Journal of Power Sources, 45 (1993) 93-103 93

A novel Pd—Ag membrane anode for alkaline fuel cells
suitable for CO,-containing hydrogen
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Abstract

A novel type of a selectively hydrogen-permeable membrane is presented. The membrane
consists of a poreless Pd—Ag film with a thickness of about 1 um on a nickel-sieve structure
serving as a porous support material. A palladinated and additionally platinated membrane
has been tested as a hydrogen anode in 10 M KOH in the range of 55 and 106 °C. It
has been found that the anodic current density is limited by the kinetics of gas-side surface
reactions of hydrogen and/or by the hindered transition at the interfaces between the
catalytic palladium layers and the Pd—Ag film. On the electrolyte side, the surface diffusion
on the additionally deposited platinum turned out to be important. At an overpotential
of 100 mV and at 120 °C, a current density of about 0.5 A/cm? has been estimated for
pure hydrogen and normal pressure.

Introduction

Alkaline fuel cells exhibit some advantages over acidic fuel cells due to less severe
corrosion problems, generally lower material costs and higher system efficiency. However,
the incompatibility of the alkaline electrolyte towards carbon dioxide is a major
drawback. This is particularly true for a mobile application in which methanol is the
favoured fuel [1-4], converted preferably by an on-board steam reforming yielding a
CO,-containing hydrogen gas.

Furthermore, the working temperature of the present alkaline fuel cells is restricted
to ~80 °C since activated carbon, ordinarily used as a catalyst-support material,
cathodically may not withstand higher temperatures [5]. This causes some difficulties
with respect to water management and to waste-heat utilization, hence lowering the
overall system efficiency.

In the 1960s, a low-pressure alkaline fuel cell with an internal methanol steam
reforming has been developed [6, 7] solving some of the above-mentioned problems.
The main idea was to separate the carbon dioxide from the reformer gas by a Pd-Ag
membrane. Palladium and palladium alloys, especially Pd~Ag alloys with a high palladium
content, are known for selective hydrogen permeation by chemisorbing and dissolving
hydrogen as atoms. A cell unit consisted of a catalyst bed which contacted such a
hydrogen permeable, nonporous Pd;sAg,s membrane anode [8] (Fig. 1) and a nickel-
based cathode (Bacon type).
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Fig. 1. Scheme of an internal methanol steam-reforming anode.

On the gas-side of the membrane anode, hydrogen from the methanol steam-
reforming reaction:

cat.
CH;0H + H,0 === CO,+3H, (1)

was selectively absorbed and, after diffusion through the membrane, electrochemically
oxidized on the surface adjacent to the electrolyte. As a result of the continuous
withdrawal of hydrogen, the equilibrium of the reforming reaction was shifted towards
the reaction products and the temperature could be kept lower (200 °C) than in an
ordinary methanol reformer. Spurious carbon monoxide was a minor problem [9] and
system efficiency was high since waste-heat could be used directly for the evaporation
of the methanol/water mixture and for the reforming reaction.

With this internal methanol reforming fuel cell operating with 85% KOH at
200 °C and a pressure of 1.7 bar (anode: CH;0H:H,O ratio is 1:1; 85% fuel utilization;
cathode: air), current densities of 210 mA/cm? at 0.85 V were achieved with an energy
conversion efficiency of 66% with respect to the lower heating value or 58% with
respect to the higher heating value (without consideration of losses by auxilliary
aggregates such as pumps). The main losses were caused by the cathode whereas the
Pd;sAg,s anode had an overpotential of 30 mV only [6]). With an overpotential of 100
mV and pure hydrogen at 1.7 bar as fuel, an anodic current density of 1 A/cm? was
obtained even at 150 °C [10] or of 700 mA/cm? at 120 °C [8]. However, the palladium-
activated Pd;sAg,s membranes were 38 um thick, requiring a prohibitive palladium
amount of 35 mg/cm?. Moreover, the concentrated caustic electrolyte revealed some
corrosion and stability problems at elevated temperatures. Furthermore, the start-up
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procedure was time-consuming because the fuel cell stack had to be preheated to the
working temperature.

