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INTRODUCTION 

The practicality of using non-porous h drogen diffusion anodes in fuel cells has  

in manufacture and operation of these electrodes a r e  considerable and have s t i -  
mulated work on these palladium membrane electrodes to lower electrode costs 
and permi t  their  use with cheaper fuels than pure H2. 
trode surfaces have been developed to extend anode performance and permit  
wider application of the non-porous anode. ( 3 *  4 s  5s) 

been descr ibed by Oswin and Chodosh( r ), Elmore and Tanner('). The advantages 

Modifications of the e lec-  

Most of the work has been related to the palladium-silver alloys which appear 
to be remarkably suited for fuel cell  applications. 
alloys is their selective permeability to hydrogen, and some of the metallurgical 
factors involved have been discussed by Makrides(6). Recently von Sturm and 
K ~ h l m u e l l e r ( ~ )  using palladium membranes have derived a relationship between 
concentration polarization (with respec t  to H atoms),  the membrane thickness, 
cur ren t  density and par t ia l  p re s su re  of hydrogen in the gas phase. 
however, the membrane surfaces were activated by an undisclosed technique, 
and the effects of the surface activation a r e  not apparent. 

A unique property of the 

In this work, 

Although originally conceived(8) for use with relatively pure HZ s t r e a m s ,  the 
greatest  potential application of palladium-silver anodes is with carbonaceous 
fuels. To  obtain efficient anode performance with carbonaceous s t reams,  there 
a r e  two pr ime requirements: 

1. The electrode must  exhibit high limiting cur ren ts  with low par t ia l  p re s su res  
of hydrogen, and 

2. The electrode m u s t  be stable in the presence of mater ia l s  other than hydrogen. 
Specifically, the limiting cur ren ts  (HZ f lux )  a t  low p~~ values must  not be low- 
e r e d  significantly by gases and substances present  o r  formed in the fuel s t reams.  

The palladium-silver anode can be used in a fuel s t r e a m  in a t  l ea s t  two ways. 
fuel can be externally reformed,  to provide a gas rich 
then circulated behind the Pd-Ag electrode and.the hydrogen extracted electrochemi- 
cally. 
the fuel cell.  
any convenient temperature .  

The second method of operation which has been developed recently(9~10) consists of 
reforming the fuel s t r eam to hydrogen in  the anode chamber behind the palladium 
alloy membrane. 

The 
in f ree  hydrogen which is 

In this case  the external re former  is operated at a higher temperature  than 
The fuel cell with palladium-silver anode can then be operated at  

This "internal reforming" process  requires operating the fuel 
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cel l  at a temperature high enough to reform the fuel rapidly: the endothermicity 
of this p rocess  is  satisfied by the polarization lo s ses  in the fuel cell  itself. 
tinuous extraction of H2 down to lower than equilibrium values of p~~ permi ts  
very efficient utilization of the fuel. 

Con- 

Before ei ther  of these types of fuel cell could be developed; however, i t  was neces- 
s a r y  to provide a highly efficient H2-extracting anode(l) with low sensitivity to con- 
taminant gases.  

The work presented here  descr ibes  progress  with this type of anode and some of 
the pre l iminary  studies c a r r i e d  out with various types of H2-containing s t reams.  

EXPERmENTAL PROCEDURES 

The experiments were per formed at 2OO0C in 757% potassium hydroxide. 
measurements  were made ve r sus  a reversible 75 P d / 2 5  Aghydrogen reference 
electrode in the same electrolyte,  and all  values reported a r e  on the Eh scale. 
Luggin capillary was employed a t  the surface of the membrane to measure  anode 
potential. 
and 5 mi l  thick 75'7~ palladium - 2 5 7 ~  s i lver  membranes operating against a P t  mesh  
counter electrode. 
studied were activated a s  described in the following section. 

