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ABSTRACT 

 

Vanadium is a cheaper and highly permeable alternative to palladium as a dense metallic hydrogen 

membrane. However, catalytic surface coatings must be applied to vanadium surfaces to enable the 

transport of molecular hydrogen. These coatings facilitate dissociation and recombination kinetics of 

molecular hydrogen and protect vanadium from oxidation. Palladium is the most common coating, but 

suffers from high material costs and interdiffusion with vanadium in the presence of hydrogen at and above 

400 °C. In this work, alternative surface catalysts that operate via a spillover transport mechanism were 

investigated for membrane operation at temperatures > 400 °C. Membrane performance of the various 

group V metals (vanadium, niobium, and tantalum) was studied with the application of Mo2C. Vanadium 

provided the best hydrogen permeability and mechanical stability, and therefore remained the focus of this 

thesis. Low temperature operation (< 600 °C) of Mo2C/V membranes revealed a robust resistance to 

embrittlement which was onset by transport limitations in the Mo2C. TiC was also tested as a coating and 

produced high fluxes up to 0.71 mol m-2 s-1 at 650 °C and 1 MPa transmembrane pressure. The effect of 

hydrogen isotopes on permeation at high temperature (600 – 700 °C) was tested on the TiC/V membranes. 

Protium permeated 1.12 – 1.34 times faster than deuterium, yet no isotopic effect on solubility was 

measured. A challenge with both Mo2C and TiC coatings was the competitive adsorption of CO2 and N2 

which inhibited hydrogen transport. However, this was resolved with the addition of thin Pd films over the 

carbide layers. Aside from transition metal carbides, a simple air treatment produced catalytically active 

V2O3 on the surface of vanadium. The surface oxide yielded similar fluxes to Mo2C, yet, was only stable at 

550 °C. Density functional theory simulations revealed superior energetic properties for hydrogen 

adsorption and dissociation on the V2O3 (0001) surface compared to other V oxide states. Lastly, vanadium 

sputter conditions and fabrication of composite Pd/V/Pd membranes on porous ceramic supports were 

studied to enable tubular geometries.  

  



iv 
 

  
TABLE OF CONTENTS 

 
ABSTRACT ................................................................................................................................................. iii 

LIST OF FIGURES ................................................................................................................................... viii 

LIST OF TABLES ..................................................................................................................................... xiii 

ACKNOWLEDGEMENTS ....................................................................................................................... xiv 

CHAPTER 1 INTRODUCTION .............................................................................................................. 1 

1.1. Hydrogen Importance ......................................................................................................... 1 

1.2. Application of Membranes ................................................................................................. 2 

1.3. Hydrogen Membranes ......................................................................................................... 6 

1.4. Dense Metallic Hydrogen Membranes ............................................................................... 7 

1.5. Superpermeability ............................................................................................................. 14 

CHAPTER 2 FABRICATION AND OPERATIONAL CONSIDERATIONS OF HYDROGEN 
PERMEABLE MO2C/V METAL MEMBRANES AND IMPROVEMENT WITH 
APPLICATION OF PD .................................................................................................... 15 

2.1. Abstract ............................................................................................................................. 15 

2.2. Background ....................................................................................................................... 16 

2.3. Experimental Methods ...................................................................................................... 18 

2.3.1. Membrane Fabrication ...................................................................................................... 18 

2.3.2. Hydrogen Permeation Measurements and Analysis ......................................................... 19 

2.4. Results and Discussion ..................................................................................................... 20 

2.4.1. Base Metal Considerations ............................................................................................... 20 

2.4.2. Low Temperature Operation ............................................................................................ 23 

2.4.3. Mixed Gas Performance ................................................................................................... 24 

2.4.4. Mo2C Interdiffusion Barrier Durability ............................................................................ 27 

2.5. Conclusions ....................................................................................................................... 28 

CHAPTER 3  APPLICATION OF TIC IN VANADIUM BASED HYDROGEN MEMBRANES ....... 30 



v 
 

3.1. Abstract ............................................................................................................................. 30 

3.2. Background ....................................................................................................................... 30 

3.3. Experimental Methods ...................................................................................................... 32 

3.4. Theoretical Model ............................................................................................................. 33 

3.5. Results and Discussion ..................................................................................................... 36 

3.5.1. TiC Sputter Deposition ..................................................................................................... 36 

3.5.2. Adsorption-diffusion model for TiC/V membranes.......................................................... 39 

3.5.3. Mixed Gas Tests ............................................................................................................... 44 

3.5.4. Membrane Stability ........................................................................................................... 45 

3.6. Conclusion ........................................................................................................................ 48 

CHAPTER 4 HIGH TEMPERATURE DEUTERIUM ENRICHMENT USING TIC COATED 
VANADIUM MEMBRANES .......................................................................................... 50 

4.1. Abstract ............................................................................................................................. 50 

4.2. Introduction ....................................................................................................................... 50 

4.3. Materials and Methods ...................................................................................................... 52 

4.3.1. Membrane Fabrication and Characterization .................................................................... 52 

4.3.2. Permeation and Solubility Experiments ............................................................................ 53 

4.4. Results ............................................................................................................................... 55 

4.4.1. Permeation and Absorption............................................................................................... 55 

4.4.2. TiC Surface Analysis ........................................................................................................ 58 

4.5. Discussion ......................................................................................................................... 60 

4.6. Conclusions ....................................................................................................................... 62 

CHAPTER 5. EXPERIMENTAL AND THEORETICAL INSIGHTS INTO THE POTENTIAL OF 
V2O3 SURFACE COATINGS FOR HYDROGEN PERMEABLE VANADIUM 
MEMBRANES ................................................................................................................. 63 

5.1. Abstract ............................................................................................................................. 63 

5.2. Background ....................................................................................................................... 63 

5.3. Experimental Section ........................................................................................................ 65 



vi 
 

5.3.1. Membrane Fabrication, Characterization, and Permeation Testing .................................. 65 

5.3.2. Computational Details ...................................................................................................... 67 

5.4. Results ............................................................................................................................... 68 

5.4.1. Air Treatment Analysis ..................................................................................................... 68 

5.4.2. Membrane Performance and Stability .............................................................................. 70 

5.4.3. VOx Characterization ........................................................................................................ 72 

5.4.4. H2 Dissociative-Adsorption on (0001) V2O3 .................................................................... 73 

5.5. Discussion ......................................................................................................................... 76 

5.6. Conclusions ....................................................................................................................... 77 

CHAPTER 6.  SPUTTERED VANADIUM COMPOSITE MEMBRANES ........................................... 79 

6.1. Abstract ............................................................................................................................. 79 

6.2 Background ....................................................................................................................... 79 

6.3. Experimental Methods ...................................................................................................... 80 

6.3.1. Vanadium Sputter Deposition ........................................................................................... 80 

6.3.2. Tubular Composite Membrane Fabrication ...................................................................... 81 

6.3.3. Membrane testing and characterization ............................................................................ 83 

6.3.4. Characterization Techniques ............................................................................................. 84 

6.4. Results and Discussion ..................................................................................................... 84 

6.4.1. Characterization of Sputtered Vanadium Films ................................................................ 84 

6.4.2. Tubular Vanadium Membranes ........................................................................................ 86 

6.5. Conclusions ....................................................................................................................... 91 

CHAPTER 7 GENERAL CONCLUSIONS AND SUGGESTIONS FOR FUTURE WORK ............... 92 

REFRENCES  .......................................................................................................................................... 97 

APPENDIX A DBTC PRESSURE ......................................................................................................... 111 

APPENDIX B SUPPORTING INFORMATION TO CHAPTER 3 ...................................................... 112 

APPENDIX C SUPPORTING INFORMATION TO CHAPTER 4 ...................................................... 116 



vii 
 

APPENDIX D SUPPORTING INFORMATION TO CHAPTER 5 ...................................................... 119 

APPENDIX E “ODE TO COATINGS” ................................................................................................. 121 

APPENDIX F POTENTIAL SPILLOVER CATALYSTS .................................................................... 122 

APPENDIX G PHYSICAL DESCRIPTION OF SUPERPERMEATION  ............................................ 124 

  



viii 
 

 

LIST OF FIGURES 

 
Figure 1.1 SMR membrane reactor schematic. .................................................................................... 3 

 
Figure 1.2  Methane conversion versus reactor temperature (a) and pressure (b) for both traditional 

(TR, solid symbols) catalytic and membrane (CMR, open symbols) reactors. Data from 
refs 5–9 with   distinction for Tong et al., 2005a 10 and Tong et al., 2005b 11. ..................... 3 

 
Figure 1.3 Membrane reactor configuration for ammonia decomposition and synthesis. Reprinted 

from Zhang et al. 29. ............................................................................................................ 5 

 
Figure 1.4 Schematic of membrane operation for dense metal membranes compared to a porous 

membrane. Reprinted from Uemiya et al. 41 ....................................................................... 8 

 
Figure 1.5  Permeability of various metals with select experimental results. Most data is from 

Steward 45, except for Pd coated BCC metal data is from Cooney et al. 47 and PdAg     
data is from Holleck 48. ....................................................................................................... 9 

 
Figure 1.6  PCT curve for Nb 56 at 400 °C (blue circles) an 500 °C (green circles), V 57 at 400 °C 

(orange square), and Pd at 200 °C (red diamond) 58. Dashed line at 0.2 H/M indicates 
DBTC. ............................................................................................................................... 11 

 
Figure 2.1  Hydrogen transport mechanism for (A) spillover catalyst Mo2C and (B) interdiffusion 

barriers. ............................................................................................................................. 18 

 
Figure 2.2  Hydrogen permeability vs. temperature for all membranes tested in study. 20 nm  

Mo2C/V membranes from Wolden et al. 72 and 100 nm Pd /V, Pd/Nb membranes       
from Cooney et al. 47 included for reference. .................................................................... 22 

 
Figure 2.3   M1 hydrogen flux vs. driving force pressures of 210 - 790 kPa absolute from 450 –      