With this concept in mind, our goal was the development of an extremely thin
Pd-Ag membrane applied on a porous metal screen. Equivalent anodic performance
was desired but with a much less precious metal requirement and at a lower working
temperature, thus reducing corrosion and stability problems and minimizing start-up
time. In order to use waste-heat for the evaporation of the methanol/water mixture,
the working temperature of the fuel cell must be above 100 °C for atmospheric pressure,
preferably about 120 °C still allowing Teflon as a hydrophobic component for the
cathodes. As cathodic catalysts, anorganic oxides such as lithiated CosO, [11] or
pyrochlores, e.g. Pb,Ru,04 s [12], may be taken into account. For such an ‘intermediate
temperature fuel cell’ the reforming reaction must take place in a separate unit
(external reforming).

Experimental

Preparation of the supported Pd-Ag membrane

The membrane anode was prepared by galvanic methods in a multistep process
[13], which will be only briefly described (Fig. 2).

Since the deposition of poreless Pd-Ag layers is not on porous supports, a
nonporous precursor material must be used which can be transformed into a porous
structure after the deposition. Mainly due to its superior stability in caustic solution,
nickel has been chosen as a support material, and a bimetallic foil proved to be useful
as starting material*. For that purpose, initially a nickel-sieve structure with a thickness
of ~50 um was applied on a steel sheet by a photogalvanic process. After dissolution
of the residual photoresist the holes were galvanically filled with copper (Fig. 2, step
A). '

The hexagonal holes had a diameter of 150 um; the straps were 160 pum wide
(Fig. 3) delivering a blank surface area of 23%**. Insufficient adhesion on the nickel-
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Fig. 2. Preparation of a nickel-sieve supported Pd-Ag membrane (schematic).

*As a first approach, selective demetallization of brass foil to leave a porous copper support

[4] bas been abandoned.
**A recently improved manufacturing process allows the deposition of straps less than
10 pm wide and with variable hole diameter, thus blank areas of more than 75% are possible.



Fig. 3. Microscopic picture (polarized light) of a copper-plated nickel sieve.

sieve and sulfur impurities in the copper deposit were the main problems in the
manufacturing of the bimetallic foils. So far, the maximum electrode diameter has
been restricted to ~8 mm.

After removal of the bimetallic foil from the steel sheet, alloying was achieved
at the contact area between copper and nickel by a thermal treatment in a reducing
atmosphere (2 h at 700 °C in H,). After further treatments (mechanical and electrolytical
polishing) a thin Pd-Ag film was deposited unilaterally on the copper-plated nickel-
sieve (Fig. 2, step B). The deposition of the Pd—Ag alloy was carried out potentiostatically
at +50 mV versus RHE (reversible hydrogen electrode) from a weakly alkaline
clectrolyte with glycine/glycinate as the major complexing agents. At limiting current
and at low temperatures, poreless and uniform alloy deposits with almost no dendrites
could be prepared with a thickness of <1 um [14-16]. The composition of the alloy
was Pd;;Agy;. After this deposition, copper was selectively dissolved by anodizing for
several hours in an alkaline tartrate electrolyte at 50 °C and at a potential of approximately
+650 mV versus RHE (Fig. 2, step C). In order to prevent the destruction of the
Pd-Ag film as a consequence of abrupt dehydrogenation, the applied potential had
to be increased very carefully (1 mV/s) to the final value, starting from the open-
circuit voltage. Finally a palladium-based catalyst. layer was deposited on the Pd-Ag
membrane (Fig. 2, step D). On each side, 1 mg palladium per cm* was deposited
from an acidic electrolyte (50 mM PdCl,, 1 M NaCl, pH 0.2) at room temperature.
A maximum surface area of Apy per=>5.5 m?/g was obtained at +23 mV versus RHE
[17). Additionally, 0.01 mg Pt/cm® was deposited from an acidic electrolyte (3 mM
PtCl,, 2 M HCI) at 1 mA/cm® and at room temperature. Prior to the deposition of
the catalytic layers, the membrane-supporting nickel screen was passivated in a weakly
alkaline electrolyte at approximately +600 mV versus RHE for several hours. Due
to this treatment, the adhesion of the catalytic layer on the nickel screen was weakened
significantly, thus allowing its recovery.
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Hydrogen-permeation measurements

