ed  length  and a 
cap wi th  a gas o u t l e t  p o r t  w a s  welded on t o  one end. 
O-ring f lange wi th  a gas i n l e t  p o r t  w a s  incorporated a t  the  
o the r  end. The r e a c t o r  w a s  heated i n  a 12-inch long furnace.  

An 

Af te r  continuous opera t ion  f o r  more than 40 h r ,  the  r e a c t o r  
w a s  cooled down and examined. The carbon had deposited 
along the  hot  zone of the  w a l l  over a d is tance  of s ix  inches 
and extended t o  a thickness  of about an  inch. The contents  
of t he  r e a c t o r  w e r e  removed and found t o  weigh 87 grams. A s  
shown i n  Fig,  4-1 ,  the  conversion rate of CO t o  C 0 2  increased 
wi th  exposure t i m e  and reached a maximum level of 75%. Using 
t h i s  r e a c t o r ,  a longer dura t ion  run  w a s  made with-98% CO + 

~ 2 %  H2 t o  determine the  m a x i m u m  opera t ing  t i m e  t h a t  could be 
used before plugging would become a problem. 
terminated a f t e r  e i g h t  days (200 h r )  of operat ion a t  which 
t i m e  t h e r e  w a s  no evidence of plugging (no pressure r ise i n  
the r e a c t o r ) .  Upon examination of t he  r e a c t o r ,  t he  e n t i r e  
c ross -sec t ion  of t h e  pipe w a s  f i l l e d  wi th  carbon deposi t .  
I t  i s  of i n t e r e s t  t o  note t h a t  a r e a c t o r  pre-conditioned by 
previous use as a CO d ispropor t iona tor  exhib i ted  no induc- 
t i o n  t i m e  (Fig. 4-1, 2nd Run). 

The run w a s  
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Section 5 

TESTING 

5.1 SINGLE CELLS 

AC conductivity measurements were made in air on three hot- 
pressed zirconia-scandia electrolyte disks having a 20 cm2 
electrode area. A General Radio 1650-B Impedance Bridge at 
a frequency of 1000 Hz was used. The electrolyte disks 
used were prepared from Varlacoid zirconia powder containing 
7.9 mole% scandia (G-gH, RG-9G) and Tam zirconia powder con- 
taining 8 mole% scandia (G-15B). The G-9HY RG-gG, and G-153 
disks were of .085, .081, and .076 cm thickness respectively. 
A schematic drawing of a cell showing the disk, electrodes, 
current leads and voltage probes is shown in Fig. 5-1. All 
specific conductivity values have been corrected for lead 
resistances and are shown on a log conductivity vs. 1/T plot 
in Fig. 5-2. For comparison, bulk conductivity data are 
shown by Strickler and Carlson (Ref.10) on zirconia-scandia 
(6.0 mole% scandia) prepared by cold pressing and sintering, 
and by Ruka, Bauerle and Hrizo (Ref. 11) for 3000 to 5000 2 
thin film specimens (10 mole%,Scandia) prepared by RF sput- 
tering and subsequent sintering. Results of samples G-gH, 
RG-gG, and G-15B are in good agreement with the Carlson and 
Strickler bulk data (extrapolated below 650OC) to m5OO0C and 
deviate from the bulk data slope (low activation energy) at 
lower temperature approaching the thin film data slope (high 
activation energy) of Ruka, Bauerle and Hrizo (extrapolated 
below 50OoC), 

A possible explanation for the conductivity-temperature 
behavior and change in activation energy for the hot-pressed 
bulk samples is proposed here. In zirconia-scandia and other 
mixed oxide solid solutions having the imperfect fluorite 
structure the number of oxide vacancies or charge carriers 
has been found to be fixed by the concentration of the added 
non-reducible lower valent cation and is independent of tem- 
perature. This generalization holds true except under severe 
reducing conditions and with additions of easily reducible 
cations. For zirconia-scandia solid solutions, therefore, 
the activation energy contributes only to the motion of oxide 
vacancies and is a constant. At lower temperatures a large 
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number of oxide vacancies is trapped at various structural 
imperfections such as dislocations or by the lower valency 
cations (scandium) (Ref . 12) . Therefore the activation energy 
of conduction at lower temperatures is a sum of two or more 
energies consisting of the energy for motion of oxide vacan- 
cies and the dissociation energy necessary to free the trapped 
or complexed oxide vacancies. 

