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ENGINEERING MATERIALS FOR HYDROGEN SEPARATION 

T.S. Moss and R.C. Dye 
Los Alamos National Laboratory 

Los Alamos, NM 87545 
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Prerequisite Knowledge: Because hydrogen gas is used in this workshop, a working 
knowledge of hydrogen safety is required. Basic Materials Science is helpful but not 
necessary. 

Objective: To understand the fundamentals of designing and engineering membranes for 
the purpose of hydrogen separation and to learn about the characterization and testing 
equipment that is used in experimental evaluation of these materials. 

Introduction: 
With the steady depletion of fossil fuel reserves, hydrogen based energy sources 

are becoming increasingly more attractive. This drive is creating a continued and building 
interest in developing economically viable methods for hydrogen production and separation 
from alternative hydrocarbon sources, such as natural gas and methanol. Although 
hydrogen selective membranes have been considered and applied in this area, their use has 
been minimal because of their high cost and limited lifetime due to embrittlement. The most 
popular metal used for hydrogen separation has been palladium and its alloys; these 
materials and their interaction with hydrogen have been well studied, with published work 
dating back over one hundred years.' While palladium is an attractive membrane material 
because of its ability to readily dissociate molecular hydrogen into atomic hydrogen, several 
'nherent problems remain. 

First, palladium undergoes an a-P phase transformation at temperatures below 
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Figure 1. 
transport rate than palladium. 

The bcc-refractory metals have a higher 

300°C; the actual 
transformation temperature 
depends on the hydrogen 
concentration in the metal.* 
Expansion and contraction 
of the lattice from the phase 
transformation leads to 
embrittlement and fracture 
of the metal. Some control 
of this problem can be 
gained by alloying the 
palladmn with silver. 
Inclusion of silver 
significantly reduces the 
critical temperature and 
pressure of the phase 
tran~formation.~ This 
reduces the embrittlement 
of the metal and extends the 
lifetime of the membrane. 
However, these alloys are 
still very expensive because 
the bulk of the material is 

still dominated by the palladium cost. Furthermore, the bulk transport of hydrogen in face 



centered cubic (fcc) metals, such as palladium and palladium al lo~s,  is inherently lower 
than in a number of refractory, body centered cubic (bcc) metals. As seen in Figure 1 ,  
zirconium, niobium, tantalum, and vanadium all have significantly higher bulk hydrogen 
permeabilities than does palladium.6 Unfortunately, the direct replacement of palladium for 
cheaper refractory metals as membranes is not possible because of the lack of catalytic 
ability and because of the self-passivating oxide layers formed on these metals which slow 
the flux of hydrogen through the metals. 

To exploit the rapid bulk diffusion of hydrogen through the refractory metals, a 
composite structure can be fabricated where a thin palladium layer is placed on each side of 
the bcc metal. This allows the dissociation of the molecular hydrogen by the surface 
palladium layer, transport through the refractory metal bulk, and finallv reassociation on the 
opposite palladium surface. This composite membrane is shi 
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Figure 2. The composite membrane has thin 
palladium layers on both sides of a Group V-B metal 
foil.  

structure has several 
advantages. First, 
greater overall hydrogen 
fluxes are possible 
because bulk diffusion is 
not limited by the fcc 
structure of the 
palladium. The 
membrane structure can 
then be thicker providing 
improved mechanical 
stability while still 
yielding acceptable gas 
fluxes. Second, because 
these refractory metals 
are significantly cheaper 
than palladium and only 
two thin layers (e 
5,OOOA) of palladium 
are required, these 
membranes are much 
more economical. While 

the Group V-B metals are still subject to hydrogen embrittlement, the temperature where 
this is a problem is well below room Finally, should the surface palladium 
layer develop a crack or multiple defects, the membrane would not catastrophically fail. 
Instead, only a minuscule portion of the membrane would be made inoperative. 

The obvious advantages of this composite metal membrane have not escaped 
previous investigators. Indeed, about 30 years ago, Makrides filed a patent for plating foils 
of Group V-B metals with thin layers of palladium.' In recent years, additional patents 
have been fiied by other groups for similar structures.''-l2 While it is clear that viable 
composite membranes have been constructed, improvements of the material are still 
required to make these structures more efficient. A critical area for improvement is the 
removal of the surface oxide layer which forms as a self passivating layer when the pure 
metal is exposed to the atmosphere. Various chemical and mechanical techniques have 
been used to achieve a stripping of this layer but most allow some amount of regrowth of 
the oxide before coating with the palladium layers. Another area of concern is the quality 
of the palladium layers. 

To address the need for enhanced hydrogen separation techniques using metal 
membranes, a different fabrication technique was utilized that would overcome these 
concerns. The objectives for the fabrication were: obtaining a highly clean surface on the 
refractory foil, forming a palladium coating without subsequent surface contamination, and 
providing a high degree of purity, crystallinity, and crystallographic orientation. To 



achieve these objectives, the process of physical vapor deposition was used. Within a high 
vacuum chamber, both sides of a tantalum or vanadium foil were ion milled to remove the 
surface oxide and, without ever breaking the vacuum, both sides of the cleaned foil were 
coated with thin palladium layers. The palladium was deposited using either e-beam 
evaporation or sputtering. Foils produced by this technique have yielded exceptionally 
high hydrogen flow rates.I3 

Membrane Characterization: 
After the membranes have been fabricated in the deposition system, they need to be 

characterized to determine the crystalline phases that are present and the crystallographic 
orientation of these phases. By determining a picture of the membrane composition before 
passing hydrogen through, the effects of the hydrogen transport can be better determined 
and the effect of the deposition parameters can be correlated to the observed permeability of 
the membrane. Among the available characterization techniques, the process of x-ray 
diffraction (XRD) has proved to be the most effective. 

