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Abstract 

A novel multilayer metal membrane has been developed that can be used for the separation of 
hydrogen from feed streams with near perfect selectivity. The membrane is comprised of very thin 
layers of fully dense palladium frlm deposited on both sides of a thin Group V metal foil, ion- 
milled prior to sputtering of the palladium. Palladim loadings are kept low using the thin fdm 
deposition technology: 0.0012 grams of palladium per square centimeter of membrane is typically 
used, although thinner coatings have been employed. This membrane operates at temperatures on 
the order of 300°C and is capable of high rates of hydrogen flow. Flows are dependent on the 
pressure differential applied to the membrane, but flows of 105 sccm/cm2 and higher are regularly 
observed with differentials below one atmosphere. Long term testing of the membrane for a period 
in excess of 775 hours under constant conditions showed stable flows and an 85% hydrogen 
recovery efficiency. A system has been successfully applied to the hydrogen handling system of a 
proton exchange membrane fuel cell and was tested using a pseudo-reformate feed stream without 
any degradation in performance. 

Introduction 

The use of hydrogen gas has become more important in recent years to a variety of high technology 
areas. The steady depletion of limited-resource fossil fuels, such as light crudes and natural gas, 
and the associated pollution problems have made hydrogen based energy systems more attractive. 
In the microelectronics industry, there is a growing need for ultra-high purity gases as the line 
resolution continues to shrink and impurity tolerance levels become more stringent. Further, ultra- 
high purity hydrogen gas is needed for ferrous and nonferrous metals processing, chemical and 
polymer synthesis, and petrochemical processing. These applications, as well as others requiring 
hydrogen recovery and separation, have created and sustained an interest in hydrogen separation 
techniques. 

The most popular metal used for membrane based hydrogen separation has been, and continues to 
be, palladium and its alloys. As a result, the hydrogedpalladium system has been thoroughly 
studied, starting well over one hundred years ago.(Graham, 1866) While palladium is an attractive 
material because of its catalytic ability to dissociate molecular hydrogen into atomic hydrogen at its 
surface, several persistent problems remain. First, palladium undergoes a phase transformation 
which is dependent on the hydrogen concentration in the metal at temperatures below 3o0°C.(Ho et 
al1978; Wicke et al1978) Further, expansion and contraction of the lattice with varying hydrogen 
contents leads to embrittlement and fracture of palladium. Some control of this problem can be 
gained by alloying the palladium with silver. Inclusion of silver has been shown to significantly 
reduce the critical temperature and pressure for the phase transformation.(Shu et al 1991) While 
the addition of silver does increase the lifetimes of the membranes, it does not help to significantly 
reduce the cost of these expensive materials, another problem of palladium based membrane 
systems. Furthermore, the bulk transport of hydrogen in face-centered cubic metals, such as 
palladium and its alloys, is considerably lower than in a number of body-centered cubic refractory 
metals.(Alfeld and Volkl1978) Zirconium, niobium, tantalum, and vanadium all have significantly 
higher bulk hydrogen permeabilities than does palladium.(Steward 1983) However, the direct 
replacement of palladium with these cheaper refractory metals is hindered because these metals 



passivate to form surface oxides layers, and the surface reaction limits the hydrogen flux. 
(Buxbaum and Marker 1993) 

To exploit the rapid bulk diffusion of hydrogen atoms in the refractory metals, a composite 
structure can be fabricated where palladium is placed on each side of the refractory metal chosen 
for its ability to transport hydrogen and to offer structural integrity for the composite membrane. 
This construction allows the dissociation of the molecular hydrogen into atomic hydrogen by the 
palladium surface layer, rapid transport of the atomic hydrogen through the refractory metal, and 
reassociation into molecular hydrogen on the opposite palladium surface. Such a structure has 
several advantages. First, greater overall hydrogen fluxes are possible because the diffusion is not 
limited by the fcc structure of the palladium. Because of this, the membrane can be thicker 
providing improved mechanical/structural properties while still providing acceptable, and even 
improved, gas fluxes. Second, since the refractory metals are significantly less expensive than 
palladium, these membranes are much more economical because only two thin layers of palladium 
are needed. Further, while the Group V metals are subject to hydrogen embrittlement, this regime 
is only a problem well below room temperature.(Owen and Scott 1972; Schober and Wenzll978) 
Should the palladium layer develop defects, such as those caused by the palladium phase 
transformation, the membrane would still be functional because the defect would only expose a 
minute area of the refractory metal. This composite membrane structure is illustrated in Figure 1. 