It would appear that the thin film oxide has a much smaller 
concentration of free oxide vacancies throughout the whole 
temperature range under discussion. 
films vs. bulk samples, the lower specific conductivity of 
thin films (e.g., a factor of 10 at 500 to 600OC) for the 
contemplated operating temperature must be taken into con- 
sideration. 

In considering thin 

Current voltage measurements were also made on these cells 
in air (electrolytic oxygen transfer) at current densities 
of 200 mA/cm2 and 4 A total currents in the temperature range 
780 to 98OoC. A difference in applied voltage for oxygen 
transfer depending on the direction of current was noted 
initially. This asymmetrical polarization effect was virtu- 
ally eliminated with continuous cell operation at high cur- 
rent densities and change of polarity or current direction. 
Current-voltage curves similar to those obtained here are 
presented below for each of the cells electrically series 
connected in the 12-A electrolysis unit. For the individual 
cells measured here a temperature gradient radially from the 
center to the outer rim of the electrode of +5OC was found. 
The voltage drop from the center of the electrode to the 
outer .05 cm platinum rim at the connecting . l o  cm platinum 
pigtail is m.03 volt and H.11 volt for cell currents of 1 A 
and 4 A at 825 to 85OoC, These results indicate the absence 
of an equipotential surface across the 20 cm* electrodes at 
I & l A .  

5.2 TWELVE-AME'ERE ELECTROLYZEX 

5.2.1 Experimental Details 

The preparation of the electrolyte disks and attachment of 
electrodes and the construction of the 12-A electrolysis 
unit has been described in detail in Section 3 ,  The elec- 
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t r o l y t e  d i sks  i n  the  cells  a r e  of approximate equal thickness  
of .ll cm. For review of t he  arrangement of t he  e l e c t r i c a l l y  
series-connected c e l l s  Figs.  2-5 and 2-6 should be r e f e r r e d  
to .  

Af te r  t he  f i n a l  s ea l ing  opera t ion  and cool-down t o  room tem- 
pe ra tu re ,  t he  u n i t  w a s  checked f o r  e l e c t r i c a l  s h o r t s  and 
i n f i n i t e  r e s i s t a n c e  w a s  found between a l l  sea led- in  platinum 
. l o  cm w i r e  leads.  The cel ls  w e r e  then connected extern-  
a l l y  i n  series by means of t he  w i r e  leads.  

S i m i l a r l y  f o r  review of t he  p a r a l l e l  gas flow p a t t e r n  t o  
cathode and anode chambers Figs. 2 - 1  and 2-5 should be r e -  
f e r r e d  to .  The t h r e e - c e l l  u n i t  has two interchangeable 
cathode and anode chambers each of which i s  served by a n  
i n l e t  and o u t l e t  manifold and i n l e t  and o u t l e t  po r t  hole of 
.lo cm diameter. The pressure  drop ac ross  the p o r t  holes  
of each set of chambers w a s  measured wi th  the  m a x i m u m  r e -  
qu i red  flow of 1 6 0  t o  165 ml/min of C02 and found t o  be s .5  
inch of w a t e r  ( w . 0 2  p s i ) .  To check f o r  chamber cross- leak-  
age,  one set  of gas  chambers w a s  connected t o  a 10 m l  bubble 
meter and 1 6 0  t o  165 ml/min of gas w a s  flowed through the  
o the r  chambers and vented a t  both one atmosphere and a t  1 t o  
2 inches of w a t e r  above 1 a t m .  N o  cross-leakage w a s  evident  
a t  the  bubble meter. A f i n a l  l eak  check w a s  made by immers- 
i n g  the  u n i t  i n  water and p res su r i z ing  the  in s ide  of the u n i t  
t o  .5 p s i  above atmosphere with no evidence of leakage t o  the  
outs ide .  