The hydrogen-permeation experiments were carried out at different temperatures
in a 100 ml Teflon vessel equipped with a magnetic stirrer (Fig. 4). Initially, the
electrolyte was deaerated with nitrogen for 1 h. Since leaking at the edges of the
anode mounting was a severe problem, the nickel-sieve supported Pd-Ag membrane
had to be sealed to the PVDF (poly(vinylidene fluoride)) mounting with an epoxy
resin (Araldit AV138+HV998)*. The electrode surface area was therefore significantly
reduced to ~0.09 cm? with an active surface area of 0.0185 cm? The latter was
visually determined by counting the blank areas with a microscope. All measured
current densities refer to this active surface area.

The supporting nickel sieve and the current collector were located on the gas-
supply side. Hydrogen with a continuous flow rate of ~15 ml H,/min was fed directly
behind the anode and subsequently vented to the atmosphere through a thin Teflon
tube. A platinum sheet (8 cm®) was used as counter electrode, and a SCE (saturated
calomel electrode, 25 °C; E%= +241 mV versus standard hydrogen electrode) with a
1 M KOH/10 M KOH salt bridge as reference electrode. The potential of the
working electrode at zero current conditions was determined potentiodynamically as
ZCPy o«c=—1137 mV versus SCE (ZCP=zero current potential) at 70 °C and
~1 bar H, by a potential-current plot (calculated value for the equilibrium potential
at 25 °C: —1128 mV). The current values were determined by waiting for a constant
current at each applied potential which typically required 2 min per data point.

Hyp — TL [::q]

g

Fig. 4. Apparatus for the determination of hydrogen-permeation data for a nickel-sieve supported
Pd-Ag membrane anode in alkaline solution. Ref.: SCE (saturated calomel reference electrode)
and CE: platinum counter electrode.

*The chemical stability of the epoxy resin in 10 M KOH restricts the maximum operating
temperature to about 110 °C.
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The cyclic voltammograms were taken at a scan rate of S mV/s. Prior to the first
cycle, a potential of —1150 mV versus SCE was applied for additional hydrogen
loading during ~1 min.

The temperature dependence of the current was measured at —1110 mV versus
SCE. Initially, the electrolyte was kept at 56 °C and the electrode was allowed to
equilibrate for 10 min at the given potential. Then the temperature was raised with
a rate of ~1 °C/min and data were taken at intervals of 5 to 10 °C.

The purity of the KOH was BioChemica MicroSelect (Fluka, Buchs, Switzerland).
The water was ion-exchanged, refluxed in the presence of potassium permanganate
and then bi-distilled.

Results and discussion

Hydrogenation of a Pd;3Ag,; membrane at room temperature and ambient hydrogen
pressure results in a remarkable volumetric expansion (Fig. 5). With nonactivated
surfaces, the hydrogen in the Pd—Ag can be stored for several hours in the presence
of air.

The lattice expansion of a Pd;sAg,s alloy, due to hydrogenation, is under these
conditions 2.4% [18], corresponding to a volumetric dilatation of 7.5%. By increasing
the silver content of the alloy up to 40 at.%, a reduction of the volumetric expansion
of 3% can be achieved. However, both the hydrogen solubility [19] and especially the
diffusion coefficient [20] decrease. Consequently, the maximum permeation rate is
reduced considerably [21, 22].

Figure 6 shows two cyclic voltammograms of an activated Pd-Ag membrane anode
in 10 M KOH at 70 °C and ambient hydrogen pressure. The first scan was started
from a fully-hydrogenated membrane and exhibited much higher anodic currents than
all the subsequent scans. These showed a characteristic peak current at approximately
+25 mV versus ZCPy-c. After four cycles, the shape and the size of the voltammograms
remained constant.