750 °C with Sieverts’ exponent (n) displayed next to corresponding temperature. .......... 23 

 
Figure 2.4 PDBTC analysis of absolute pressure vs. temperature. Black dashed line is the estimated 

PDBTC from Van’t Hoff relations, orange diamonds are PCT data extracted from 
Matsumoto, 2014 42, red cross is the estimated value at 550 °C from Nakamura,         
2014 88, green line is atmospheric pressure in Golden, CO (83 kPa), and blue line             
is the max operating pressure (790 kPa). A membrane diagram is provided with red       
line illustrating theoretical hydrogen concentration through a membrane cross section,        
with the yellow boxes signifying the Mo2C layer. ............................................................ 24 

 
Figure 2.5 Summary of binary mixed gas tests with M4, M5, and M7. The permeability is 

normalized to pure H2 at 700 °C for M4. M4 was exposed to H2 and He/N2 binary 
mixtures, M5 was exposed to H2 and He/CO2 binary mixtures, and M7 was exposed        
to H2 and He/N2/CO2 mixtures with no evidence of H2 flux inhibition. ............................ 26 

 
Figure 2.6 Competitive adsorption effect of the binary exposure test of M5 (He and CO2) at 600 °C 

with recovery once temperature is increased. The break in the duration axis at hour 11 
and blue diamonds represent subsequent permeability measurements further in the 



ix 
 

experiment: 700 °C at hour 24 - 27, 650 °C at hour 27 – 28, and 600 °C at hour              
28 – 30. The gray dashed line signifies stable permeability at 600 °C under pure H2. ..... 26 

 
Figure 2.7  The influence of temperature, mixed gas exposure, and time on the hydrogen 

permeability for M6, M7, and 100 nm Pd on V 47. Temperature was varied from         
500-700 °C under pure hydrogen for M6, M7 underwent mixed gas exposure with He, 
N2, and CO2 at 500 °C, and the 100 nm Pd on V membrane showed the decline of 
permeability caused by interdiffusion at 500 °C. .............................................................. 27 

 
Figure 2.8  FESEM images taken at 20 kV of (A) M7 prior to testing at 50 kX, (B) M7 after 150 

hours of testing at 20 kX, and (C) M6 after testing at 10 kX. (D) EDS analysis at 10      
kV of M7 prior to and after testing, and M6 after testing. The peak present at 0.28       
keV is C Kα. ..................................................................................................................... 29 

 
Figure 3.1  Diagram of H transport through transition metal carbide (TMC) vanadium composite 

membranes. Mechanistic steps listed on the right. ............................................................ 35 

 
Figure 3.2  (A) FESEM cross-section of a 2 h sputtered TiC film at 473 K. (B) 1 µm × 1 µm AFM 

image and RMS of TiC sputtered for 1 h at 473 K. (C) XRD spectra of TiC sputtered    
for 1 h at 300, 473, and 673 K. All samples utilized Si wafer substrates. ........................ 37 

 
Figure 3.3  Effect of TiC substrate sputtering temperature on H2 permeance. Membranes consisted   

of 45 nm TiC coatings on 100 µm V foil deposited at substrate temperatures of 300,    
373, 473, and 673 K. ......................................................................................................... 38 

 
Figure 3.4  Hydrogen flux versus inverse sputtering time (TiC thickness) at membrane operating 

temperatures of 873, 923, and 973 K and transmembrane pressure of 10 bar. ................. 39 

 
Figure 3.5  Optimized n-value as a function of operating temperature and TiC thickness. ................ 40 

 
Figure 3.6  The natural log of H2 flux (mol m-2 s-1) at 6, 8, and 10 bar versus inverse operating 

temperature for the 15 min (23 nm) TiC/V membrane. Solid line represents linear fit      
for T > 873 K data and dashed line for T < 873 K data. ................................................... 41 

 
Figure 3.7 Hydrogen flux versus transmembrane pressure with fit model for (A) 15 min (23 nm)  

TiC data and (B) 7.5 and 30 min (11 and 45 nm) TiC data. ............................................. 42 

 
Figure 3.8  Hydrogen flux versus transmembrane pressure for Pd/TiC/V membranes and 7.5 min 

TiC/V membrane at 773 K. ............................................................................................... 43 

 
Figure 3.9  H2 flux (red) and H2 permeance (blue) during mixed gas exposure on (A) 15 min         

TiC / V membrane tested at 873 K and 5 bar, and (B) 15 min Pd/TiC and 7.5 min   
Pd/TiC membranes at 773K and 5 bar. ............................................................................. 45 

 
Figure 3.10  (A) Hydrogen flux versus absolute operating time at T = 873 K and ΔP = 5 bar for 

membranes fabricated with 15, 7.5, and 4 min TiC films. (B)  Hydrogen flux versus 
corrected operating time for 7.5 min TiC membrane operated at ΔP = 5 bar and 
temperatures of 773, 873, 923, and 973 K. Note: t = 0 was set once decline was    
apparent. *773 K data was from the 7.5 min Pd/TiC membrane. (C) Hydrogen flux  
versus operating time for the 7.5 min Pd/TiC membrane at T = 773 K and ΔP = 5 bar 
with mixed gas tests labelled. ........................................................................................... 46 



x 
 

 
Figure 3.11  FESEM images at 20 kV and 20 kX of the 15 min TiC/V sample (A) as fabricated and 

(B) post stability test. (C) EDS data taken at 15 keV of the as fabricated and post test 
samples.............................................................................................................................. 48 

 
Figure 4.1  Schematic of the SGAP apparatus. ................................................................................... 54 

 
Figure 4.2  H2/D2 flux per test and thermal cycle. The tests are labelled by colors blue, green, and  

red corresponding to test 1, 2, and 3, respectively. The isotope is labelled above the     
test. The shades in each test represent transmembrane pressures with darkest shade         
at 5 kPa and the shade lightening to 50 kPa ..................................................................... .56  

 
Figure 4.3  (A) Permeance, (B) n-value, and (C) separation factor versus temperature for data 

averaged from cycles 1 – 4. .............................................................................................. 57 

 
Figure 4.4  PCT diagram of hydrogen and deuterium in M2. ............................................................. 58 

Figure 4.5  Atomic percent (%) versus Ar+ etch (s) for (A) M1, 23.5 nm TiC, as-fabricated and      
(B) post permeation test using an Ar+ flux of 1.8 × 1018 ions m-2 s-1. (C) M2, 11.3 nm  
TiC, as-fabricated and (D) post absorption test using an Ar+ flux of                              
1.25 × 1018 ions m-2 s-1. ..................................................................................................... 59 

 
Figure 5.1  H2 permeability over time for membranes M1-5. Nakamura et al. data 88 was       

corrected for permeability shown in orange. .................................................................... 69 

 
Figure 5.2  H2 Flux (mol·m-2·s-1) vs. driving force pressure (MPa) for temperatures 773 – 873 K  

with calculated permeability and optimized Sieverts’ coefficient located in the       
adjacent table. ................................................................................................................... 71 

 
Figure 5.3  Thermal stability tests measuring H2 permeability over time at 773 K, 823 K, 873 K,   

and 973 K. ......................................................................................................................... 71 

 
Figure 5.4  XRD pattern of V foil: as received, 1 h air exposed, 1 h air exposed followed by 1 h      

H2 reduced, and membrane M6 both feed and permeate side ........................................... 73 

 
Figure 5.5  FESEM surface images at 40 kX and 25.0 kV of: (A) V foil after Ar sputter clean. (B)    

V foil after Ar sputter clean and 120-s air exposure at 150 kPa and 823 K. (C) Feed     
side of membrane M6. ...................................................................................................... 73 

 
Figure 5.6  (A) V2O3 2×2 slab. (B) DM-terminated. (C) SM-terminated. (D) O-terminated. All 

relevant atoms for H2 adsorption and dissociation labelled with O atoms colored red 
(large) and V atoms colored grey (small). ........................................................................ 74 

 
Figure 5.7 Energy pathway for H2 dissociation on the three terminated surfaces with different sites 

labeled. (I) H2 in the vacuum without chemical interaction with the surface which was 
used as a zero reference. (II) H2 adsorption onto the surface without dissociation. (III) 
The transition state of H2 dissociating on the surface. (IV) Two isolated H atoms 
adsorbed on the surface at independent sites. The gray line and asterisk (*) represents 
metastable states, wherein all real frequencies were calculated but had a negligible  
barrier in the reaction pathway to the subsequent state. ................................................... 75 



xi 
 

 
Figure 6.1  Schematic of sputter chamber with tubular substrate used for calibration viewed from 

above. ................................................................................................................................ 82 

 
Figure 6.2  XRD spectra of vanadium sputtered for 1 h at 25, 200, and 400 °C. ................................ 85 

 
Figure 6.3  AFM images 1 × 1 µm of vanadium sputtered on Si wafers for 0.5 h at (A) 25 °C, (B) 

200 °C, (C) 400 °C, and (D) 400 °C and 10 W RF bias. .................................................. 85 

 
Figure 6.4  Snapped cross-section of V/YSZ/PSS sample. Vanadium was sputtered for 5 h at 400 

mA, 400 °C, and 10 W RF substrate bias. Both images are obtained at 20 kV with the   
left image at a magnification of 5000x and right at 1500x. .............................................. 86 

 
Figure 6.5  Effective purity of the permeate stream and selectivity between H2 and N2 on Pd/V/Pd 

membrane M1 measured at 350 °C. The dashed line signifies the change between  
varying the H2/N2 ratio and increasing the total pressure. Effective purity neglected       
the He sweep and was measured by the QMS. ................................................................. 87 

 
Figure 6.6 Results of M2 testing with effect of temperature on H2 flux (left) and high pressure     

tests (right). ....................................................................................................................... 88 

 
Figure 6.7  Ammonia synthesis using M3. The left plot shows the synthesis rate as a function of 

GSHV and the difference between permeating H2 and cofed H2 and N2. The right plot 
shows the lack-of dependence of the rate with pressure for both permeation and cofed 
modes. ............................................................................................................................... 89 