Af t e r  completion of these tests,  g l a s s  tubes were connected 
t o  the  z i r con ia  manifold tubes by means of brass  f i t t i n g s  
and the  u n i t  w a s  placed approximately i n  the  center  of a 
4-inch Kanthal furnace such t h a t  t he  f i t t i n g s  d id  not over- 
hea t  (see Fig. 5 - 3 ) .  The general  arrangement of the tes t  
u n i t  i s  shown schematical ly  i n  Fig. 5-4  combined wi th  the  
CO-disproportionation and C-deposition r e a c t o r  which w i l l  be 
more f u l l y  descr ibed below. Fig. 5-5 presents  the  schematic 
wi r ing  diagram of the  e l e c t r o l y s i s  u n i t  showing the  ohmic 
r e s i s t a n c e  losses, vol tage probes and cu r ren t  taps .  The 
instruments used i n  AC and DC e l e c t r i c a l  measurements are 
shown i n  block form i n  Fig. 5-6. 

The furnace i s  kept  a t  a constant  temperature by means of a n  
on-off c o n t r o l l e r .  A Pt/Pt-1O%Rh thermocouple ( top T.C.) i s  

4 7  



Fig. 5-3 Twelve-Ampere Electrolysis Unit Undergoing Testing 
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loca ted  on the  upper p l a t e  of t he  u n i t  near a z i r con ia  mani- 
f o l d  tube while a second s i m i l a r  thermocouple (bottom T.C.) 
i s  loca ted  on the  outs ide  of t he  u n i t  near t he  lower p l a t e .  
A maximum furnace cyc l ing  temperature of 5 t o  6 degrees w a s  
monitored by these  thermocouples. An a x i a l  temperature pro- 
f i l e  of t he  u n i t  wa,s made by i n s e r t i n g  a T.C. i n s ide  one of 
t he  gas mani€olds. : With the  bottom T.C. a t  845OC, the  tem- 
pe ra tu res  of the  upper (No.  4 ) ,  middle (No. 5)  and lower 
(No. 6 )  c e l l s  w e r e  es t imated t o  be 815, 820 and 825OC + 5OC 
i n  both the  r a d i a l  and a x i a l  d i r e c t i o n s .  The furnace r e -  
mained a t  the  temperature s e t t i n g  maintained during t h i s  
c a l i b r a t i o n  f o r  t he  per iod of t he  e l e c t r i c a l  measurements 
descr ibed below. 

5.2.2 Results and Discussion 

E l e c t r o l y t i c  oxygen t r a n s f e r .  E l e c t r o l y t i c  oxygen t r a n s f e r  
w a s  undertaken t o  p r e t r e a t  e l ec t rodes  by r e v e r s a l  of po lar -  
i t y  a t  given i n t e r v a l s ,  and t o  ob ta in  e l e c t r o l y z e r  opera t ing  
parameters t o  be used as a b a s i s  f o r  comparison with C02-H20 
e l e c t r o l y s i s  under dupl ica ted  condi t ions of temperature 
g rad ien t s ,  cur ren t  d e n s i t i e s  , 1 2 R  hea t ing  e f f e c t s ,  and r e -  
s i s t i v e  lead  losses .  A comparison of DC ( c e l l  r e s i s t a n c e )  and 
AC conduct ivi ty  da t a  and poss ib le  p o l a r i z a t i o n  lo s ses  can 
a l s o  be made. 
s u i t e d  f o r  t h i s  purpose. 
anodic oxidat ion of oxide ions  occur r e v e r s i b l y  on a porous 
platinum sur face  beyond the  range of our m a x i m u m  used cur ren t  
dens i ty  of 200 mA/cm2,  according t o  the  r eac t ion :  

The platinum/oxygen/oxide e l ec t rode  i s  i d e a l l y  
Cathodic reduct ion  of oxygen and 

02 + 4e 20= (5-1) 