Potential 

A 

Studies for  the most  p a r t  were conducted on one inch diameter,  1. 5 mi l  

All anodes The experimental  apparatus i s  presented in  Figure 1. 

ELECTRODE PREPARATION 

Many activation procedures have been investigated at L e e ~ o n a ( ~ )  in an  attempt to 
improve operating pa rame te r s  such a s  limiting cu r ren t  density, polarization, and 
stability. 
reproducible. 

The activation procedure used in this work was satisfactory and entirely 

75 P d / 2 5  Ag membranes were  f i rs t  abraded with 50 micron aluminum powder. 
membranes  were then cathodized in 57' KOH solution using two Pt mesh  counter 
electrodes to maintain proper  geometry: this cathodization resulted in the saturation 
of the membrane structure with hydrogen. 
a 2'7~ palladium chloride solution (2-molar HC1) for approximately 4 minutes. 
hydrogen previously introduced into the lattice chemically reduces the palladium 
ions f rom the plating solution t o  form a palladium black on both of the membrane 
surfaces;  the quantity of black deposited was a function of plating t ime and anode 
thickness. This procedure resulted in an adherent, active palladium black; most 
s t ructures  studied had activations of approximately 4 to  5 mill igrams pe r  square 
centimeter.  Although the amount of P d  activation is not a cr i t ical  factor over the 
r a n g e d  1-15 mg/cm2 (5) the 5 mill igram level of activation was arbi t rar i ly  selected 
for  experimental  convenience. 

The 

The s t ruc tu res  were  then immersed  in 
The 

THE EFFECT OF HYDROGEN PARTIAL PRESSURE 

The driving force for the diffusion of hydrogen through the meta l  lattice i s  the differ- 
ential activity of hydrogen, and i t  was important a t  the beginning of this study to 
determine the relation between hydrogen par t ia l  p re s su re ,  limiting current  density 
and polarization. This  was desirable since in l a t e r  studies it permitted separation 
of the relative effects of par t ia l  p re s su re  and impurit ies.  
using s t r eams  containing predetermined mixtures  of hydrogen and nitrogen. A low 

This  data was obtained 
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utilization was used to simulate a constant par t ia l  p re s su re  of hydrogen ac ross  the 
membrane. Using s t ructures  of 15, 10, 5, 3 and 1. 5 mils in  thickness and par t ia l  
p re s su res  of .025, .125, 0.25 and 2. 5 psia  hydrogen, the relationship shown in 
Figure 2 was obtained. Figure 2 indicates that down to 2.5 psia  the process  is 
bulk controlled over  the range of thicknesses studied. 
gree of  surface control i s  evident. 
Figure 3. 
lationship within experimental l imits.  

At lower p r e s s u r e s ,  a de- 
Corresponding polarization data is shown in 

The variation of OCV with H2 par t ia l  p re s su re  follows the Nernst  r e -  

As with any electrode operating on an impure reactant, the concentration of reactive 
species in the s t ream ( in  this case hydrogen) will decrease during passage over the 
electrode. The concentration of hydrogen in the exit purge s t r e a m  should ideally 
approach zero,  and the extent of approach will be determined by the ability of the 
electrode to operate a t  a low effluent concentration of hydrogen. 
p re s su re  of H2 (over a given range) behind the electrode w i l l  be determined by the 
extent of back-mixing within the anode gas chamber .  This  will be a function of the 
geometry of the chamber ,  the gas  flow-rates and the electrode cur ren t  density. 
The mixing profile was not determined in  these prel iminary studies. 

The actual par t ia l  

Hydrogen utilization studies were conducted employing a s t ream of 7070 hydrogen 
and 307~  nitrogen. 
experimentally by fixing t h e  cur ren t  density and reducing the flow to the newer 
stable value. 
composition of the effluent gas. 
the'rmal conductivity cell. 