 
Figure 6.8  XRD spectra of the YSZ support, as-fabricated, and post-tested M2. .............................. 90 

 
Figure 6.9  Post-test SEM cross-section of M2 showing both the macroporous and mesoporous 

region of the YSZ support, the electrolessly plated Pd (green) sandwiching the    
sputtered V (blue). The colors correspond to a mapped EDS element overlay. ............... 91 

 
Figure 7.1  Overview of hydrogen permeability for spillover catalyst coated membranes      

fabricated in this thesis. Solid lines correspond to theoretical values reported by 
Steward.45 .......................................................................................................................... 94 

 
Figure B.1 1 µm × 1 µm AFM images of TiC sputtered for 1 hr on Si wafers at substrate 

temperatures of 300 K and 673 K. RMS values are labelled in the figure. .................... 112 

 
Figure B.2 Pure gas H2 flux (mol m-2 s-1) versus transmembrane pressure (kPa) and operating 
  temperature (K) for 2 - 30 min TiC sputter time (labelled in the figure)  ....................... 112 
 
Figure B.3  Optimization of the apparent diffusion coefficient (Da) and adsorption        
 coefficient (b) in the empirical adsorption-diffusion model for TiC/V        
 membranes with TiC sputter times of 30, 15, and 7.5 min (labelled in figure). ..114 
 
Figure C.1  High resolution XPS scans of as-fabricated M1. Depth-profiling used ten-180 s Ar+    

etch cycles with a 2 × 2 mm projected area producing an Ar+ flux of 1.8 × 1018 ions       
m-2 s.-The black line represents the pre-sputter scans and the shade of the line         



xii 
 

lightens with each etch cycle. These spectra are not calibrated with adventitious     
carbon.............................................................................................................................. 116 

 
Figure C.2  High resolution XPS scans of post permeation tested M1. Depth-profiling used            

ten-180 s Ar+ etch cycles with a 2 × 2 mm projected area producing an Ar+ flux of        
1.8 × 1018 ions m-2 s.-The black line represents the pre-sputter scans and the shade of      
the line lightens with each etch cycle. These spectra are not calibrated with     
adventitious carbon. ........................................................................................................ 116 

 
Figure C.3  High resolution XPS scans of as-fabricated M2. Depth-profiling used ten-180 s Ar+     

etch cycles with a 3 × 3 mm projected area producing an Ar+ flux of 1.25 × 1018 ions     
m-2 s-1. The black line represents the pre-sputter scans and the shade of the line         
lightens with each etch cycle. These spectra are not calibrated with adventitious     
carbon.............................................................................................................................. 117 

 
Figure C.4  High resolution XPS scans of post sorption tested M2. Depth-profiling used                 

ten-180 s Ar+ etch cycles with a 3 × 3 mm projected area producing an Ar+ flux of      
1.25 × 1018      ions m-2 s-1.The black line represents the pre-sputter scans and the shade    
of the line lightens with each etch cycle. These spectra are not calibrated with 
adventitious carbon. ........................................................................................................ 117 

 
Figure C.5  Survey scans of M1 both as-fabricated and tested as well as pre and post sputter     

cycling. ............................................................................................................................ 117 

 
Figure C.6  Survey scans of M2 both as-fabricated and tested as well as pre and post sputter     

cycling. ............................................................................................................................ 118 

 
Figure D.1  XPS spectra. All samples (V Foil Pre-Sputter exempt) are sputtered for 300 s at 25     

mPa and 5 kV prior to scan. ............................................................................................ 119 

 
Figure D.2  DM-terminated H2 interaction states with bond lengths included beneath each state.     

Red atoms are oxygen, grey vanadium, and white hydrogen.. ....................................... 119 

 
Figure D.3 SM-terminated H2 interaction states with bond lengths included beneath each state.     

Red atoms are oxygen, grey vanadium, and white hydrogen. ........................................ 120 

 
Figure D.4  O-terminated H2 interaction states with bond lengths included beneath each state.        

Red atoms are oxygen, grey vanadium, and white hydrogen. ........................................ 120 

 
Figure G.1  Potential energy diagram for the hydrogen – vanadium superpermeable membrane  

system with thickness L. The diagram begins with position 0 corresponding to the  
plasma facing side (upstream) of the membrane with the energy of ½ H2 and       
vanadium taken as the zero energy level. The downstream surface of the membrane        
is labeled L. The energy level Ea1 indicates the barrier in the dissociative-adsorption.    
The enthalpy of adsorption (∆H) is the difference between that of the zero energy      
level and the lowest energy level of H in vanadium with the value taken from Fromm     
et al. 235 The activation energy of H diffusion through vanadium (ED) is taken as             
Ea2 - ∆H. .......................................................................................................................... 126 

 
  



xiii 
 

 
LIST OF TABLES 

 
Table 1.1  Summary of performance characteristics for several membrane technologies. Select        

data taken from Al-Mufachi et al40. Dense metallic membrane data represents recent   
thin-film fabricated membranes, giving imperfect selectivity. Hydrogen flux given at       
a driving force of 100 kPa. .................................................................................................. 7 

 
Table 1.2  Solubility, diffusivity, and permeability of dense metal membrane materials at 500°C. ... 8 

 
Table 1.3  Pd-alloys and group V metals embrittlement temperature, hydrogen flux comparison,  

and cost comparison. Spot price of metals taken on September 13, 2018. Note     
vanadium cost estimated from V2O5 spot price and does not account for processing         
to pure metal. .................................................................................................................... 10 

 
Table 2.1  Summary of tested BCC membranes ................................................................................ 22 

 
Table 3.1  Membrane data and fit model parameters. ........................................................................ 43 

 
Table 4.1  Membrane identification, fabrication, and experimentation. ............................................ 53 
 
Table 4.2  Summary of membrane properties. ................................................................................... 58 

Table 5.1  List of membranes fabricated and tested in this study. ..................................................... 66 

 
Table 5.2  Catalyst comparison to literature for H2 dissociation barrier and dissociated H   

adsorption energy. ............................................................................................................. 78 

 
Table 6.1  Relative thickness of sputtered film along tubular support. Position 1 corresponds to        

a point next to the Swagelok fitting closest to the tube rotator and 19 at the end of the 
tube on the right. ............................................................................................................... 82 

 
Table 6.2  List of membrane fabrication specifications and experiment conducted. ......................... 83 

 
Table 6.3  Performance metrics for composite vanadium membranes at 350 °C The theoretical 

permeance value was calculated for 3.5 µm thick vanadium. .......................................... 89 

 
Table A.1  DBTC pressure as a function of temperature for both V and Nb.................................... 111 
 
Table F.1  Binding energies calculated by DFT on spillover catalysts. ........................................... 123 
  



xiv 
 

 

ACKNOWLEDGEMENTS 

 

 First, I would like to express my sincere gratitude to my thesis advisors Prof. J. Douglas Way and 

Prof. Colin A. Wolden. Their guidance, insight, support, and patience were invaluable throughout my PhD 

studies. Second, I would like to thank Dr. Masashi Shimada and Dr. Chase Taylor for allowing me to visit 

the Safety and Tritium Applied Research facility at Idaho National Lab, and for their help and guidance 

throughout my internship. Additionally, Dr. Simona Liguori for encouragement, Italian lessons, and 

valuable discussions, as well as Prof. Jennifer Wilcox and Dr. Peter Psarras for assistance with DFT 

simulations. Lastly, my labmates: Dr. Sean-Thomas B. Lundin for his assistance in experimental design 

and general advice and knowledge, Dr. Neil S. Pakti for help with SEM characterization and fabrication of 

Pd-alloy composite membranes, Zheynu Zhang for office discussions and assistance with ammonia 

synthesis experiments, Abigail M. Hengtes for help with Mo2C experiments and the sputtered vanadium 

membranes project, and Elias P. Petsalis for assistance with V2O3 and TiC work.  

This material is based upon work supported under a DOE-NE Integrated University Program 

Graduate Fellowship, U.S. National Science Foundation Grant No. 1512172, and ARPA-E Grant No. 

0000785. Any opinions, findings, conclusions or recommendations expressed in this publication are those 

of the author and do not necessarily reflect the views of the Department of Energy Office of Nuclear Energy 

and ARPA-E, or U.S. National Science Foundation.  



1 

 

 

CHAPTER 1 

 

INTRODUCTION 

 
Modified from a book chapter published by World Scientific Publishing Company1 

 
Sean-Thomas B. Lundin2 , Neil S. Patki3, Thomas F. Fuerst4, Sandrine Ricote5, Colin A. Wolden6, J. 

Douglas Way7 

 

1.1. Hydrogen Importance 

As the world population and energy demands sky rocket, the increased need for energy-efficiency 

and sustainability in all aspects of modern society becomes a crucial scientific and engineering challenge. 

Hydrogen is of keen interest because it has an essential role in a wide variety of applications which include 

commodity and fine chemical production, petroleum refining, ammonia production, steal/metal processing, 

and manufacturing semiconductor devices. Alternatively, hydrogen can be used as a clean energy fuel to 

produce electricity in a fuel cell for stationary or portable devices.  The importance of hydrogen is evident 

in the fact that in 2015 over 15 million kg per day of hydrogen was produced in North America alone 1. 

This number will dramatically increase if hydrogen is consumed as a transportation fuel. Therefore, 

improving the efficiency of hydrogen production and utilization could make a significant impact on energy 

sustainability.  

 Hydrogen’s heavier isotopes, deuterium (D, 2H) and tritium (T, 3H), are also crucial to both fission 

and fusion nuclear applications. Deuterium is a neutron moderator in the CANDU reactor design. Tritium 

is a radioactive gaseous byproduct in fission reactors which must be isolated and contained for 

environmental safety and national security. Deuterium and tritium are also the desired fuel for fusion 

                                                 
1 Reprinted with permission from World Scientific Publishing Company. Original chapter entitled Dense Inorganic 
Membranes for Hydrogen Separation published in Membranes for Gas Separation (ISBN: 978-981-3207-70-7). 
2 Primary author, Ph.D., Department of Chemical and Biological Engineering, Colorado School of Mines. 
3 Co-author, Ph.D., Department of Chemical and Biological Engineering, Colorado School of Mines. 
4 Co-author, Ph.D. candidate, Department of Chemical and Biological Engineering, Colorado School of Mines. 
5 Co-author, Research Associate Professor, Department of Mechanical Engineering, Colorado School of Mines. 
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reactors. Therefore, production, enrichment, and management of hydrogen isotopes are also of great 

interest.   