Oxygen flow through the  cathode chambers w a s  maintained a t  
140 ml/min. Applied vol tages  measured as a func t ion  of cur- 
r e n t  a f t e r  attainment of s t eady- s t a t e  condi t ions w e r e  ob- 
t a ined  ac ross  the  u n i t  and each of t he  cells  i n  s e r i e s .  
These values uncorrected f o r  lead  r e s i s t a n c e  lo s ses  are 
shown i n  Table 5-1 and p l o t t e d  f o r  the  e l e c t r o l y z e r  ( th ree  
cells  i n  s e r i e s )  i n  Fig. 5-7. A s  can be seen from the  da t a  
i n  Table 5-1, the  vol tages  of c e l l  5 are cons i s t en t ly  lower 
than the  approximately s i m i l a r  values  of t he  o the r  two c e l l s .  
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Table 5-1 

CURRENT (A) A P P L I E D  V O L T A G E  ( V )  
Total Unit Cell 4 Cell 5 Cell 6 

(Em 1 (EAB (EBC) (ECD) 

1.00 .85 . 31 . 25 .31 

2.00 1.62 . 58 . 46 .59 

3.00 2.33 .82 . 64 .85 

4.00 2.98 1.07 .80 1.10 
i 

CURRENT-VOLTAGE FOR OXYGEN TRANSFER AT 82OoC 

Values of the lead resistance losses are presented in Table 
5-2. These values are approximate only and were obtained 
from direct measurement and calculation from wire lengths. 

Table 5-2 

APPROXIMATE VALUES OF LEAD RESISTANCE LOSSES 

t R E S I S T A N C E  I N  O H M S  I 
INTERNAL RP t4 RPt5 RPt6 Rpt (TOTAL) - - 

.07 . 06 . 07 a 19 
EXTERNAL RAu6 RCu6 RAu4 RCu4 RAu, Cu (TOTAL ) - 

e 04 . 02 . 04 . 02 -13 

Correcting for IR lead losses for cells containing electro- 
lyte disks of equal thickness, we conclude from Fig. 5-8 that 
the applied voltages across each of the series-connected 
cells are also approximately equal at constant I. From Fig. 
5-8 we see that a straight line drawn through the 2 to 4 A 
region does not extrapolate back to zero voltage. This can 
be accounted for by a small amount of 12R heating which lowers 
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t he  r e s i s t a n c e  of t he  c e l l s .  .11 
ohms f o r  t he  combined e l ec t ro ly t e -con tac t  r e s i s t a n c e  compared 
t o  a n  AC value of RAC 3 .14 ohms,at  open-c i rcu i t  s i m i l a r l y  
cor rec ted  f o r  l ead  r e s i s t a n c e  losses .  The values ca l cu la t ed  
from the  AC conductivity-temperature curve f o r  ind iv idua l  
c e l l s  are t~ .11 ohms a t  850°C and * .14 ohms a t  820OC. These 
results poin t  up sharply the  re la t ively high r e s i s t a n c e  and 
IR l o s ses  of t he  . l o  c m  P t  ser ies-connect ing lead  w i r e s  (Table 
5-2) i n  comparison wi th  the  20 cm2 e l ec t rode  area c e l l s  of 
.11 c m  thickness .  

From the  s lope w e  g e t  RDC 

C02-H20 Elec t ro lys i s .  Before connecting the  CO dispropor- 
t i o n a t o r  t o  the  12-A e l e c t r o l y z e r ,  a series of electrical 
tests w a s  made s i m i l a r  t o  those c a r r i e d  out  i n  the  oxygen 
t r a n s f e r  experiments. The tests repor ted  here  w e r e  c a r r i e d  
o u t  during a two-week per iod wi th  the  e l e c t r o l y z e r  a t  24-hr/day 
continuous operat ion except f o r  v a r i a t i o n  of current .  