Measurements  were taken a t  cur ren t  densities of 139, 179 and 487 mA/cm2 with an 
inlet hydrogen par t ia l  p re s su re  of 2 5  psia.  
utilizations of 9070 were observed. This  value fell  to 80'7'~ when the cu r ren t  density 
was increased to 487 mA/cm2.  
moderate  H2 par t ia l  p re s su res ,  polarization was virtually unchanged over  the range 
of utilizations studied. 
hydrogen utilization could be obtained simultaneously when operating on impure hy- 
drogen s t reams.  

It was next necessary  to determine the extent to which this resul t  is dependent on the 
identity of the par t icular  impurities. The following sections present  the data re la ted 
to the ammonia-, methanol-, and hydrocarbon-derived s t reams.  

The relationship between utilization and Ilim was  determined 

An overal l  hydrogen mass balance w a s  established by analyzing the 
This  analysis was performed continuously by a 

At the lower curren t  densities hydrogen 

Since this i s  below the limiting cur ren t  range a t  

These resu l t s  established that low polarization and high 

AMMONIA-CONTAINING STREAMS 

Simulated "cracked" NH3 s t r eams  containing 2 to 5% NH3, and a balance of hydrogen 
and nitrogen in a rat io  of 3 H2:l N2 were used. The fuel was prepared  by introducing 
NH3 into a 7570 H2, 2 5 7 ~  N 2  s t ream;  the concentration of ammonia in the effluent was 
determined by adsorption in  0.856 N H2SO4 and t i tration with 0.01 N NaOH. 

The effect  of 3 H2:l N2 s t r eams  containing 4. 3% and 2.2% NH3 on anode polarization 
and limiting cur ren t  density is shown in Figure 4, and it is apparent that: 

1. At s imi la r  limiting cur ren t  densities (350 mA/cm2),  a hydrogen utilization of 75'70 
is  obtained with the ammonia-free s t r eam compared to a hydrogen utilization of 
54.77" for  the 4.3% NH3 feed. 
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2. Reducing the ammonia concentration to  2.270, i t  is possible to increase the hy-  
drogen utilization to 74.4% with only a slight reduction in limiting cur ren t  
(325 mA/cm2). Operation at these conditions for a period of 9 hours produced 
no change in  Ilim or polarization. 

3. A re turn  to operation with pure hydrogenhi t rogen mixtures  after exposure to 
ammonia resulted in  a fa i r ly  rapid (but not instantaneous) return to the original 
performance level,  indicating the reversibil i ty of the ammonia effect. 

I 

1 F r o m  these results,  i t  i s  evident that ammonia exer t s  a more  profound influence on 
hydrogen anode performance than does nitrogen in s imi la r  concentrations. 
monia c lear ly  influences not m e r e l y  the hydrogen partial  p re s su re  but also the ad- 
sorption kinetics on the palladium surface.  
adsorption of ammonia on transit ion metals. 
versibil i ty indicates that  ammonia cannot be regarded a s  a strong poison. 
H2 utilization a t  high cur ren t  densit ies,  the temperature  and space velocity in the 
ammonia c racker  must  be optimized to maintain the NH3 concentration below 270. 

The am- 

This  would be expected in view of the known 
On the other hand, its demonstrated r e -  

F o r  good 

SIMULATED METHANOL REFORMER STREAM 

The cracking of methanol to yield CO + H2 followed by the shift reaction with water 
to yield C 0 2  t H2 provides a gas of the approximate composition 70% HzI 23% C02,  
1 - 2 7 ~  CO t unreacted methanol and water,  The effects of these various compounds 
on anode behavior is discussed below: 

1: Effect of GOz 

St reams  of 75% H2, 2570 COz have been studied. 
luent, and limiting cu r ren t  density i s  a function only of the reduction in hydrogen 
par t ia l  p re s su re .  
operated for periods of hundreds of hours.  