XRD is a non-invasive technique, i.e., the membrane does not have to be destroyed 
to undergo the testing and is typically not affected by the characterization process. The 
most common and versatile diffractometer geometry is the theta-2 theta. In this type of 
diffractometer, x-rays are generated from a metal target, typically made of copper; these x- 
rays are focused onto the sample which is fixed at an angle of theta degrees to the beam. A 
detector collects the reflected x-rays from the sample and is held at an angle of 2 theta to the 
sample. The sample and the detector are moved through a range of theta-2 theta angles, 
and data is constantly collected for analysis, typically using a computer interface. Peaks in 
the reflected x-ray signal, as recorded by the detector, correspond to the presence of 
particular crystalline phases. The diffraction peaks are related to the characteristic d- 
spacing of the material using Bragg's Law: 

nA = 2d. sin(0) 
where n is any integer and is usually taken as 1, h is the wavelength of the x-rays used in 
A, d is the characteristic d-spacing of the crystalline phase in A, and 8 is the angular 
position of the peak. This data can later be used for a number of purposes, such as 
qualitative and quantitative phase analysis, particle size measurements, particle micro- and 
macro-strain estimation, and texture/preferred orientation determination. For a better and 
more com lete explanation of the process of x-ray diffraction, a number of sources are 
available. 

For the purposes of characterizing the membrane, the most important features of the 
diffraction trace is the identification of all of the peaks and the relative intensities of the 
peaks. By identifying the peaks, it is possible to determine if the membrane contains any 
impurities, such as oxides or hydrides, left over from the deposition process or the 
exposure to hydrogen. This is done by matching the peak locations, usually determined by 
the computer software, to a set of published values, such as those found in the JCPDS 
powder diffraction files. After all of the peaks have been attributed to the known phases, 
Le., palladium and vanadidtantalum, any remaining peaks must be identified to the 
contributing phase. Also of importance are the relative peak intensities, supplied by the 
computer software. By comparing the intensities before and after the exposure to 
hydrogen, it is possible to learn about the effect of hydrogen transport on orientation of the 
grains, especially along particular crystallographic directions. Of interest are the close 
packed planes in the metals: the 1 1  1 planes for the bcc structure and the 110 planes for the 
fcc structure. 
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Membrane Testing: 
The ability to properly and effectively test the performance of the membrane is 

important and requires a thought out testing apparatus. A schematic of the one developed 



and used at Los 
Alamos National 
Laboratory is shown in 
Figure 3. This system 
allows for the testing 
of membrane 
efficiency, purity and 
flow rate as a function 
of several variables, 
such as temperature, 
feed and permeate 
pressures, feed 
composition, and total 
flow rate. The 
membrane test system 
consisted of a 
membrane holder unit 
in which the membrane 
was sealed between the 
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Figure 3. Permeation testing apparatus. 

feed and permeate streams. The feed flows were composed of up to four constituents 
could be used in the feed supply and were controlled using independent MKS 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 (in the 
case of sub-atmospheric pressures) or by restricting the flow of the exhaust from the feed 
side using a needle valve (in the case of elevated pressures). The pressure of the feed was 
measured using a Baritron pressure transducer for pressures up to 1000 torr and using a 
dial gauge for higher pressures. The permeate side of the membrane allowed the gas flow 
to pass through an MKS mass flow meter to determine the flow rate of gas passing through 
the membrane. The pressure on the permeate side of the membrane was also controlled 
either by pumping for low pressures or by restricting the flow for high pressures. The 
composition of both the feed and permeate gas streams could be analyzed using a Residual 
Gas Analyzer (RGA). 

The testing system contained an RGA which uses a quadrapole mass spectrometer 
to determine the particular species and isotopes and their relative amounts present in the gas 
stream. The quadrapole mass spectrometer consists of four cylindrical rods to which a 
combination of a.c. and d.c. potentials are applied. For a given applied a.c. frequency, 
only ions of a particular value of e/m can pass through to the collector. The spectrum of 
elm ions is collected by varying the a.c. frequency through a programmed range or through 
selected values. The mass spectrometer is important in the testing of the membrane because 
it can determine the purity of the gases that are passing through the membrane. This 
information can then be used to determined if the membrane is not completely selective to 
hydrogen only or if it has developed a leak. Furthermore, the relative passage rate of 
various isotopes can be determined from the spectrum. 

Conclusions: 
In this paper, the method by which a novel metal membrane for the separation of 

ultra high purity hydrogen gas from an impure feed stream has been described. This 
composite metal membrane having exceptionally hgh hydrogen flows was fabricated using 
palladium coated Group V-B foils. The cleaning of the refractory metal using ion milling 
and subsequent deposition of the palladium layer in the same vacuum chamber provides a 
method of constructing a membrane having high purity, crystalline palladium bonded to a 
very clean metal foil surface. The characterization and testing apparatus has also been 
described, with particular attention paid to the processes of x-ray diffraction and mass 
spectrometry. These two techniques provide the most versatile and revealing insight to the 



structure and performance of the membrane. By using several different techniques, an 
integrated solution has been engineered to a problem to produce a material that has superior 
performance to anything that has come before. 
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