1.2. Application of Membranes 

Although hydrogen is the most abundant element in the universe, elemental hydrogen gas (H2) is 

scarce in Earth’s natural environment. However, hydrogen is incredibly present in molecules such as water, 

biomass, and hydrocarbons, which can be utilized as natural resources. Hydrogen gas must be fabricated 

out of these molecules via one of four different methods: steam methane reforming (SMR), gas partial 

oxidation (Pox), water electrolysis, or as a byproduct of other dehydrogenation reactions. In a perfectly 

sustainable world, all hydrogen would be produced renewably by water electrolysis, however 90% is 

produced by steam methane reforming (SMR) due to the abundance of cheap natural gas 2. Therefore, when 

industry and researchers look to make improvements in hydrogen production, SMR captivates considerable 

attention. 

The SMR process involves two basic reactions and an extensive separation process. In the first 

step, methane is partially oxidized by steam via reaction 1.1 at ~1073 K and low pressure. Then, to fully 

oxidize carbon monoxide to a safe product and extract more hydrogen a water gas shift (WGS), reaction 

1.2, is proceeded at operating temperatures 573 – 673 K.  

CH4 + H2O ↔ CO + 3·H2 ΔH0 = 206 kJ/mol  (1.1) 

CO + H2O ↔ CO2 + H2 ΔH0 = -41 kJ/mol (1.2) 

SMR and WGS occur in separate reactors due to their different kinetic and thermodynamic temperature 

requirements. Downstream from the reactors, hydrogen separation occurs with methods such as pressure 

swing adsorption or cryogenic distillation. This whole process can be considerably improved with the 

application of membrane reactors 3. As shown in Figure 1.1, entrapping the catalyst within a structure that 

also extracts the hydrogen improves efficiency by eliminating several processes and, therefore, reduces the 

real estate footprint, capital, and operational costs. Additionally, abiding by Le Châtelier's principle, the 

removal of the product gas allows for operation at substantially lower temperature and higher pressure. This 

allows reactions 1.1 and 1.2 to occur simultaneously and proceed to completion. The improvement from 

using membrane reactors is clearly shown in Figure 1.2. Rostrup-Nielsen 4 estimates 0.84 x 1015 BTU/year 

is spent on SMR in the U.S. alone. If the operating temperature could be reduced from 900 °C to 500 °C by 

incorporating a membrane reactor, this alone would save the U.S. 30 trillion BTU per year. Similar benefits 

are also inherent in any dehydrogenation reaction which leads to a broad application for membrane reactors.  
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Figure 1.1 SMR membrane reactor schematic.  

 

 

Figure 1.2 Methane conversion versus reactor temperature (a) and pressure (b) for both traditional (TR, 
solid symbols) catalytic and membrane (CMR, open symbols) reactors. Data from refs 5–9 with distinction 
for Tong et al., 2005a 10 and Tong et al., 2005b 11.  

 
Membrane reactors can also be applied to hydrogenation processes. Several studies have shown 

that permeating hydrogen through Pd membranes provides reactive atomic H species to the reaction 

environment 12–14. The increase in reactivity is hypothesized to be from the free energy of atomic hydrogen 

on the surface. Two atomic hydrogen species recombining and dissociating releases ~100 kcal mol-1 in the 

form of heat, whereas that energy could be transferred to reactions with other species on the permeate side 

of the membrane. Application of this idea dates back to 1966 when Rennard and Kokes studied ethylene 

and propylene hydrogenation over Pd 15. Many studies in the 1980s and 1990s were conducted on 

hydrogenation membrane reactors which lead to several review articles 16–19. Interest diminished in the 

A B 
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2000s due to issues with membrane cost and durability. Recently, better fabrication techniques and 

advancement of alloys/materials have made these hydrogenation membrane reactors more effective and 

affordable. 

An interesting application where membranes can be applied to hydrogenation and dehydrogenation 

of a single chemical species is the synthesis and decomposition of ammonia. A visual representation of 

membrane reactor scheme for the two types of reactors is shown in Figure 1.3. Ammonia is one of the most 

important chemicals in our modern society, accredited with feeding the world’s immense population as the 

primary ingredient in fertilizers 20. Moreover, ammonia has recently gained interest as a hydrogen storage 

material because of its vapor pressure of 1 MPa at room temperature. This allows for liquid storage which 

inherently relates to a larger energy density when compared to compressed hydrogen 21. When used in a 

fuel cell and produced via hydrogen generated by renewable water electrolysis, ammonia has a closed fuel 

cycle with the only constituents being nitrogen and water 22. If ammonia becomes a mainstream energy 

storage fuel, the production rate will increase significantly. Therefore, with the ability to benefit both the 

energy and agriculture industries, understanding and unlocking the potential of ammonia is of incredible 

importance. 

Commercial ammonia synthesis uses the Haber-Bosch process which has remained relatively 

unchanged for over a century 23. This process requires temperatures greater than 400 °C due to kinetic 

limitations and pressures above 10 MPa for thermodynamic conversions. The juxtaposition of these two 

conditions are shown in reaction 1.3 by the exothermicity and variation of gaseous molar quantities. 

𝑁2(𝑔) + 3𝐻2(𝑔) ↔  2𝑁𝐻3(𝑔)       ΔH0 = -92.4 kJ/mol  (1.3) 

Although significant research has been conducted on catalysts, reducing temperature and pressure 

remains a challenge. Over the past 20 years hydrogenation membrane reactors have been applied to improve 

reaction rates for ammonia synthesis. The first study by Marnellos and Stoukides 24 in 1998 demonstrated 

this process with an electrochemical driven proton conducting ceramic. Several studies have been 

conducted since, but synthesis rate remains to be limited by hydrogen transport 25. Recently, in 2016, 

Morimoto et al. 26 constructed a PdAg coated V-10Fe membrane to produce a small amount of ammonia 

which demonstrates the application with dense metallic membranes. Alternatively, dense metals dominate 

the membrane application for ammonia decomposition 27. In the reverse of reaction 1.3, ultra-high purity 

hydrogen can be removed from the reaction environment which eliminates fuel cell fouling issues 28. Zhang 

et al. 29, demonstrated this concept with a 3 μm Pd composite membrane with a Ni catalyst and obtained 

93% conversion with 92% recovery at 773 K and 0.4 MPa. However, Zhang et al. also suggested a better 
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design would be a high temperature cracker followed by a membrane separator, which they later tested and 

observed an increase in conversion 29. Rizzuto et al. 30 stuck with the conventional membrane reactor design 

and tested a membrane module from REB Research and Consulting that achieved 99.8% conversion and 

87.2% hydrogen yield with a 99.9999% purity at 723 K and 0.6 MPa. Regardless of the configuration, 

membranes can make a significant improvement to these two processes. 

Ammonia Decomposition 

 

Ammonia Synthesis 

Figure 1.3 Membrane reactor configuration for ammonia decomposition and synthesis. Reprinted from 
Zhang et al. 29.  

 
In a different energy sector, membranes are also applied to hydrogen isotope separation in the 

nuclear community. In fission reactors, three radioactive gaseous byproducts are formed: 129I, 85Kr, and 3H. 

Safety issues require these gases to be separated from the solid radioactive waste and properly handled and 

stored. Tritium (3H) is of concern because it can easily infiltrate and contaminate the water table by forming 

tritiated water. Therefore, tritium is extracted and isolated from the other gaseous products to reduce 

environmental contamination but is also stored for national security purposes as it is essential to our nuclear 

weapons program. Power + Energy INC markets a Pd membrane unit specifically for this application. 
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Additionally, tritium and deuterium separation and reprocessing is critical for a sustainable nuclear 

fusion fuel cycle. The fusion reaction with the highest cross-section (1.24 x 10-24 m3 s-1 keV-2) and energy 

released (17.6 MeV) is shown in reaction 1.4. 

𝐷12 +  𝑇 → 𝐻𝑒 + 𝑛 2413                (1.4) 

Only a small fraction of the tritium and deuterium in the tokamak undergoes fusion. Therefore, the majority 

must be removed from the spent fuel and recycled back to the tokamak for further fusion reactions 31. Pd 

membranes have been extensively studied for this purpose, and reactor designs are currently being modelled 

and constructed for application in the international ITER project 32–36. 

 For nuclear fusion fuel, tritium is bred in-situ by fission of Li in the blanket with neutrons that 

escaped the plasma. Deuterium is enriched from its natural abundance of 0.015% in water. The ability to 

mass produce deuterium has been demonstrated for decades with the advent of the CANDU fission reactor 

design, which uses deuterated water as a neutron moderator. Several techniques have been employed to 

enrich deuterium, yet they all remain extremely energy intensive. One method is the combined industrial 

reforming and catalytic exchange (CIRCE). Here, steam methane reforming produces molecular hydrogen 

which then undergoes a catalytic exchange process to enrich deuterium in a liquid phase species. The 

advantages of membranes in SMR have already been discussed, but the use of membranes for deuterium 

enrichment is further discussed in Chapter 4. 

1.3. Hydrogen Membranes 

Hydrogen permeable membranes function under three transport mechanisms: molecule sieve, 

electrochemically driven, or solution-diffusion. Molecular sieve operates once the pore size approaches that 

of the individual gas molecules. Although H2 is one of the smallest molecules with a diameter of 0.293 nm, 

perfect selectivity can never be achieved because He and Ne are smaller. Additionally, a perfect pore size 

must be fabricated to separate H2 from N2 (0.370 nm), CH4 (0.376 nm), CO (0.362 nm), NH3 (0.326 nm), 

or H2O (0.296 nm). Therefore, sieve membranes are typically comprised of nanostructured microporous 

silica which form a network of pores approximately one nm in diameter and have the ability to separate 

hydrogen from gases with a much larger size. Alternatively, dense proton conducting ceramic membranes 

drive hydrogen transport with an electric potential gradient. When these membranes are operated 

electrochemically (galvanic mode), H2 is dissociated/associated on the electrodes where electrons are 

stripped and carried through an external circuit, and protons are transported through the conducting ceramic. 