C02 behaves a s  a totally iner t  di- 

No poisoning effects with C02  have been observed on structures 

' I  I 
i 

2. Effect of CO 

The initial exploratory studies employed a s t r e a m  of 75% H2, 20% C02,  and 5% CO. 
This  amount of GO is substantially grea te r  than that normally expected f r o m  meth-  
anol re formed at 25OoC. 

The experimental procedure employed was as follows: (1) an anode w a s  operated 
in pure  Hz measuring polarization and limiting current density; (2)  a t  150 rnA/cmZ 
using the H2, COz, CO s t r e a m  and a given vent rate (hydrogen utilization) the po- 
larization was observed over  a half-hour period with the following results:  

, '  

Increased Polarization After 
70 Hydrogen Utilization 1/ 2 Hour Under Load 

a. 3 3  

38.1 

20 
33 

57.1 

no change 
no change 
no change 

7 mV 
23 mV 
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I t  is  apparent that  CO has  an increasingly deleterious effect on anode polarization 
as the utilization is increased.  
cur ren t  densities as seen in  Figure 5. Increasing the utilization at 150 mA/cm2 
f rom 8. 33'7'~ to 38.1% halved the limiting cur ren t  density; this is grea te r  than can 
be expected f r o m  the presence of an iner t  diluent, demonstrated in the previous 
H2/N2 utilization studies. 

It w a s  a lso observed when changing from a CO-containing s t r e a m  to pure H2 that 
recovery of the init ial  limiting cur ren t  could be obtained, but only af ter  extensive 
purging with pure H2. 
adsorbed onto the gas side surface. 

Fur ther  studies were then conducted on s t r eams  containing 0. 01, 0.1 and 1% CO 
in the presence of H 2 0  and C02.  
be present  normally in the low temperature  shift effluent. Each experiment was 
conducted for  the period of t ime i t  took to ei ther  double the init ial  polarization at 
150 mA/crnZ, o r  50 hours, whichever came f i rs t .  H2 utilization was maintained 
at 50%. 

Th i s  is  a lso demonstrated by i t s  effect on limiting 

This  indicates that the CO is  strongly, but not i r revers ibly 

Water was included since it was expected to 

The resul ts  of these experiments a r e  summarized in  Table 1 below: 

The Effect of CO on Anode Polar izat ion 
Poisoning Under Load Recovery 

Gas Composition(%) (Hours  Required To (Hrs-of  H2 Electrode 
(OC) G O  CO, H 3 0  H? Double Polar .  ) Purge  Needed) Diameter(in. ) 

200 0.01 0 0 Bal. slow ( -20 )  slow (-10) 1 & 5  
0 .1  0 0 Bal. rapid ( 4 1) slow (-10) 1 & 5  
0.1 0 2 Bal. none ( >  50) 1 

1 0 2 Bal. none ( 7  50) 1 
0 26  0 Bal. none ( >  50) 1 

0.1 25 0 Bal. rapid (10 - 20) slow (-10) 1 
1 25 0 Bal. rapid (<  10) slow (-- 10) 1 

The data shows clear ly  that CO (either alone o r  in the presence of CO ) 
2 gas side reaction, but that  in  the presence of water  (-. 2%), no deterioration in anode 

polarization is observed. 
gas side of the palladium black activated membrane:  

oisons the 

This  is  explained by the shift reaction occurr ing on the 

CO t H20 -> CO2 t H2 

The effect of this process  can be measured  by the observation that  a s  little a s  . O l %  
CO i s  deleterious when present  i n  the dry  form,  whereas  1% CO can be safely toler-  
a ted in the presence of water. 

EFFECT O F  METHANOL AND Hz_O 

The effect  of the expected concentration of unreacted methanol (1 - 270) and H20 
(1 - 27~) i n  the re former  s t r eam was evaluated. 
was synthesized by passing hydrogen through a glass  absorption column containing 
the proper  H20 /methanol composition. 