These advantageous properties have been employed by other groups and a number of patent 
applications have been filed and granted over recent years.(Buxbaum June 1,1993; Edlund August 
18,1992; Edlund February 28,1995) However, these groups did not address the problems of 
surface oxides and contamination on the refractory metals. This group recognized that the 
hydrogen fluxes could be improved by eliminating the boundary layers to obtain a highly clean 
surface on the refractory metal and by depositing an exceptionally pure palladium layer with 
particular crystallographic orientations. A patent application has been fded on this process and 
material (Peachey et ai) and a full description of the initial work has been given elsewhere.(Peachey 
et a l  1996) 

Experimental 

The fabrication of the composite membrane was done according to a set procedure using foils 
commercially purchased as light tight. The foil was mounted into a vacuum chamber which was 
then pumped down to the range of lo4 torr. The foil was then cleaned using an argon ion gun to 
remove the native surface oxide layer. Without breaking the vacuum, layers of palladium of 
various thicknesses were sputtered onto the front and back of the foil. Deposition thickness was 
monitored using a quartz crystal monitor, and the foil was kept at ambient temperature during 
cleaning and deposition. The deposition thickness could be closely controlled using this technique 
and allowed low palladium loadings to be obtained. For example, at 5,OOOA per side the palladium 
loading for the membrane was 0.0012 g/cm*. The composite membrane was fully dense with no 
residual porosity in either the palladium coating or the metal foil. The quality of the deposition and 
the starting foil was checked by occasionally using scanning electron microscopy of the cross- 
section to check for porosity. No porosity was observed and the deposition was found to have 
good adhesion to the foil. 

The membrane test system consisted of a membrane holder unit in which the membrane was sealed 
between the feed and permeate streams. The feed flows were composed of reagent grade hydrogen 
and ultra high purity argon and were controlled using mass flow controllers so that mixtures of 
various compositions could be used. The pressure on the feed side of the membrane was 
controlled by either pumping using a turbo pump or restricting the flow of the exhaust from the 
feed side. The permeate flow passed through a mass flow meter to determine the flow rate of gas 
through the membrane. The pressure on the permeate side of the membrane was also controlled 
either by pumping or by restricting the permeate flow. The composition of both the feed and 



permeate gas streams could be analyzed using a Residual Gas Analyzer (RGA). Leaks could be 
detected by the si&icant presence of argon in the permeate gas stream, indicating that argon was 
leaking through or around the seal of the membrane. Figure 2 shows a layout of the membrane 
testing system. 

Results and Discussion 

Intrinsic Membrane Properties 

To demonstrate the ability of the membrane to only allow hydrogen to pass through, an experiment 
was set up where a feed gas mixture of equal parts of hydrogen, helium, and argon were 
introduced into the system. The permeate gas stream was monitored for composition using the 
RGA. The helium signal is present at intensities over four orders of magnitude below that of the 
hydrogen signal, no argon signal was discernible from the background. Based on this data, the 
permeate stream would be approximately 99.998% hydrogen, with the balance helium; this value 
corresponds to a hydrogen:helium selectivity of 49,999:l. However, the helium signal is in the 
lower range of detection of the RGA, and the Certainty of its value is not high. As a result, the 
actual hydrogen purity may be higher than was calculated from the raw numbers. The slight 
presence of helium is not totally unexpected because the palladium film and vanadium foil were 
polycrystalline. Thus, some flow of helium could take place along the grain boundaries, especially 
with its small size. Also, any flaws in the seal around the membrane might allow a small amount 
of helium to leak through. 