The stationary potential-current density plot (Fig. 7), measured in 10 M KOH
at 70 °C and ambient hydrogen pressure, shows an unusual behaviour. After a significant

(@) 0 i (®) 100 juon

Fig. 5. Microscopic pictures (polarized light) of a (a) dehydrogenated and (b) hydrogenated
Pd;;Ag;; membrane (thickness: 0.7 um; diameter of the blank field: 150 pm).
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Fig. 6. Cyclic voltammograms at a nickel-sieve supported activated Pd,;Ag,; membrane anode
(thickness: 0.7 um; catalyst: 1 mg Pd/cm?+0.01 mg Pt/cm? on each side) in 10 M KOH at 70
°C and ambient hydrogen pressure; scan rate: 5 mV/s, scans starting at —1150 mV vs. SCE.

increase at small overpotentials the curve flattens and passes through a linear region
before reaching the limiting current range (jim=360 mA/cm?). It is worth mentioning
that the unexpected flattening occurs at the same potential as the peak current in
the cyclic voltammogram.

Under the assumption of the validity of Fick’s diffusion law:

Jim=FD nH,in/(Uauoy d)

(where Dny_o=5.5%X10""7 cm?¥s [22}, Vaiey=9-25 cm*/mole, d=0.7X10~* cm, and
F=96 500 A s/mole); the hydrogen concentration at the entrance (gas side) can be
calculated as 7y ;,=0.004 for the above-mentioned limiting current density. For equi-
librium conditions, a hydrogen concentration of ny .,=0.36 is possible [19] and thus
would permit much higher permeation rates. Therefore, it can be assumed that solid-
solution diffusion of hydrogen through palladium or Pd-Ag is not rate limiting*.
Probably the hydrogen permeation is hindered at the interface between the Pd-Ag
film and the palladium catalyst. Such an inhibition could be present on both sides of
the Pd-Ag film.

*Unfortunately, those permeation rates cannot be calculated exactly since the’ diffusion
coefficient generally is concentration dependent [23] and the validity of Fick’s diffusion law is
questionable in such a condition [24].
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Fig. 7. Stationary potential-current density plot of a supported Pd;;Ag,, membrane anode
(thickness: 0.7 um; catalyst: 1 mg Pd/cm?>+0.01 mg Pt/cm® on each side) in 10 M KOH at
70 °C and ambient hydrogen pressure; dotted line: cyclic voltammogram.

A further explanation for the reduced limiting current density may be given by
a kinetic control of the hydrogen adsorption on the gas side of the membrane. On
smooth (palladium) foils, surface diffusion of adsorbed hydrogen atoms between two
different kinds of sites has been postulated as the rate-controlling step even at
200 °C by Wagner [25]. The model assumes that the dissociative hydrogen adsorption
takes place at sites of type A and that the dissolution of adsorbed hydrogen into the
metal takes place at other sites of type B. Surface diffusion of adsorbed hydrogen
becomes rate determining when the reactions at sites of types A and B are both in
equilibrium. The number of type A sites can be increased by using a catalyst whereas
the number of type B sites can be enlarged, e.g., by mechanical deformation [26).
Thus, by shortening the average distance between the sites, the influence of surface
diffusion will be substantially reduced. As a consequence, the dissociative adsorption
rate can become rate determining, at least at low hydrogen partial pressures [27].

On the other hand, the dehydrogenation of palladium is known to be faster in
the presence of reactive gases such as oxygen or ethylene than in vacuum or an inert
gas atmosphere [28]. Therefore the desorption rate is favoured. The same may be
true for the electrolytical oxidation of hydrogen. However, both the peak current
observed in the cyclic voltammogram (Fig. 6) and the flattening of the potential-current
curve at low overpotential (Fig. 7) are rather delicate to explain. The peak current
cannot be attributed to dissolved hydrogen in the electrolyte as it has been done, e.g.,
for dispersed palladium black in 0.5 M sulfuric acid [29]. Despite the much lower
hydrogen solubility in potash lye [30}, the peak current density observed here is more
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than 200 times larger than the peak current density of dissolved hydrogen in sulfuric
acid.