The des i red  hydrogen s t r eam 

The s t r eam composition was analyzed by 
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I 

I 

I 

i 

1 

gas  liquid chromatography. 
a n  anode was kept under a load of 150 mA/cm2 for 25 hours with a vent ra te  equi- 
valent to  50% H2 utilization. 
and polarization curves indicated no change in  limiting cu r ren t  density after this 
exposure to the impure s t ream.  
load with no change in stability. 

experiments were ca r r i ed  out at 200 - 25OoC with hydrogen utilization of 80 - 90% 
and cu r ren t  densities of 150 mA/cm2.  

Using s t r e a m s  containing the desired impurity content, 

Potential  under load was steady for the period studied, 
,' 

The utilization was increased  to '80% at the same 
Subsequent runs using actual (internally) reformed 

' methanol showed no poisoning of the anode over periods exceeding 200 hours.. These 

E F F E C T  O F  CHq 

Dependent on the efficiency of reforming, substantial concentrations of saturated 
hydrocarbons may be encountered when operating on fuels such a s  kerosene, gaso- 
line, etc. Methane in par t icu lar  will be present ,  even with methanol feed, due to 
the methanation of carbon monoxide. Tes t s  with CH4 showed it to be  an inert  diluent. 

UNSATURATED HYDROCARBONS 

Unsaturated hydrocarbons m a y  b e  present  in significant quantities either as. im-  
purit ies in the feed, o r  a s  a r e su l t  of partial  dehydrogenation during the reforming 
process .  It was considered possible that because of their tendency to chemisorb 
o n  transit ion metals,  some poisoning of the H2 diffusion process  might be observed. 
Tests,,  however, failed to confirm th is ,  and stable operation for the periods speci- 
fied was observed with ethylene. However, a reduction in the limiting cur ren t  w a s  
noted which corresponded a lmos t  exactly to the loss  of hydrogen required for hydro- 
genation of the unsaturated species.  The original polarization and limiting cur ren t  
conditions were observed immediately on restor'ing the hydrogen par t ia l  pressure., 

OTHER SPECIES - ACTUAL REFORMER STREAMS 

Additional qualitative experiments  have indicated that severe  and i r revers ib le  poison- 
ing can occur  in  the presence of significant quantities of acetylene o r  of sulfur. The 
exact l imits of tolerance for these species.have not been established, but operation 
with actual reformed s t r e a m s  from both methanol and hydrocarbon fuels in internal- 
reforming ce l l s  has shown no gas-s ide  deterioration over operating periods of 500 
hours. F r o m  this it can be  concluded that any species generated during reforming 
but not explicitlyconsidered in these  studies mus t  be present  in low concentrations 
which do not noticeably affect  the diffusion process.  

D IS C USS ION 

The data presented c lear ly  show that a suitably prepared palladium-silver anode c a n  
be  used efficiently to ex t rac t  hydrogen from impure s t r eams  *.vithin certain limits. 

The l imits of operation are se t  b y  the temperature (fixed in  these studies at 20ooc), 
the requi red  H2 utilization, i. e. , exit P H ~ ,  and the reversibil i ty of the chemisorption 
of various impurity species. 

H2 utilization a t  fixed cu r ren t  density is  a function o f  pHz, f low ra te  and the extent of 
impurity adsorption. 
2. 5 ps ia ,  gas-phase adsorption i s  limiting. 

The data obtained with Hz/Nz mixtures show that below pH2 = 
When poisons which can be strongly 
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adsorbed a re  present  in the hydrogen, a significant fraction of the surface is covered 
by the'poisoning species even when p~~ = 2. 5 psia.  Under these conditions, the s u r -  
face (hydrogen - adsorption) process  is rate -limiting at higher par t ia l  p re s su res  of 
hydrogen. Only when p 

in the extent of limitation by the surface step. 

is high enough so that H2 competes successfully fo r  surface 
s i tes  with the poisoning H2 species and causes a n  increase  in 8H is there any reduction 

N2, COz, H20,  CHq and CH30H do not appear to affect the PH 
lationship and a l l  of these species ac t  a s  iner t  diluents: they a r e  likewise known not 
to chemisorb strongly on metals  such a s  palladium. 