If the properties have been properly engineered, the composite membrane must also show 
hcreased performance to that seen by pure palladium. This was tested by comparing a multilayer 
metal membrane with a thickness of 0.5 pm of palladium on both sides of a 40 pm vanadium foil 
to a sheet of palladium foil with a thickness of 40 pm. Both membranes were tested at 300°C 
membrane temperature, 200 sccm feed flow rate, and an identical feed pressure range to produce a 
fair comparison. The results are shown in Figure 3. From this, it is possible to see that the use of 
the composite membrane provides far superior perfonnance in terms of the membrane flow rate 
compared to that of pure palladium. At a pressure differential of just over half an atmosphere, Le., 
20 torr”, the flow rate per area through the composite membrane was 105 sccm/cm2 compared 
with 6 sccm/cm2 for the palladium foil. Thus, the composite membrane showed an improvement 
of a factor of almost twenty in the flow rate over the pure palladium membrane. This increase 
shows that it is indeed possible to increase the hydrogen flow by replacing the bulk palladium that 
has low transport rates with a material that has much higher transport rates. 

The long term performance of the membrane must be properly addressed because the membrane 
must be able to withstand long periods of operation without degradation. The flow rate as a 
function of time in a 575 hour test is shown in Figure 4; this experiment was run at a membrane 
temperature of 300OC, feed pressure of 600 torr (ambient pressure in Los Alamos, NM), permeate 
pressure of 17 torr, a hydrogen flow rate of 100 sccm and an Ar flow rate of 35 sccm. The flow 
rate per area of membrane was stable at 7.78 sccm per cm2 which is a low flow rate for this 
membrane system. However, that value corresponded to an 84% efficiency, i.e., 84% of the 
hydrogen in the feed stream was transported across the membrane. The experiment ended when 
the hydrogen D-cylinder emptied and could have conceivably continued for many more hours. 
This membrane was tested for an additional 200 hours under a variety of flow rates and feed 
pressures prior to the 575 hour test, making the total testing time 775 hours. 

Another area of interest is the determination of the limiting step within the membrane for hydrogen 
transport. The overall transport process can be broken into three steps that must occur at or in the 
membrane. The first step is the molecular hydrogen adsorption onto the palladium surface and 
dissociate into atomic hydrogen. The next step is the atomic hydrogen diffusion into, through, and 
out of the bulk metals. Finally, the atomic hydrogen re-associates into molecular hydrogen on the 



downstream palladium layer and desorbs from the surface. If the transport process is limited by 
either step one or three, then the flow rate of hydrogen through the membrane is a linear function 
of the hydrogen pressure differential between the feed and permeate sides. If the bulk diffusion of 
the atomic hydrogen limits the flow rate, the transport rate becomes governed by Sievert’s law and 
is a linear function of the differential of the square root of the hydrogen partial pressure. Based on 
a series of experimental conditions, it was determined that the flow rate was best fit by using the 
square root of the differential pressure, as the data presented in Figure 3. Because the hydrogen 
permeability of palladium is several orders of magnitude lower than vanadium, it is expected that 
the palladium is limiting the transport rate, and thinner palladium should yield higher flow rates. 

A comparison of membranes with two thicknesses of palladium is shown in Figure 5: 0.5 pm 
Pd/40 pm ViO.5 pm Pd and 0.1 pm Pd/40 pm V/O. 1 pm Pd. In this Figure, the flow rate per area 
for the 0.1 pm deposition thickness is slightly higher than that from the 0.5 pm thickness, 
indicating that the resistance to flow was lowered by decreasing the palladium thickness. Also, it 
is worth noting that the state of the art for palladium membranes actually uses a palladium-silver 
alloy, instead of pure palladium. These alloys show approximately a factor of two improvement in 
hydrogen permeability compared with pure palladium.(Shu et a11991) Changing to a palladium 
alloy for the deposited layers should also increase the flow rate through the membrane. 