Typical materials for these ceramics are either perovskite type or derivatives of the fluorite or pyrochlore 

structures and are discussed in detail in the book by Mathieu Marony 37. These membranes are an interesting 
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class since they are driven by an external electric potential, so they can be used to pressurize hydrogen 

vessels 38, but have smaller fluxes compared to dense metallic membranes.  

Membranes that operate via the solution-diffusion mechanism transport hydrogen by solubility and 

diffusivity within a solid material. The most studied materials are polymers and dense metals. Polymers 

have high hydrogen flux but suffer from selectivity, particularly with CO2 where the separation factor is ~1 
39. Inherent material properties of polymers also limit operating temperatures to < 100 °C, which restricts 

their applicability for most membrane reactors. Dense metals do not suffer from selectivity issues and can 

operate in the temperature window required for the applicable reactions (300-700 °C). Due to the solution-

diffusion mechanism, and lack of solubility for any other gas, dense metals provide near infinite selectivity 

in defect free membranes while achieving high fluxes.  

Table 1.1 summarizes the four membrane types.  

Table 1.1 Summary of performance characteristics for several membrane technologies. Select data taken 
from Al-Mufachi et al. 40. Dense metallic membrane data represents recent thin-film fabricated membranes, 
giving imperfect selectivity. Hydrogen flux given at a driving force of 100 kPa. 

Membrane Silica Dense 

polymer 

Dense 

ceramic 

Dense 

metallic 

Transport 

Mechanism 

molecular 
sieving 

solution 
diffusion 

solution 
diffusion 

solution 
diffusion 

Temperature (°C) 200–600 < 100 600–900 300–600 
H2 selectivity 1–5000 4–400 102–104 102–104 

H2 flux (mol m-2 s-1) 0.06–0.3 < 0.001 < 0.01 0.06–0.3 
 
 
1.4. Dense Metallic Hydrogen Membranes 

As discussed in the previous section, dense metals offer high fluxes, stability in a wide temperature 

range, and near infinite selectivity. Figure 1.4 displays the steps involved in the solution-diffusion 

mechanism for hydrogen permeation in dense metals: (I) the gas adsorbs onto the metal surface, (II) the 

hydrogen molecule dissociates into two adsorbed atoms, (III) each atom then absorbs into the metal and 

diffuses to the permeate side, (IV) the atoms recombine on the surface into an adsorbed hydrogen molecule, 

and (V) the hydrogen molecule finally desorbs into the purified hydrogen permeate. 
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Figure 1.4 Schematic of membrane operation for dense metal membranes compared to a porous membrane. 
Reprinted from Uemiya et al. 41 

 
In general, the hydrogen permeability in metals can be described by equation (1.5, which states that 

the permeability coefficient, πH, is the product of the solubility (S) and diffusivity (D). 

DSH   (1.5) 

The standard method of measuring solubility in dense metals is to use a Sieverts type apparatus to form 

pressure-composition isotherm (PCT) curves 42. Diffusivity, on the other hand, is a measure of H migration 

by hopping between interstitial sites in the lattice which increases with temperature 43. Additionally, the 

activation energy of this hopping increases with distance between interstitial sites 44. 

The majority of research on dense metallic membranes focuses on Pd and Pd-alloys. However, the 

group V metals (V, Nb, and Ta), also known by their body-centered cubic (BCC) crystalline structure as 

BCC metals, provide improved diffusivity and solubility compared to Pd as shown in Table 1.2.  

Table 1.2 Solubility, diffusivity, and permeability of dense metal membrane materials at 500 °C. 

Metal/Alloy Solubility 

 (mol m-3 Pa-0.5) 

Diffusivity 

(m2 s-1) 

Permeability 

(mol m-1 s-1 Pa-0.5) 

V45 12.6 1.5 × 10-8 1.8 × 10-7 
Nb45 30.4 1.0 × 10-8 3.0 × 10-7 
Ta45 24.8 5.4 × 10-9 1.3 × 10-7 
Pd46 6.0 3.2 × 10-9 1.9 × 10-8 

 

Figure 1.5 shows the theoretical hydrogen permeability as a function of temperature for several 

transition metals as well as the Pd-20Ag alloy. The highest permeabilities are for the group V metals (V, 

Nb, Ta) as well as FCC Pd and its alloys. Pd has the unique ability to both dissociate and transport hydrogen 
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allowing it to be a stand-alone membrane material. Assuming equilibrium at the gas/metal interfaces, the 

flux, J, of molecular hydrogen through Pd is commonly modelled by Sieverts’ law as shown in 1.6. 

 n

PH

n

FH

H PP
L

J ,2,2 


 
(1.6) 

 

In this equation, the flux is determined by the permeability of the metal, πH, the membrane thickness, L, 

and the pressure gradient of hydrogen between the feed, n

FHP ,2 , and permeate, n

PHP ,2 , sides. The pressure 

exponent, n, also known as the Sieverts’ exponent, varies between 0.5 and 1 depending on what step of 

hydrogen transport is rate-limiting. Bulk diffusion limitations, for instance, will result in a square root 

dependence, whereas surface adsorption/desorption limitations will result in a dependence of unity.  

 

Figure 1.5 Permeability of various metals with select experimental results. Most data is from Steward 45, 
except for Pd coated BCC metal data is from Cooney et al. 47 and PdAg data is from Holleck 48.  

 
Formation of a β-phase hydride and subsequent embrittlement failure are a limitation of both group 

V metals and Pd. Hydride phase properties can be tuned with the formation of alloys which suppress 

embrittlement temperatures. However, alloys such as PdAg also provide higher permeability, as shown in 

Figure 1.5, as well as reduce material costs. An economic inhibitor for the implementation of Pd is its high 

and volatile price. This motivates alloying with cheaper metals such as Ag and Cu as well as research on 
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group V metals. Table 1.3 gives the embrittlement temperature, comparison of hydrogen flux, and cost 

comparison of Pd alloys and group V metals. This table clearly outlines the motivation to investigate 

vanadium and the other group V metals. The hydrogen fluxes of these metals are an order of magnitude 

larger than Pd at only a small fraction of the material cost.  

 

Table 1.3 Pd-alloys’ and group V metals’ embrittlement temperature, hydrogen flux comparison, and cost 
comparison. Spot price of metals taken on September 13, 2018. Note vanadium cost estimated from V2O5 
spot price and does not account for processing to pure metal.  

Comparison of  

Phase Diagrams 

Comparison of  

Hydrogen Flux 

Comparison of  

Membrane Cost 

Metal -Alloy 

(wt %) 

Embrittlement 
Temperature 

Metal-alloy 
(wt %) 

Hydrogen Flux 
(Alloy/Pure 

Pd) 

Alloy Metal 
Price  

(US$/ oz) 

Membrane Cost 
(Alloy/ Pure Pd) 

Pd49 ~570 K Pd 1.0 986.8 1.00 
Pd-25Ag50 ~300 K Pd-27Ag 51 1.7 14.18 0.75 
Pd-25Au50 ~300 K Pd-20Au 51 1.0 1198.1 1.05 
Pd-34Cu50 ~300 K Pd-39Cu 51 1.3 0.17 0.66 
V52 ~440 K V 45 9.5 2.10 0.002 
Nb53 ~440 K Nb 45 15.8 1.20 0.001 
Ta54 ~280 K Ta 45 6.8 4.30 0.004 

 

Focusing on the cost and permeability make the group V metals seem ideal, however, they come 

with several challenges. Although the high solubility of BCC metals is beneficial for achieving high 

hydrogen flux, it creates several issues with mechanical stability. Group V metals remain ductile in 

hydrogen at near atmospheric pressures for a range of temperatures, but α-hydride-BCC metals become 

very brittle and fracture under moderate hydrogen pressures. Embrittlement of these metals was tested with 

an in situ punch apparatus and Nb was measured to have a ductile-to-brittle transition concentration (DBTC) 

at ca. 0.20–0.25 H/M (hydrogen atom to metal atom ratio) 55. Very little difference in the DBTC was 

measured between samples prepared from different manufacturing methods, despite the difference in grain 

sizes 55. Similar DBTC values for V have also been reported 56 which constrains these metals to an 

operational concentration of < 0.2 H/M. The PCT curves for Nb and V with the DBTC are shown in Figure 

1.6, where the critical equilibrium hydrogen pressure corresponding to the DBTC at 400 °C is observed to 

be 5 kPa for pure Nb and 40 kPa for V. This DBTC pressure increases with temperature, as shown by the 

increase in critical pressure of Nb at 500 °C (30 kPa), primarily due to the decreasing solubility in the metals 

with increasing temperature. Van’t Hoff relations were applied to V and Nb to estimate DBTC pressure at 

higher temperatures and are shown in Appendix A.  
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Figure 1.6 PCT curve for Nb 56 at 400 °C (blue circles) an 500 °C (green circles), V 57 at 400 °C (orange 
square), and Pd at 200 °C (red diamond) 58. Dashed line at 0.2 H/M indicates DBTC.  

 
Operation at higher pressures is important for applications such as SMR, ammonia decomposition, 

and ammonia synthesis. Thus, alloys are investigated to reduce hydrogen solubility and prevent 

embrittlement caused by high hydrogen concentration in the lattice. Ideally, the desired alloys are ductile, 

retain relatively high hydrogen permeability, and are resistant to embrittlement. These properties have been 

the central focus of alloy research for the past 20 years.  

In addition to embrittlement affecting the range of pressures and temperatures for operation, BCC 

metals also readily form oxides that have low hydrogen solubility and can severely limit hydrogen transport. 