A flow of C02 a t  160 t o  165 m l / m i n  w a s  passed through a 
w a t e r  s a t u r a t o r  a t  ambient temperature before en te r ing  the  
e l e c t r o l y z e r .  
sphe r i c  pressure.  A current-vol tage curve f o r  th ree  c e l l s  
i n  series uncorrected f o r  lead  r e s i s t a n c e  lo s ses  i s  shown i n  
Fig. 5-7. Voltage values  w e r e  obtained under s teady-s ta te  
condi t ions  and are independent of d i r e c t i o n  of cur ren t .  
For comparison, t he  oxygen t r a n s f e r  curve obtained under the  
same opera t ing  condi t ions i s  a l s o  shown. The appl ied v o l t -  
age d i f f e rence  i s  approximately constant  w i th  a value of 
2.5 V a t  1 A (.85 v o l t / c e l l )  compared wi th  2.8 V a t  4 A 
(. 93 v o l t / c e l l )  * The t h e o r e t i c a l  average vol tage  f o r  the  
d i s s o c i a t i o n  of C02 t o  CO and O2 a t  820 t o  850°C may be 
c a l c u l a t e d  from the  equat ion,  

The exi t  CO/COz stream w a s  vented a t  atmo- 

where E i s  the  average and Eo t he  s tandard t h e o r e t i c a l  vo l tage ,  
An the  moles of C02 converted t o  CO and ni, pi, n pf are the  
i n i t i a l  and f i n a l  moles and pressures  of CO and C6;. The 02 
evolved a t  1 a t m .  can be neglected here.  The d i f f e rence  i n  
app l i ed  vol tage  due t o  the  d i f f e rence  i n  gas composition of 
14%CO a t  1 A ( th ree  cells  i n  s e r i e s )  versus  55%CO a t  4 A can 
be obtained from the  Nernst equation, 
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A c a l c u l a t i o n  a t  825OC gives  a n  appl ied  vol tage of N.88 V 
f o r  14% CO a t  1 A andw.98 V f o r  55% CO a t  4 A. An increase 
i n  vol tage  of .10 v o l t  corresponds q u a l i t a t i v e l y  with the  
results i n  Fig. 5-7. The s m a l l  a d d i t i o n a l  c e l l  vol tage 
a r i s i n g  from the  e f f e c t  of a n  increase  i n  temperature from 
1 2 R  hea t ing  on t h e  r e l a t i o n  between temperature and theore- 
t i c a l  vol tage  as given i n  Eq. (5-3) may be neglected here.  

Several conclusions can be drawn from these  results:  

(1) The values of t he  DC r e s i s t a n c e  per  20 cm2 ce l l  
during CO2 e l e c t r o l y s i s  appear 
values obtained f o r  e l e c t r o l y t i c  oxygen t r a n s f e r .  

t o  be c lose  t o  the  

( 2 )  Electrode PO a r i z a t i o n  e f f e c t s  a t  cu r ren t  d e n s i t i e s  
t o  200 mA/cm b f o r  the  cathodic  r eac t ion ,  

C O ~  + 2e- + co + O= (5 -4 )  
appear t o  be low o r  neg l ig ib l e  us ing  t h e  oxygen 
e l ec t rode  r eac t ion ,  Eq. ( 5 - l ) ,  as a reference.  

( 3 )  The app l i ed  vol tages  cor rec ted  f o r  lead  r e s i s t ance  
l o s s e s  per  series-connected ce l l  are approximately 
equal  (Fig. 5-8). 

( 4 )  A neg l ig ib l e  vol tage  d i f f e rence  ind ica t e s  no gross  
imbalance between p a r a l l e l  CO2 gas flows i n  the  
cathode chambers and consequent absence of concen- 
t r a t i o n  po la r i za t ion .  

The f a r a d a i c  e f f i c i e n c y  f o r  oxygen production (cur ren t  e f f i -  
ciency) w a s  measured during the  CO2 e l e c t r o l y s i s  experiments 
descr ibed above. The oxygen evolved e l e c t r o l y t i c a l l y  a t  the  
anodes w a s  monitored by means of a 10-ml bubble m e t e r .  The 
t h e o r e t i c a l l y  requi red  oxygen flow rate equivalent  t o  12  A 
(4 A per  c e l l  f o r  t h r e e  cel ls  connected i n  s e r i e s )  i s  
45.6 ml/min (25OC, 1 atm.). Cons is ten t ly  higher  flow r a t e s  
of from 3 t o  4 ml/min w e r e  found. Similar  results w e r e  
obtained when the  cathode and anode chambers w e r e  i n t e r -  
changed. Repeated tests f o r  cross-leakage a t  open c i rcui t  
and a flow of 160 t o  165 ml/min of CO2 through t h e  cathode 
chambers a t  temperature gave no i n d i c a t i o n  of a measurable 
gas f l o w r a t  t h e  bubble meter. 

