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University of Nevada, 

Reno

Dhanesh Chandra, Josh Lamb

Wen-Ming Chien and Graduate Students

Los Alamos National 

Laboratory

J. Wermer, 

Possible Collaboration ïMelt Spin

CSIRO 

Michael Dolan

Fabrication, Permeation

University of Vermont General Hydrides/Permeation Consulting
Ted Flanagan 

Fabrication, Permeation, Insitu XRD, DSC/DTA 

TDA, Colorado

Permeation and Catalytic Coatings

Steve Paglieri, Sarah J. DeVoss, 

Amanda S. Parker, Gökhan Alptekin

Brookhaven Nat. Labs. General Hydrides/Permeation Consulting
Jim Reilly 



3

Research at Uni. of Nevada, Reno

Develop Non-

Precious Coatings to 

Prevent Corrosion of 

the membranes

üMetallic Coatings 

such as Ni, Ni alloys 

üCeramic Glass 

coatings

ü Combination of 

Glass Ceramic -

Metallic

Develop Non-Precious 
Metal Membranes

ü Develop Ni-Zr and other  

Alloy Compositions

ü Fabricate Ribbons

üIn-situ X-ray Diffraction

üRadial Distribution XRD 

functions for distances 

between atoms.

üSome XRD work at 

Synchrotron Centers as 

needed

üDifferential scanning 

calorimetric method

üScanning Electron 

Microscopy

üTransmission Electron 

Microscopy

Characterization

ü Optimize the Solubility of 

Hydrogen in membrane that 

plays an important role .

üUse of volumetric 

Sievertôs apparatus

üAging of membranes 

üMeasurement of      

Permeability parameters 

üOptimize Parameters - solubility, 

Diffusion, Permeation

üCompare Permeation Results with 

DOE Targets 
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H2 Recovery from Coal Gas

Å Advanced coal-to-hydrogen plants have the potential of co-generating power 
and hydrogen in volumes sufficient to fuel a large fleet of fuel cell-powered 
vehicles

Å System studies show enhanced efficiency for coal-to-hydrogen plants if WGS 
and H2 separation are combined into a single step

ï H2 can be produced at $3.98/MMBtu ($0.54/kg) in an IGCC co-generation plant

ï Further cost reduction to $3.0/MMBtu if SOFCs are used to generate electricity

 

Source: Mitretek Report to NETL, Gray and Tomlinson, 2003.

ü Natural gas reforming

CH4 + H2O ª CO + 3H2

ü Coal gasification

CO + H2O ª CO2 + H2

ÅContinuous depletion of   

H2 from reactor provides 

greater-than-equilibrium  

conversion

ÅGreater efficiency than 

multi-stage processes
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Trends in Alloy Membrane Development

Palladium

$US 6300/kg

Thin-film Pd 

membranes

< 5 µm

Non-Pd 

membranes

Lower cost raw materials:

Cu: $US 4/kg

Ni: $US 10/kg

Ti: $US 28/kg

Ta: $US 160/kg

Currently Pd catalyst layer 

(< 1 ɛm) needed**

Fabricated as óthickô foils 

only (²30 ɛm)

** We plan to use Ni 

coatings with W-

Phosphate Glass/Ni

Higher permeability

Difficult fabrication

Need high quality porous support (pore 

size 1/3 of membrane thickness)

Challenges

To meet targets for flux, temperature, cost, 

durability, chemical tolerance, DP

Non-Pd membranes

Amorphousïlow cost, large-scale 

fabrication, low hydrogen flux, low 

temperature

BCC alloysïhigh flux, rapid 

embrittlement, difficult fabrication
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Estimate of Cost Savings for Melt-Spun Amorphous  Metal 

Membranes

Metal costs $ unit $/g densitykg/m3

Pd 361 troy ounce 11.60771704 12023

Ni 10 kg 0.01 8908

Nb 20 pound 0.002753304 8570

Zr 25 kg 0.025 6511

Cost/1 micron Typical Cost per

Membrane thick m2 area thickness (mm) m2 membrane

Pd 139.559582 5 697.7979

Ni60Nb20Zr20 0.096575075 30 2.897252

Relative cost of a typical Pd membrane vs. a melt-spun 

Ni60Nb20Zr20 membrane ~ 240 times
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ÅPotential for perfect H2 selectivity

ÅPotential for high hydrogen flux

ïFlux and permeability a function of 

solubility and diffusion rate

ïGroup IV and V metals have high 

hydrogen solubilities and diffusivities

Why Amorphous Membranes?