Thus, coatings must be applied to feed and permeate sides of metal membranes to prevent surface oxidation 

and promote the dissociative-adsorption and associative-desorption of molecular hydrogen. Pd has been the 

most studied and easiest choice because it exhibits high kinetics and strong chemical and environmental 

resistances 59. Coatings are typically applied by electroless plating to produce 1 µm to 2 µm thick coatings 
60 or by sputtering for thin films of 100 nm to 400 nm 59. Surface oxides are removed before deposition by 

mechanical and chemical treatments in the case of electroless plating, or by an Ar plasma etch when 

sputtering. Deposition of thin, 100 nm Pd coatings on BCC metals has shown to eliminate diffusion 
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limitations in the Pd coatings and produce near theoretical results of hydrogen permeability for V, Nb, and 

Ta 47, as shown in Figure 1.5.  

A downfall of Pd overlayers is intermetallic diffusion between the base BCC metal and the Pd 

coating in the presence of hydrogen. The removal of Pd from the surface exposes the BCC metal surface to 

oxidation which significantly inhibits hydrogen transport. This effect is most drastic between V and Pd, 

whereas poor surface interactions have been observed between Pd and either Nb or Ta. Pd is seen to flake 

off these metals at 500 °C 47, presumably due to swelling of the Nb membrane from the high hydrogen 

solubility. Additionally, the deposited Pd film has been found to change morphology as a function of 

temperature 61,62. Films up to 250 nm formed pores at 420 °C, and thicker films of 250 nm to 1000 nm 

formed porous structures at 600 °C 61. Alternatively, at or above 500 °C interdiffusion between Pd and Nb 

can form an impermeable Pd3Nb species at the surfaces 62.  

Transition metal carbides (TMCs) are well known to have similar electronic properties as Pt group 

metals 63. The addition of carbon into the early transition metal lattice was suggested to increase d-electron 

density 64, which has been confirmed by DFT studies 65. This improved d-electron density allows transition 

metal carbides to possess superior catalytic properties at a reduced material cost for several hydrogen 

dissociation catalytic applications such as in fuel cells 66 and hydroprocessing 67. Nanoscale carbide coatings 

are also applied via sputtering to materials for wear and corrosion resistance 68. The catalytic and mechanical 

properties make carbides ideal for application as surface catalysts on group V metal membranes.  

The stability of the metal carbide structure is thought to prevent interdiffusion between the catalyst 

layer and the bulk metal allowing for operation well above 400 °C 69. However, due to the unknown 

hydrogen permeability of TMCs, hydrogen transport via solution-diffusion is unlikely to occur through the 

catalyst layer. Instead, a spillover transport mechanism is suggested 70, similar to that observed by applying 

catalysts to improve hydride formation kinetics for hydrogen storage materials 71. The steps in this 

mechanism, as described on the feed side of the membrane, are as follows: (1) hydrogen adsorbs onto the 

TMC catalyst, (2) molecular hydrogen dissociates into atomic species on the surface, and (3) atomic 

hydrogen surface diffuses along grain boundaries to the base metal interface. The next steps are also 

observed in the solution-diffusion mechanism: (4) absorption into the base metal, and (5) diffusion through 

base metal. The identical mechanism then proceeds in reverse on the permeate side.  

Our group has applied thin films of Mo2C on vanadium by RF sputtering 69,72 to provide both 

oxidation protection and catalytic ability to dissociate/associate hydrogen on the feed and permeate 

surfaces. Thicknesses of the carbide layer were optimized to 20 nm, which is much thinner than the typical 
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Pd coatings 72. These membranes were able to exceed the permeability of pure Pd at high temperatures, 

with a measured permeability of 5.9 × 10-8 mol m-1 s-1 Pa-0.5 at 750 °C 72.  

Mo2C is not the only carbide that exhibits noble metal catalytic activities. Michalsky et al. 73 studied 

several carbide catalysts for the hydrogen evolution reaction (HER) for water electrolysis, which can be 

used to compare catalytic performance for membrane spillover catalysts. The ideal catalyst has a high 

current density and a neutral binding energy which mitigates dissociative-adsorption versus associative-

desorption kinetic limitations. TiC is suggested to be the best performing catalyst among metal carbides. 

Zhu et al. 74 report similar findings with DFT simulations. They found that TiC has the smallest barrier for 

both dissociation and recombination when compared to Mo2C, HfC, and ZrC. Tian et al. 75 compared TiC 

and Mo2C coated on mechanically milled MgH2 for hydrogen desorption properties and reported a 

significant decrease in activation energy for the TiC coated pellets and no effect for Mo2C, proving TiC as 

the superior associative-desorption catalyst. In addition, deposition of thin films of TiC is commonplace 

via magnetron sputtering 76–78 with small pores and grains present in 500 nm thick coatings 78. These studies 

suggest that TiC could potentially be a superior catalyst for BCC metal membranes. TiC coated on 

vanadium is the focus of chapters 3 and 4.  

Interdiffusion barriers to physically separate Pd and BCC metals, but also transport atomic H 

transport, are another technology to enable high temperature operation. These barriers can be oxides 79–81, 

carbides 82,83, nitrides 84, or trace yttrium 85,86. David J. Edlund patented this idea in 1992 87 and later provided 

the first publication demonstrating improved durability at 700 °C by sandwiching calcined aluminum oxide 

paper in between 25 μm foils of palladium and vanadium 79. Yepes et al. 80 used α-Fe2O3 and β-Al2O3 as a 

barrier between Pd-Ag and porous stainless steel substrates. Nam and Lee 81 used SiO2 instead to limit 

diffusion between Pd-Cu and stainless steel supports. Hatano et al. 82,83 carbonized the Nb surface with 

methane to form NbC and Nb2C prior to sputtering Pd and observed enhanced high temperature durability 

with minimal reduction in hydrogen absorption rates. Nozaki et al. 84 deposited 70 nm of HfN in between 

Ta and 300 nm of Pd. Initial experiments by Jeon et al. 85 and a follow up publication by Ko et al. 86 

demonstrated how trace yttrium segregates to grain boundaries and reduces interdiffusion rates. The use of 

TMCs as standalone catalysts as well as interdiffusion barriers is the topic of chapters 2 – 4.  

In 2015, Nakamura et al. 88 demonstrated catalytic activity of V and V-alloy oxide surfaces by 

exposing the foils to an “air treatment”. This treatment consisted of oxidation in ambient air followed by 

reduction under hydrogen at 550 °C which created V2O3 on the surfaces. Their fabricated membranes 

demonstrated very high fluxes without the need of expensive thin-film deposition equipment. More detail 

on this phenomenon is provided in Chapter 5. 
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1.5. Superpermeability  

Superpermeability is another important discussion for group V metals. The natural surface of 

metals is comprised of a nonmetal monolayer commonly in the form of a metal oxide. These monolayers 

produce a barrier to the dissociative-adsorption and associative-desorption of thermal H2 molecules 89. 

However, the barrier becomes transparent when exposed to hydrogen isotope plasmas with ion energies 

greater than 1 eV 89. Since the barrier is impermeable to molecular H2 but permeates superthermal H 

particles, this phenomenon allows the purification and compression of hydrogen isotopes. This technology 

is of particular interest to fuel management in nuclear fusion devices 90 and extraction of hydrogen isotopes 

from liquid alkali metal cooling fluids in nuclear fission reactor cooling systems 91. Recently, vanadium 

and niobium have received considerable attention by Alexander Livshits and his colleagues 89,90,92–95. The 

properties that make unmodified vanadium and niobium excellent superpermeable membranes include: 

extremely high hydrogen permeability, high melting points, robust mechanical integrity, affinity for 

oxidation, and ability to regenerate the (1×5) surface oxide by oxide diffusion from the bulk.  
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CHAPTER 2 

 

FABRICATION AND OPERATIONAL CONSIDERATIONS OF HYDROGEN PERMEABLE 

MO2C/V METAL MEMBRANES AND IMPROVEMENT WITH APPLICATION OF PD 

 

A paper published in The Journal of Membrane Science1 

 

Thomas F. Fuerst2, Zhenyu Zhang3, Abigail M. Hentges4, Sean-Thomas B. Lundin5, Colin A. Wolden6, 

and J. Douglas Way7 

 

2.1. Abstract 

Mo2C has previously been demonstrated as an effective catalyst layer to enable stable H2 

permeation through vanadium foils at high temperatures. In this study, this approach was extended to 

several group V metal foils (V, Nb, and Ta) as well as mixed gas testing. The best permeability was achieved 

with V, and an activation process was developed to recover the performance of V foils displaying evidence 

of oxidation. Nb foils yielded ~20% the permeability of V, while Ta was too brittle to operate effectively. 

Mo2C/V membranes were operated at feed conditions well above the ductile-to-brittle transition pressure 

without embrittlement; however, the H2 permeability of Mo2C/V membranes was significantly attenuated 

at lower temperatures (< 600 °C). H2 permeation was also severely inhibited by the presence of N2 or CO2 

in mixed gas environments due to strong competitive adsorption. The addition of a Pd catalyst layer on top 

of Mo2C improved mixed gas stability and increased H2 permeability to 2 × 10-8 mol·m-1·s-1·Pa-0.5 at 500 °C 

for V based membranes. As an interlayer, Mo2C was demonstrated to be a stable barrier preventing Pd-V 

interdiffusion at 500 °C while simultaneously allowing significant H2 permeation. 