P res su r i z ing  the  C 0 2  o u t l e t  stream a t  2 t o  4 t i m e s  t he  pres-  
sure drop found ac ross  a set of gas chambers gave a leak  
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ra te  on the  bubble m e t e r  of .4 ml/min, a leak i n s u f f i c i e n t  
t o  account f o r  t he  inter-chamber leakage found wi th  oxygen 
flowing i n  the  anode chambers. 

Analysis of t h e  oxygen stream obtained by e l e c t r o l y s i s  w a s  
c a r r i e d  out by gas chromatography us ing  a syringe technique 
t o  sample the  gas. The oxygen stream w a s  found t o  contain 
7 t o  8% C O z  by volume a t  room temperature and pressure.  To 
check whether t h i s   leakage^ e f f e c t  occurred only during elec- 
t r o l y s i s ,  t he  e l e c t r o l y t i c a l l y  formed oxygen w a s  replaced 
wi th  tank oxygen flowing a t  50 t o  60 ml/min. The oxygen 
stream w a s  aga in  found t o  conta in  7 t o  8% C 0 2  by volume. 

The problem of cross-leakage wi th  gas flowing i n  the anode 
and cathode chambers and neg l ig ib l e  cross-leakage with gas 
flowing only i n  one set of chambers i s  apparent ly  due t o  a 
s m a l l  inter-chamber leak whose loca t ion  has not y e t  been 
determined. A t  t h i s  s t age ,  the  c a t a l y t i c  r e a c t o r  (steel  
pipe used i n  Sect ion 4 )  w a s  connected t o  the  1 2 - A  e l e c t r o -  
l y z e r  as shown i n  Fig. 5-4 and the  in t eg ra t ed  u n i t  w a s  placed 
on l i f e - t e s t .  
and i s  a t  875 + 10°C while the  r e a c t o r  temperature i s  a t  
565 + 1OOC. A-flow of carbon dioxide of 160 t o  165 m l / m i n  
i s  pzssed through the  w a t e r  s a t u r a t o r  and then t o  the elec- 
t r o l y z e r  u n i t  where the  C 0 2  i s  e l ec t ro lyzed  a t  4 A per  ce l l  
(12 A t o t a l ) .  The e f f l u e n t  CO-CO mixture from the  e l e c t r o -  

i s  vented a t  one atmosphere pressure.  Analysis of cathode, 
anode and r e a c t o r  gas streams i s  being made pe r iod ica l ly .  
The e lectr ical  c h a r a c t e r i s t i c s  of the  e l e c t r o l y s i s  u n i t  are 
a l s o  being monitored. 

The e l e c t r o l y z e r  temperature w a s  raised-500C 

l y z e r  then flows through the  cata 2 y t i c  d i spropor t iona tor  and 
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Sect ion 6 

DISCUSSION 

ar 

The research  and development program described i n  t h i s  r e p o r t  
r e s u l t e d  i n  design, f a b r i c a t i o n  and t e s t i n g  of a 12-A CO2-HzO 
e l e c t r o l y z e r  and 60 disproport ionator .  During the  course of 
t h i s  work, a number of problems w e r e  solved, but areas r equ i r -  
i ng  f u r t h e r  development remain before systems based on s o l i d  
oxide e l e c t r o l y t i c  cel ls  can a t t a i n  the  r e l i a b i l i t y  required 
f o r  actual l i f e - suppor t  use. The purpose of t h i s  s ec t ion  i s  
t o  summarize the  sequence of f a b r i c a t i o n  and opera t iona l  
s t e p s  t h a t  were performed during the program, t o  poin t  out  
those s t e p s  which we bel ieve t o  be r e l a t i v e l y  w e l l  developed 
now and those which are not ,  and t o  d i scuss  app l i ca t ion  of 
t h e  results of t h e  program t o  fu tu re  development of l a r g e r  
u n i t s .  