- limiting cur ren t  r e -  
2 

Ethylene appears  to be an intermediate case. 
i t  does not chemisorb strongly under these conditions and hydrogenates very rapidIy 
to ethane which by inference must  be completely inert .  By contrast ,  acetylene is an 
i r revers ib le  poison; this is explainable by its tendency to fo rm strongly-bonded, s u r -  
face species on most  Group 8 metals.  Neither acetylene nor  ethylene have been ob- 
served  in s team-reformed effluents and a r e  not considered to be likely poisons. 

The evidence (rapid desorption) i s  that 

Ammonia, known to chemisorb  extensively, but reversibly on P t  and Pd, i s  tolerable 
up to the level of 2 7 ~  of the s t r eam content. 

The case of carbon monoxide i s  very  important f rom a prac t ica l  point of view since 
the most  efficient shift catalysts in use today cannot reduce CO below O.l '% level a t  
useful space velocities. In the absence of water it is demonstrated that CO chemi- 
sorbs  strongly and extensively on the palladium surface, significantly lowering € 3 ~  
and limiting cur ren ts .  In the presence of water vapor, however, this i s  not the case ,  
and the palladium ac ts  a s  a remarkably good shift catalyst, so that limiting cur ren ts  a r e  
unaffected, 
is absent. 
than the rate of adsorption of CO. 

In recent practice(9* lo) it has been demonstrated that the anodes can be operated 
efficiently for  long periods on re formed s t r eams  of rnethanol/water and hydrocarbon/ 
water. Under these conditions(9), the membrane surface is exposed to mixtures of 
CO, C02,  H2, H 2 0  and fuel: the composition of this g a s  a t  any point on the surface 
being determined by temperature ,  space -velocity, p re s su re  and the extent of back- 
mixing. 
a t  the exit point where the values of p c o ,  p c o z  will be highest and p~ 
Operating a t  conditions where 85Yc of the methanol has been decomposed and 90% 
of the resulting hydrogen 'extracted'  by the anode, the anode has operated without1 
increased polarization a t  exit  values of p c o )  1%. 
can be tolerated since it is unstable with regard  to the shift equilibrium: 

Thus, by inference. 0~ must  be higher and 0 ~ 0  smal le r  than when water  
In turn, this would imply that the rate of the shift reaction is f a r  grea te r  

The leas t  favorable case (for H2 adsorption on the membrane surface) exists 
lowest. 2 

This  seemingly high level of p c o  

CO t H20 + H2 f CO2 

Thus,  when the CO is adsorbed on the palladium surface,  it is unstable, and rapidly 
converts to C02  and H2 since the palladium is an efficient shift-promoting catalyst 
under these conditions. 

Sulfur, especially in the fo rm of HzS, i s  of course one of the most  strongly adsorbed 
poisons on meta l  surfaces.  Experience has shown, however, that all reforming ca t -  
alysts a r e  sensitive to sulfur poisoning, and fuel s t r e a m s  m u s t  be pre- t rea ted  to 
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remove sulfur in o r d e r  to obtain good reformer-catalyst.lifetimes. In this respect,  
the pre- t reatment  of fuel and'the removal of sulfur t r aces  by the r e fo rmer  catalyst 
significantly reduce the chance of sulfur -poisoning of the palladium membrane by 
the H2 stream, and the quantitative tolerance of the membrane surface to sulfur i s  
therefore  of academic in te res t  at this point. 

It is apparent that from a prac t ica l  point of view, the non-porous diffusion anodes 
when operated under c o r r e c t  conditions can provide v e r y  efficient fuel utilization 
at 'high cu r ren t  densities, and that they a r e  operable in the presence of a wide 
var ie ty  of impurities and by-products of fuel-reforming. 

,. 
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