A possible explanation for the unusual anodic behaviour could be found in the
surface-activating platinum layer on the electrolyte side of the palladinated Pd-Ag
membrane. Whereas in palladium (and in Pd—Ag) bulk diffusion of hydrogen is possible,
platinum only allows surface diffusion due to its very low hydrogen solubility. At low
current densities, the anodic oxidation of hydrogen occurs at the more active platinum
sites, the hydrogen being supplied by bulk diffusion in the palladium and the subsequent
surface diffusion on the platinum (‘spillover’). Within this region, the potential-current
curve is steep and the cyclic voltammogram exhibits a peak current. On enlarging the
overpotential and thus the current density, at a certain point the surface-diffusion
rate on the platinum becomes insufficient and the anodic hydrogen oxidation occurs
mainly at the less active palladium sites yielding a flattened potential-current curve.

In a final experiment the temperature dependence of the current density at —1110
mV versus SCE (+27 mV versus ZCP -c) has been investigated in 10 M KOH and
at ambient hydrogen pressure (Fig. 8).

It is noteworthy that an almost linear relationship is observed. By extrapolation
to higher temperatures, at +27 mV versus ZCPy -c current densities of 350 mA per
cm’ blank surface (120 °C) and — more speculatively — 480 mA/cm? (150 °C) seem
attainable.

To compare our results with literature data, another extrapolation may be made.
Since the current density shows a linear behaviour with respect to the temperature
(at +27 mV versus ZCP -c) as well as to the potential (at 70 °C, +20 mV <E < +150
mYV), a current density of 740 mA/ecm® can roughly be calculated for 120 °C, + 100
mV and ambient hydrogen pressure. For an optimized nickel-sieve structure with a
70% portion of blank area, an effective current density of 520 mA /cm? may be expected.
This is 180 mA/cm? less than for Pd;sAg,s foils (38 um thick) at a hydrogen pressure
of 1.7 atm [8]. However, in our case the hydrogen pressure was lower, and only 2.5
mg of precious metal per cm? of apparent electrode surface area were needed instead
of 35 mg/cm?,
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Fig. 8. Temperature vs. current density, at ~1110 mV vs. SCE and ambient hydrogen pressure

in 10 M KOH for a nickel-sicve supported activated Pd;;Ag,; membrane anode (thickness:
0.7 pm; catalyst: 1 mg Pd/cm®+0.01 mg Pt/cm? on each side).
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Conclusions

Although the electrode tested is not yet optimized, the present results show that
absolutely poreless Pd-Ag alloys with less than 1 pm thickness can be deposited as
films on nickel-sieve structures. Furthermore, activated membranes can operate as
hydrogen-permeation membranes with high current densities at low overpotentials in
a strongly alkaline electrolyte. However, improvements have to be achieved in order
to manufacture much larger electrodes exhibiting a 70% portion of blank surface area.
In addition, it seems possible to improve and simplify the manufacturing process
especially with respect to the surface activation.

The comparison of cyclic voltammograms with the stationary potential-current
plot suggests that the hydrogen-permeation rate through such a membrane anode is
mainly determined by gas-side reactions and/or by the hindered transition at the
interfaces between the catalytic palladium layers and the Pd-Ag film. On the electrolyte
side, surface diffusion on the additionally-deposited platinum seems to be important.
With respect to the use of methanol steam-reformed fuel gas, a more detailed study
of the rate-limiting steps will be necessary, particularly in the presence of carbon
dioxide and of spurious amounts of carbon monoxide. A further goal is the development
of a carbon monoxide-tolerant hydrogen-permeation membrane with less than 2.5 mg
Pd/cm? promising a current density of 1 A/cm? at overpotentials of maximal + 100
mV versus RHE, 120 °C and ambient pressure in strongly alkaline electrolytes. An
improved version of the supported Pd—-Ag membrane has to be tested for hydrogen-
purification processes in the gas phase applying a pressure difference. For this purpose,
a mechanical stabilization of the supported membrane can be achieved by a compressed
ceramic powder. Finally, durability tests will be necessary.
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