6 .1  SUMMARY OF THE DEVELOPMENT PROGRAM 

The sequence of s t e p s  involved i n  f a b r i c a t i o n  and t e s t i n g  of 
t he  12-A e l e c t r o l y z e r  and c a t a l y t i c  r e a c t o r  w a s  as follows: 

(1) Prepara t ion  of s t a b i l i z e d  z i r con ia  powder 

(2) Hot press ing  of 6 . 3 5  c m  diameter ceramic s lugs  

( 3 )  S l i c i n g  d i sks  from the  s lugs  

( 4 )  Pol i sh ing  the  d i sks  

(5)  P l a t i n g  t h e  d i s k s  f o r  s e a l i n g  

(6 )  Applicat ion of e l ec t rodes  and g r ids  

(7 )  Diamond machining c e l l  ljodies from ceramics 

( 8 )  P l a t i n g  the bodies f o r  s ea l ing  

(9) Furnace brazing d i sks  t o  bodies t o  form i n d i v i -  
dua l  cells  
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(10) Leak checking each cell 

(11) Diamond machining and plating end plates 

(12) Conicalizing and plating ends of ceramic tubes 

(13) Furnace brazing four tubes to top plate and leak 
checking 

(14) Furnace brazing bottom plate, three cells and top 
plate with tubes together to form 12-A unit 

(15) Checking for both internal and external leaks at 
room temperature 

(16 )  Making electrical connections 

(17) Setting up the electrolyzer in a furnace and leak 
checking at high temperature 

(18) C02-H20 electrolysis testing 

(19) Construction of iron catalytic reactor 

( 2 0 )  Pre-treatment of the reactor 

(21) Connection of the electrolyzer and the reactor 
and operation of both 

6.2 PRESENT STATE OF THIS TECHNOLOGY 

Fabrication, by hot pressing, of 6.35 cm diameter scandia- 
stabilized zirconia disks and application of platinum elec- 
trodes proceeded satisfactorily to give electrolytic cells 
of high ionic conductivity which met the operating require- 
ments of the 12-A unit for C02-H20 electrolysis. 
drilling, grinding and polishing of both the disks and ceramic 
bodies has been developed sufficiently to produce the desired 
dimensions and surface finish. The cleaning, sensitizing 
and plating procedures yield uniform precious metal deposits 
compatible with the ceramic substrates and of adequate thick- 
ness and adhesion for the sealing process. The precious 
metal brazing technique using alloys gives reliable high- 

Diamond 
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temperature wire, body-to-body, and conical seals, but is 
less reliable at this point for the disk-to-body (ledge) seals. 
The validity of the basic design concepts (see Section 2) has 
been reinforced by this fabrication and testing program. 
However, the shape and dimensions of the zirconia bodies pre- 
sent serious fabrication problems. In addition, behavior of 
the ledge seals upon rapid temperature cycling and other test- 
ing gave some indication that this body geometry adversely 
affected these seals. The bodies used for the constmictinn 
of this 12-A unit were not intended as the optimum in shape, 
wall thickness or weight but were used for convenience in 
fabrication, as described in Section 2. 

The conclusion that solid oxide electrolytic cells are the 
most promising route for oxygen recovery from carbon dioxide 
for long duration space missions was reached by the Hamilton 
Standard Division of United Aircraft Corporation under a 
NASA-funded review of aerospace life-support systems (Ref. 
13). The performance of the 12-A prototype unit described 
above would appear to add further weight to this conclusion. 
It is also of interest to note that Prof. L. G. Austin of 
North Carolina State University in a NASA-funded review of 
government-supported fuel cell research stated, in reference 
to solid oxide fuel cells, that "...the mechanical problems 
of making plate cells and stacks will have to be solved." 
(Ref. 14) We feel that this statement is equally valid for 
solid oxide electrolyzers and that the techniques now being 
developed will lead to solutions of these problems. 