Amorphous 

Membrane

Non-Precious Metal Alloys

ÅThese alloys may be Amorphous or Crystalline; but     

Amorphous alloys have better permeability

ü Due to lower atomic densities as 

compared to Crystalline alloys 

ü Resulting larger Free volume  that will 

lead high hydrogen diffusivity and 

consequently more Permeability
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Challenges with Amorphous Metal Membranes

Å Amorphous materials tend to re-crystallize  - Select High Tg 

ï loss in hydrogen permeability

ÅCollaborator: Dolan, M., et al., Ni-based amorphous alloy membranes for 
hydrogen separation at 400 degrees C. Journal of Membrane Science, 326(2) 
(2009) 549-555.

ÅYamaura, S.-i., et al., Hydrogen Permeation of Ni-Nb-Zr Metallic Glasses in a 
Supercooled Liquid State. Mater. Trans. JIM, 47(12) (2006) 2991-2996.

Å High overall hydrogen solubility in Group IV and V metals -
embrittlement
ï hydride phase formation prevention

ï ductility loss prevention

ï membrane failure prevention

Å Group IV and V metals lack intrinsic catalytic activity for hydrogen

ï Surface layers form that block hydrogen permeation

ï A thin, continuous coating of surface catalyst such as Pd-alloy is usually
required

Åprotect the membrane surface from process gases such as CO, H2S

Åcatalyze hydrogen dissociation/re-association on each side of the membrane

ïHowever, surface coatings interdiffuse with membrane at higher
temperatures (Ó400 C)
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Advantages of Our Approach

Å Hydrogen permeability in metals is the product of solubility and 
diffusivity (P = S³D) so alloys are required that reduce the 
solubility of hydrogen in the lattice while maintaining high 
diffusivity 

Å We propose to reduce hydrogen solubility through alloying

ï choose elements that promote the formation of metallic glasses

ï reduce solubility while maintaining diffusivity

ï impart favorable materials properties such as ductility and higher 
temperature onset of crystallization

ïCollaborator: M.D. Dolan. ñThermal stability, glass-forming ability and 
hydrogen permeability of amorphous Ni64Zr36īXMX (M= Ti, Nb, Mo, Hf, Ta or 
W) membranes.ò Separation and Purification Technology 65(3) (2009) 298ï
304.

Å We propose to utilize readily available surface catalysts such as Ni 
as a cost effective replacement for Pd

ï protect the membrane from process gases

ï utilize various deposition methods, compositions and thicknesses

ÅH. Tawarayama et al. Chem. Letters, Chemical Society of Japan, vol38, 
No.5 (2009)
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Hydrogen Permeability of Various Elements showing 

Importance of Nb, V, and Ta metals 

Ref. S.A. Steward ñReview of hydrogen isotope permeability through 

membrane materials, Lawrence Livermore National Laboratory, UCRL-

53441,1983.



11

Examples of Important Alloying Elements for 

Fabrication Binary and Ternary Ribbons

Metal
Crystal 

structure

H solid solubility in 

equilibrium with 

the hydride at 

T=27°C (H/Metal)

DH 

formation 

(of hydrides) 

(kJ/mol)

H2 permeability, 

F, at T=500°C 

(mol/m*s*Pa
1/2

)

Activation 

energies for bulk 

diffusion of 

hydrogen, Q 

(kJ/mol)

Nb bcc 0.05 -60 (NbH2) 1.6e-6 10.2

Ta bcc 0.20 -78 (TaH0.5) 1.3e-7 14.5

V bcc 0.05 -54 (VH2) 1.9e-7 5.6

Fe bcc 3.0e-8 +14 (FeH) 1.8e-10 44.8 (g-Fe)

Cu fcc < 8e-7 - 4.9e-12 38.9

Ni fcc < 7.6e-5 -6 (NiH0.5) 7.8e-11 40.0

Pd fcc 0.03 +20 (Pd2H) 1.9e-8 24.0

Pt fcc < 1e-5 +26 (PtH) 2.0e-12 24.7

a ~ 0.01

b ~ 1.0

a ~ 0.0014

b ~ 1.0

Zr hcp < 0.01 -165 (ZrH2) - -

-126 (TiH2g)

-133 (HfH2) -

-

-

-

Hf hcp

Ti hcp
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Example of Hydrogen Solubility in Zr-Ni System

Å Alloying changes hydrogen 
solubility

Å Increasing Ni content lowered 
hydrogen solubility in the Zr-
Ni alloy

Å The solubility has to be 
optimized such that Hydrogen 
is in Solid Solution form and 
not form Hydrides

Å Thus Alloying to Lower Ni 
content is important

ï Ref. Aoki, K., M. Kamachi, 
and T. Masumoto. 
ñThermodynamics of 
hydrogen absorption in 
amorphous Zr-Ni alloys.ò 
J. Non-Crystalline Solids, 
61 & 62 (1984) 679-684.