                                                 
1 Reprinted with permission of The Journal of Membrane Science, (2018), 549, 559-566. 
2 Corresponding author and researcher, Department of Chemical and Biological Engineering, Colorado School of 
Mines. 
3 Co-author, Ph.D. candidate, Department of Chemical and Biological Engineering, Colorado School of Mines. 
4 Co-author, undergraduate, Department of Chemical and Biological Engineering, Colorado School of Mines. 
5 Co-author, Ph.D., Department of Chemical and Biological Engineering, Colorado School of Mines. 
6 Co-author, Professor, Department of Chemical and Biological Engineering, Colorado School of Mines. 
7 Co-author, Professor, Department of Chemical and Biological Engineering, Colorado School of Mines. 
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2.2. Background 

Hydrogen permeable membranes are of keen interest to several industries. Approximately 95% of 

hydrogen is produced via steam methane reforming (SMR) or coal derived synthesis gas 2. Implementation 

of membranes could improve the process efficiency by integrating separation and reactor units, as well as 

pushing conversion to completion by the continuous removal of hydrogen3. Likewise, membranes are 

studied for ammonia decomposition to provide purified H2 for energy applications 27,30. In the nuclear fusion 

fuel cycle, membranes play a key role in tritium recovery and recycling in tokomak reactors 32–36. 

Membranes can also be used to capture tritium as a gaseous byproduct in nuclear fission reactors. 

Consequently, there is a need for cost effective, high-performing, and durable hydrogen permeable 

membranes.  

Four categories of materials exist for hydrogen permeators: polymeric 96, porous ceramic/carbon 
97, dense ceramic 98 , and dense metal 99. Among these, dense metals are the most thermally and chemically 

stable, as well as having infinite theoretical selectivity and high fluxes 40,100. Pd and its alloys are the 

benchmark materials for dense metal membranes because of their ability to both dissociate and permeate 

hydrogen. However, the high and volatile cost of Pd limits economic viability. This can be addressed in 

part by thin, micrometer thick membranes, but reducing the thickness leads to selectivity issues 99.  

The group V metals (vanadium, niobium, and tantalum), also known as body-centered cubic (BCC) 

metals, have greater hydrogen permeability and cost two orders of magnitude less than Pd 101. 

Unfortunately, these metals lack the catalytic activity required for hydrogen dissociation/recombination, 

form tightly bound oxides on their surfaces, and are susceptible to H2 embrittlement at low temperatures. 

Thus, catalysts must be applied to oxide-free BCC metal surfaces to fabricate functioning H2 permeable 

membranes. Thin films of Pd have been the most studied 47,60–62,102,103,  and near theoretical permeability 

has been achieved by sputtering 100 nm of Pd onto V, Nb, and Ta 47.  However, durability is severely 

limited by intermetallic diffusion (interdiffusion) between Pd and the BCC metal 47,61,79,103 which requires 

membrane operation < 400 °C to limit interdiffusion. However, operation at low temperatures causes H2 

embrittlement due to the enormous solubility of H in the BCC metal lattice. Matsumoto and Yukawa 42 

suggest the hydrogen pressure at 400 °C must be below 40 kPa for V and 5 kPa for Nb to maintain the H 

concentration below the ductile-to-brittle transition concentration (DBTC) of 0.2 H/M.  

Three potential solutions exist to combat these embrittlement and interdiffusion issues. The first is 

the addition of alloying elements that suppress hydrogen solubility and allow higher operating pressures. 

Extensive work has been done to fabricate novel V and Nb based alloys 42,56,88,101,104; however, operation 



17 
 

must still be below 400 °C to prevent interdiffusion of Pd. Another potential solution is the application of 

a catalyst insoluble in group V metals that allows operation at higher temperatures. Higher temperatures 

are desirable because it raises the possible operating pressure due to the exothermic occluding of hydrogen 

in BCC metals 105. The final possible way of addressing the issue is the addition of hydrogen permeable 

interdiffusion barriers that physically separate thin Pd coatings from the group V metals and allow for 

operation at higher temperatures.  

Our group has previously demonstrated a stable alternative to Pd by sputtering thin films of Mo2C 

onto the surface of V foils 69,72. Mo2C has been shown to have similar surface catalytic properties to the Pt 

group metals 63, but it lacks significant hydrogen permeability through the bulk. Instead, hydrogen must be 

transported through the layer via spillover - surface diffusion along grain boundaries as shown in Figure 

2.1. Gade et al. 69 revealed that the cubic-phase is the optimal crystalline structure of sputtered Mo2C and 

demonstrated its functionality and stability between 600-700 °C. Wolden et al. 72 then optimized the 

sputtered Mo2C thicknesses to 20 nm, and showed transport to be surface limited at 600 °C and bulk 

diffusion limited at 800 °C.  

A few studies have investigated interdiffusion barriers. Edlund patented this idea in 1992 87 and 

later published data demonstrating improved membrane durability at 700 °C by sandwiching calcined 

aluminum oxide paper between 25 μm foils of Pd and V 79. Hatano et al. 82,83 carbonized the Nb surface 

with methane to form NbC and Nb2C prior to sputtering Pd and observed enhanced high temperature 

durability with minimal reduction in hydrogen absorption rates. Nozaki et al. 84 deposited 70 nm of HfN 

between Ta and 300 nm of Pd. Initial experiments by Jeon et al. 85 and a follow up publication by Ko et al. 
86 demonstrated how trace Y alloyed in V segregates to grain boundaries at the Pd-V interface and reduces 

interdiffusion rates. 

This work further investigates the functionality of Mo2C as a standalone spillover catalyst as well 

as its performance as an interdiffusion barrier. First, base metal considerations will be deliberated in an 

effort to provide insight on the variations in membrane performance with V and the potential applicability 

of Nb and Ta. Then, low temperature operation and operation above the ductile-to-brittle transition 

concentration pressure (PDBTC) will be discussed for Mo2C/V membranes. It will also be shown that mixed 

gas exposure significantly attenuates are hydrogen permeation due to competitive adsorption on Mo2C. The 

addition of a Pd protective catalyst layer was found to remove these inhibitions and improve hydrogen 

permeability at low temperature. Finally, durability of the Mo2C as an interdiffusion barrier will be 

discussed.        



18 
 

 

 

Figure 2.1 Hydrogen transport mechanism for (A) spillover catalyst Mo2C and (B) interdiffusion barriers.  

 
2.3. Experimental Methods 

2.3.1. Membrane Fabrication 

For this work, two sets of membranes were fabricated: Mo2C/base metal and Pd/Mo2C/V. The 

base metals consisted of V, Nb or Ta purchased as 50 or 100 μm cold-rolled foils from ESPI metals. The 

Mo2C and Pd catalyst layers were deposited using an AJA Orion magnetron sputtering system equipped 

with 5.1 cm diameter targets. The foils were cut into 16×16 mm squares and mounted in the sputter 

A 

B 
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chamber along with an adjacent Si wafer that acted as a witness. The witness Si allowed for thickness 

characterization after sputtering using a J.A. Woollam VASE spectroscopic ellipsometer. The operating 

conditions for sputtering used a UHP grade Ar atmosphere at 0.67 Pa. The substrates were set to a 

distance of 8 cm from the Mo2C and Pd targets. For Mo2C deposition, the substrates were heated to 100 

°C to obtain the desired α-phase (cubic) of Mo2C 69, which was confirmed using X-ray diffraction patterns 

(Siemens Kristalloflex 810 X-ray diffractometer). The substrate heater was then powered off for Pd 

deposition.  

Before sputtering the Mo2C catalyst layer, surface contamination and native oxides were removed 

from the base metals by biasing the substrate with 100 W of radio frequency (RF) for 5 min, which 

resulted in a direct current (DC) bias of ~490 V. Then, without breaking vacuum, Mo2C was deposited by 

sputtering at 100 W of RF (resultant ~320 V DC bias) for 6.7 min to deposit the desired 20 nm of Mo2C 

at a deposition rate of ~3.0 nm min-1. For the Pd/Mo2C co-catalyst membranes, 100 nm of Pd was 

sputtered for 15.5 min with a DC power of 50 W (300 V and 165 mA) to yield a deposition rate of ~6.5 

nm min-1. Once a single side was completed, the sample was removed from the chamber, turned over, and 

the process repeated to produce symmetric composite membranes. The membranes were then tested by 

sealing them in commercial Swagelok VCR fittings with an effective membrane area of 0.93 cm2 as 

described in previous work 69.  

The Pd/Mo2C/V composite membranes were characterized before and after permeation testing 

using a JEOL JSM-7000F field emission scanning electron microscope (FESEM) to evaluate surface 

morphology. Electron dispersive X-ray spectroscopy (EDS) at 10 kV was used to measure elemental 

composition near the surface to qualitatively assess the stability of the Pd/Mo2C layer.  

2.3.2. Hydrogen Permeation Measurements and Analysis 

Sealed membranes were heated to 600 °C in Lindberg Blue M furnaces at a rate of 2 °C min-1 

under 250 kPa UHP grade He to prevent potential oxidation or embrittlement. Membranes fabricated 

from 50 μm V foil required H2 soaks prior to permeation tests, which will be discussed in the following 

section. Permeation conditions were established by feeding 100 sccm UHP grade H2 and controlling 

pressure with a back pressure regulator on the retentate. The permeate side remained at atmospheric 

pressure (83 kPa in Golden, CO). A mass flowmeter was connected to the permeate stream to measure 

flowrate through the membrane and was calibrated with an inline bubble flowmeter. Transmembrane 

pressures were tested from 140 – 690 kPa at temperatures ranging from 450 – 750 °C. The membrane 

feed gas was flushed and pressurized with He periodically to confirm leak free membranes. Mixed gas 

tests were conducted with UHP grade H2, He, N2, and CO2. H2 feed flowrates were controlled through one 
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mass flow controller and He, N2, and CO2 through a secondary mass flow controller. Heat up and 

permeation conditions were identical to single gas tests.  

The standard model for dense metal membranes utilizes Fick’s law and assumes equilibrium at 

gas/metal interfaces to produce Sieverts’ law as shown in 2.1  

𝐽 =  𝜋𝐻2𝐿 (𝑃𝐻2,𝐹𝑛 − 𝑃𝐻2,𝑃𝑛 )               (2.1) 

 
In this equation, J is H2 flux, 𝜋𝐻2 is H2 permeability of the metal, 𝐿 is thickness of the membrane, and the 

pressure gradient of H2 between the feed and permeate side is 𝑃𝐻2,𝐹𝑛  and 𝑃𝐻2,𝑃𝑛 , respectively. The exponent 

in the pressure term, 𝑛, is Sieverts’ exponent, which varies from 0.5 to 1 in dense metal membranes 

depending on the rate-limiting mechanism. When diffusion through the bulk is rate-limiting, the pressure 

exponent is 0.5, which is common for most Pd-based membranes 106. Alternatively, when hydrogen 

permeation is surface-limited, either in dissociative-adsorption or recombinative-desorption, the exponent 

approaches 1. A nonlinear regression approach described previously 107 was used to calculate the n-value 

in order to distinguish the rate limiting step in these composite membranes.  