The work to date has developed important elements of high- 
temperature solid oxide electrolyte technology such as the 
large ceramic electrolyte disks, electrodes, seals, manifold- 
ing, and electrical leads passing through the ceramic to the 
electrodes. Although additional development work is needed 
in some of these areas, particularly the disk-to-body seals 
and better fabrication methods for the bodies, the basic 
processing steps for making the parts and assembling them 
together are reasonably adequate. In contrast, no signifi- 
cant effort has been made to optimize engineering parameters, 
such as body shape, wall thickness and weight, in a quanti- 
tative way. For example, the weight of the present 12-A 
unit is approximately 1.5 pounds, which, if the same methods 
were used, would lead to a weight of 15 pounds for a one-man 
unit operating at 200 mA/crn2. 
by reducing thicknesses is estimated to allow the weight to 

Eliminating unnecessary ceramic 

61 



be c u t  t o  one ha l f  o r  one t h i r d  of t h i s  value.  Weight data  
are summarized i n  Table 6-1  f o r  the  present  12-A u n i t  wi th  
th ree  cel ls  having a t o t a l  area of 60 cm2 operated a t  a cur- 
r e n t  dens i ty  of 200 mA/cm2,  and a l s o  f o r  a 12-A u n i t  contain- 
i ng  s i x  cel ls  with a t o t a l  area of 120 c m 2  operated a t  100 
mA/cm2.  I f  the  s i x - c e l l  u n i t  were operated a t  200 mA/cm2,  
i t  would have an  oxygen 0utpu.t equivalent  t o  24 A f o r  i t s  
weight of 2 . 3  pounds o r  approximately 1 2  pounds f o r  an  e l e c -  
t r o l y z e r  of one-man capacity.  

Table 6-1 

WEIGHTS OF 12-A UNIT COMPONENTS 

COMPONENT 

t rodes  and leads  

The dimensions of t he  12-A u n i t  are 2.75 x 2.75 x 2.0 inches 
not, including the  four  gas tubes and the  2.0 inch length 
could be reduced but not t he  o the r  dimensions i f  2.5 inch 
diameter d i sks  are used. Further  work i n  t h i s  f i e l d  can now 
begin t o  give a t t e n t i o n  t o  engineering aspec ts .  
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6 . 3  FUTURE DEVELOPMENT 

Further development of solid oxide electrolyte CO -H 0 
electrolyzers for aerospace life-support applications, based 
on the progress reported above, should retain the basic de- 
sign principles herein discussed. Additional work needs to 
be done to improve the reliability of the disk-to-body seals, 
to enable easier fabrication of the bodies, and to consider 
optimizing various dimensional and operational parameters. 
Modifications of body shape could contribute toward all of 
these goals. The results of these studies should then be 
applied to constructing a larger unit. 

z 2  

The problems that were experienced with disk seals, but not 
with the other three sealing geometries, seem to be inti- 
mately involved with the shape, dimensions and compositions 
of the bodies. Improvement of these seals would, therefore, 
be closely associated with development of improved bodies 
and of better fabrication techniques. Compositions other than 
partially stabilized Zr02-CaO should be considered and exten- 
sion of hot pressing from ZrO2-Sc2O3 disks to larger sizes 
and other body geometries with Zr02-CaO and ZrO2-YzO3 would 
be possibilities. 

Consideration should be given to a number of engineering as- 
pects of these units in a quantitative or semi-quantitative 
way. Included among these would be stress-strain relation- 
ships for each specific body shape and body-cell sub-unit, 
optimum gas channel sizes, current density, operating tem- 
perature, and outlet CO/CO, ratio. The latter two parameters 
would be determined by the requirements of the CO dispro- 
portionator as well as by those of the electrolyzer. Based 
on data thus developed, a one-man capacity (127-A) electro- 
lyzer consisting of modules, each of which contains at least 
six cells, should be built and tested. 
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