AppIications 

The membrane may be applied to a number of different areas and technologies that require ultra- 
high purity hydrogen or high efficiency hydrogen recovery. Among these applications are 
semiconductor processing, commercial gas purification, metals processing, chemical and polymer 
synthesis, exhaust stream recovery, and environmental remediation. However, a technology of 
particular interest is that of proton exchange membrane fuel cells (PEMFC). A major drawback of 
the PEMFC is that the anode of the fuel cell is easily poisoned by the presence of CO in the range 
of parts per million within the hydrogen stream. As a result, either an ultra-high purity hydrogen 
supply is needed or an impure gas supply must pass through shift and partial oxidation reactors to 
effectively oxidize the CO to CO,. The use of a membrane separation system could replace the 
need for the shift and PROX reactors because the membrane would only allow hydrogen to pass 
and would exclude any CO from the anode. 

A PEMFC was operated at Los Alamos National Laboratory in the configuration described above, 
where a pseudo-reformate gas mixture was introduced into a separation system before entering into 
the fuel cell. The pseudo-reformate gas supply was simulated for a CH,OH reformate feed and 
composed of 1% CO, 24% CO,, and 75% 4. The membrane system was operated at an external 
temperature of 3 15°C. The PEMFC was a 5 cm2 single cell, and the results are shown in Figure 6. 
The performance of the fuel cell showed a current density of 600 mA/cm2 at 0.6 V. In contrast, the 
presence of only 100 ppm CO in the hydrogen fed directly into the anode suppressed the current 
density at this voltage to about 60 mA/cm2, one tenth the cell performance. This application shows 
that the membranes have very high selectivity between 4 and CO, as can be further evidenced by 
the degradation in the performance of the fuel cell at even 20 ppm CO. 

Conclusions 

A novel multilayer metal membrane has been developed that can be used for the separation of ultra- 
high purity hydrogen from impure feed streams. The membrane is comprised of very thin layers 
of dense palladium film deposited on both sides of a thin metal foil. One of the palladium layers 
provides the catalytic activity to break the molecular hydrogen into atomic hydrogen. The metal 
foil is selected for its ability to transport atomic hydrogen and provides some structural stability for 
the membrane. The other palladium layer re-assembles the atomic hydrogen into molecular 
hydrogen. 



The membrane was tested using mixtures of hydrogen, helium, and argon to show that hydrogen 
permeation with high %:He selectivity was possible. Flows through the membrane were almost a 
factor of twenty higher than that of pure palladium with the same total thickness. The composite 
membrane showed a flow rate per area of 105 sccm/cm2 with a half atmosphere differential. The 
membrane showed stable flows under consistent conditions 575 hours, and the same membrane 
was run for 775 total hours without breaking or deteriorating. The limiting transport mechanism 
was identified to be the diffusion of the hydrogen through the bulk metals, rather than the 
adsorption onto the palladium surface. Further, the flow rate per area could be increased by 
decreasing the palladium thickness. 

The uses for this membrane center around areas which require ultra-high purity hydrogen or need 
hydrogen recovery from an impure gas stream. A membrane system has been successfully applied 
to a PEMFC, where it would replace the shift and PROX reactors that are needed to remove CO 
from the hydrogen supply. The membrane system was tested using a pseudo-reformate (CH,OH) 
feed stream containing 1% CO without any degradation in the fuel cell performance. When the 
same fuel cell was m with as little as 20 parts per million carbon monoxide, the fuel cell showed a 
serious reduction in performance. 
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Figure 1. The multilayer metal membrane is composed of thin layers of palladium 
on the top and bottom of a Group V metal. 
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Figure 2. The testing system can test the membrane under a variety of - .  - 
conditions. 
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Figure 3. The composite membrane shows an order of magnitude increase in 
performance over a pure palladium membrane. 
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Figure 4. The hydrogen flow is stable at 7.78 sccm per cm2 membrane and 84% 
efficiency in this 575 hour test. 

100 

90 

80 

70 

5 60 - 50 
n 

0 
v) 

30 

20 

10 

0 
0 100 200 300 400 5 0 0  600 

Time (Hours) 



Figure 5. The performance of the membrane with 1,OOOA of palladium on each 
side is slightly better than that with 5,OOOA. 
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Figure 6. Current-Voltage curves depicting a single cell PEMFC operating at 
80°C on (a) pseudo-reformate (1% CO) fed through a hydrogen membrane 
separator, (b) 20 ppm CO in hydrogen, and (e) 100 ppm CO in hydrogen. 
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