Pressure-composition 

isotherms for the solution of 

hydrogen in amorphous Zr-

Ni alloys at 473 K.
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Thermal Analyses  (DSC) Results

Å Dolan et al. determined the 

crystallization temperature for many 

glass materials

ï Dolan, M., et al., Journal of Membrane 

Science, 326(2) (2009) 549-555.

Å Our NETL program results for melt-

spun Ni60Nb20Zr20 compare favorably  

~594 C vs. 601 C

Ni60Nb20Zr 20

UNR M. Dolan et al.

Peak: 593.9930 oC

Onset Point: 588.8960 oC

Enthalpy /J/g: -57.7168

UNR- DSC result  of the melt-spun Ni60Nb20Zr20.
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Summary of Major Project Tasks 

and 

Locations where the Task will be 
Performed
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1. Project management Planning- All members

2. Design of alloys and fabrication- (UNR+CSIRO+TDA)

3. Hydrogen Permeation Tests- (UNR+CSIRO+TDA)

4. Hydrogen Solubility Studies-UNR

5. Amorphous  to Crystalline Transition (DSC Studies) - UNR

6. In-situ X-ray diffraction analyses   - UNR 

7 X-ray Determination of  Local order   - UNR

8 High Resolution X-ray and Neutron - Local order -UNR

9 Scanning and Trans. E.  Microscopy(SEM/TEM Tech.) -

UNR

Flow of Work for the NETL Project
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Fabrication of Ribbons ïNo. 2

We will fabricate Amorphous Ribbons - Develop 

Ribbons with good permeability

ÅNi-Nb-Ta alloys:     Ex: Ni60 Nb30Ta10  

ÅNi-Nb-Zr Alloys:     Ex: Ni60 Nb20Zr20

ÅNi-Nb-Ti  Alloys:     Ex: Ni60 Nb20Ti20

ÅNi-Ta   Alloys:         Ex: Ni64Ta36

Test addition of hexagonal structured elements to lower embrittlement

Melt Spin Ribbon Fabrication at Uni. of Nevada, Reno* 

and CSIRO.  LANL (Dr. J. Wermer has offered help) 

*contingent of purchasing the Melt spin apparatus

Fabrication 

Aspects-1
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Amorphous Ni-based membrane (30 mm wide) 

formed at CSIRO   

Fabrication 

Aspects- 2
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Team Member ï

CSIROôs Facilities

ÅSolid-state forming

ïPlanar crystalline 

membranes

ÅPlanar flow casting (melt 

spinning)

ïPlanar amorphous or 

devitrified alloy membranes

ÅCeramic fabrication

ïHigh-temperature tubular 

ceramic membranes

Fabrication 

Aspects-3
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DOE Membrane Performance Targets

Å *Standard hydrogen permeation testing conditions are 200 psia 

hydrogen feed pressure and 30 psia hydrogen sweep pressure

Å Also require CO tolerance and WGS activity

2010 2015

Hydrogen Flux

At ȹP = 100 psi H2

partial pressure*

200 SCFH/ft2 

(~100 

sccm/cm2)

300 SCFH/ft2 

(~150 

sccm/cm2)

Temperature ( C) 300-600 C

(572 to 1112 F)

250-500 C

(482 to 932 F)

Pressure (ȹP)Up to 400 psi 800-1000

Hydrogen purity 99.5% 99.99%

Sulfur tolerance 20 ppm > 100 ppm

Daniel Driscoll, NETL Test Protocol ïTesting of Hydrogen Separation Membranes, DOE/NETL ï

2008/1335: http://www.netl.doe.gov/technologies/hydrogen_clean_fuels

Measurement of Hydrogen Permeation  - No.3  

Permeation 

Measurement ïNo.1
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Membrane Test Cell

Å All stainless steel 
construction

ï400 psig

Å 2.5 cm diam. membrane

ï1.5 cm2 surface area

Å Graphite seals 

ï650 C in reducing 
environ.

Å Porous stainless steel frit 
supports membrane

Å Porous alumina felt 
prevents metallic 
interdiffusion between 
membrane and porous 
stainless steel frit 

Graphite gaskets

Membrane foil

Alumina felt 

Porous stainless 

steel frit

Permeation 

Measurement ïNo.2