2.4. Results and Discussion 

2.4.1. Base Metal Considerations 

The BCC metal foils have an enigmatic role in membrane performance. This section will elucidate 

solutions to the issues associated with using these foils, and reveal the poor performance of Nb and Ta. 

Vanadium was the most effective base metal in this study, but it was not without issues. Reducing the V 

foil thickness was previously shown to improve hydrogen flux, with the thinnest foil tested at 50 μm 72. In 

the current study, the 50 µm foil purchased from the same vendor (ESPI Metals) produced highly variable 

membranes. The variability was likely correlated to the amount of native oxide present in the bulk foil prior 

to application of the catalyst coatings. The level of native oxide was apparent when visually inspecting the 

50 µm V foil compared to thicker 100 µm V foil. The 50 µm foil had a dull-grey appearance – a 

characteristic of VOx – whereas the thicker 100 µm foil had a shiny-metallic appearance. ESPI Metals 

verified that the batch of 50 µm foil was fabricated in January, 2007, while the 100 µm foil was fabricated 

in May, 2017. Given that vanadium can be readily oxidized at ambient conditions, ten years of storage may 

have allowed surface oxides to migrate into the bulk, rendering short surface cleans ineffective. The 

complete removal of oxygen contamination in V foil has been shown to require hundreds of hours of Ar 

sputtering and repeated heating to temperatures of up to 1230 °C 108,109. Vanadium metal oxidation, oxide 

removal, hydrogen adsorption and subsequent absorption into VOx surfaces has been studied in literature. 
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V (100) surfaces contaminated with oxygen and carbon were studied for hydrogen uptake by Krenn et al. 
110. They observed an increase in hydrogen transport resistance on the contaminated surfaces, which was 

correlated to a decrease in sticking coefficients, an increase in activation barriers for 

dissociation/recombination, and a decrease in absorption coefficients. These observations matched those of 

the 50 µm vanadium foil produced in 2007. 

As mentioned, the 2007 batch of 50 μm V foil produced membranes with highly variable 

performance, but it was discovered that recovery of these old foils was possible with a hydrogen activation 

pretreatment prior to running the membrane in permeation mode. This was demonstrated by simultaneously 

fabricating three symmetric 50 µm V membranes with 20 nm of Mo2C on each side using the procedure 

described in the experimental methods section. The first membrane was heated to 600 °C and immediately 

exposed to hydrogen at a transmembrane pressure of 140 kPa. After 24 hours, no hydrogen permeation was 

observed and the experiment was shut down. The second membrane tested (M1 in Table 2.1) was 

symmetrically soaked in hydrogen at 70 kPa gauge for 24 hours on both feed and permeate sides, followed 

by 12 hours at 140 kPa gauge prior to permeation testing. This method was labeled as pretreatment 1. M1 

produced similar permeability to that previously reported by our group 72 as shown in Figure 2.2. The third 

membrane (M2) was exposed to a shorter pretreatment of 12 hours under 70 kPa hydrogen (pretreatment 

2), which yielded a membrane with around half the permeability of M1, and a 40% increase in apparent 

activation energy. Alternatively, the 100 µm V foil (M4 - M7, recently fabricated in May, 2017) required 

no pretreatment to achieve similar H2 permeability as M1. The pretreatment is believed to have reduced 

VOx at the Mo2C – V interface allowing for improved H transport. The extended soak may also have 

allowed oxygen in the bulk time and mobility to return to the surface and be removed.  

Niobium foils were also tested due to their cheaper cost and higher theoretical permeability as 

compared to V. Mo2C was applied to the surfaces of 50 µm Nb foil (fabricated in April, 2016; tested May, 

2016) using the same procedure as the V membranes.  This consistently resulted in low permeability, with 

the best data shown as M3 in Figure 2.2 and Table 2.1. Although the foils were recently fabricated prior to 

testing, hydrogen soak pretreatments were also applied but did not improve performance, suggesting that 

native oxide formation was not the issue. The poor permeability was believed to be caused by differences 

in Mo2C morphology on Nb compared to V, as substrates are known to affect the microstructure of sputtered 

films 111.  

Tantalum foils of 50 and 100 µm thicknesses were tested unsuccessfully with the Mo2C coatings. 

The Mo2C/Ta membranes would fracture and leak He at moderate pressure (< 140 kPa) at 600 °C before 

any H2 permeation through the membrane could be recorded. Therefore, pure Ta was deemed to be too 
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brittle for this application, nevertheless, recent work has shown promising improvements of Ta-alloys for 

hydrogen permeable membranes 112–115.  

 

Figure 2.2 Hydrogen permeability vs. temperature for all membranes tested in study. 20 nm Mo2C/V 
membranes from Wolden et al. 72 and 100 nm Pd /V, Pd/Nb membranes from Cooney et al. 47 included for 
reference. 

 
Table 2.1 Summary of tested BCC membranes 

Mem. 

ID 
Base Metal 

Catalyst 

Coating 

500 °C 

Permeability 

(mol·m-1·s-1·Pa-0.5) 

Apparent 

Activation 

Energy 

(kJ·mol-1) 

Test Conducted 

M1 50 µm V 20 nm Mo2C 1.2 × 10-8 44.3 Pretreatment 1 

M2 50 µm V 20 nm Mo2C 3.4 × 10-9 62.3 Pretreatment 2 

M3 50 µm Nb 20 nm Mo2C N/A 96.8 Mo2C/Nb  

M4 100 µm V 20 nm Mo2C 6.6 × 10-9 71.1 Mixed Gas H2/(He and N2) 

M5 100 µm V 20 nm Mo2C 9.2 × 10-9 48.6 Mixed Gas H2/(He and 
CO2) 

M6 100 µm V 
100 nm Pd 

20 nm Mo2C 1.4 × 10-8 N/A Thermal Stability 

M7 100 µm V 
100 nm Pd 

20 nm Mo2C 
2.0 × 10-8 N/A Mixed Gas H2/(He, N2, 

and CO2) 
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2.4.2.  Low Temperature Operation  

In previous Mo2C/V membrane studies the temperature was kept > 600 °C. Yet, the ability to 

operate at lower temperatures would improve the versatility of these membranes. It was found that the 

hydrogen activation step described above also enables the Mo2C/V membranes to display significant fluxes 

at temperatures as low as 450 °C (Figure 2.3). Analysis of the Sieverts’ exponent (n) in 2.1 provided insight 

into whether transport was limited by diffusion (n = 0.5) or surface kinetics (n = 1). As shown in Figure 

2.3, the exponent for M1 approached 1 in the limit of low temperature while approaching 0.5 as the 

temperature was increased. This was also reported by Wolden et al. 72. One possible reason for the high H2 

performance is that volume expansion during the pretreatment due to H solubility may have altered the 

microstructure of Mo2C, improving catalytic activity.   

 

 

Figure 2.3  M1 hydrogen flux vs. driving force pressures of 210 - 790 kPa absolute from 450 – 750 °C with 
Sieverts’ exponent (n) displayed next to corresponding temperature.  

 
The reduced activity of the Mo2C catalyst at low temperatures suppressed the H2 permeability, 

however, its presence enabled operation well above the PDBTC limit. Van’t Hoff relations were applied to 

the pressure-composition-isotherm (PCT) data from 350 – 500 °C reported by Matsumoto et al. 42 to 

estimate the PDBTC at any temperature (Figure 2.4). For validation, a data point at 550 °C from the model 

developed by Nakamura et al. 88 is also plotted. We demonstrate operation well above this PDBTC limit at 
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temperatures < 600 °C with the extreme case at 450 °C, whereat the membrane was operated an order of 

magnitude above this limit without H2 embrittlement.  

We suggest that the ability to surpass the PDBTC limit is caused by the transport limitations 

introduced by the catalyst coating. A diagram of this is shown in Figure 2.4, wherein we suggest that the 

hydrogen concentration within the vanadium base metal is kept below the limit of 0.2 H/M due to 

resistances either within Mo2C or at the Mo2C – V interface. DFT simulations suggest the largest barrier of 

hydrogen transport in the Mo2C/V membrane is recombination of hydrogen on the permeate side due to the 

exothermicity of H binding on the surfaces 70. However, due to the larger concentration of hydrogen on the 

feed side, H2 may be forced to weaker active sites yielding a larger effective barrier on the feed side. This 

issue is not as significant on the lower concentrated permeate side. Future work is underway to study this 

phenomenon via the asymmetric addition of Pd on the feed/permeate sides.      

 

 

Figure 2.4 PDBTC analysis of absolute pressure vs. temperature. Black dashed line is the estimated PDBTC 
from Van’t Hoff relations, orange diamonds are PCT data extracted from Matsumoto, 2014 42, red cross is 
the estimated value at 550 °C from Nakamura, 2014 88, green line is atmospheric pressure in Golden, CO 
(83 kPa), and blue line is the max operating pressure (790 kPa). A membrane diagram is provided with red 
line illustrating theoretical hydrogen concentration through a membrane cross section, with the yellow 
boxes signifying the Mo2C layer.  

 
2.4.3. Mixed Gas Performance 

Performance in mixed gas environments is critical to determine the potential of Mo2C/V 

membranes as hydrogen purifiers. Membranes M4, M5, and M7 were exposed to binary mixtures of (5% 
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and 25%) He, N2, or CO2 with the remainder H2. He was used as an inert control to determine any boundary 

layer effects because it is not expected to adsorb onto the catalyst surface; N2 was chosen because of its 

importance in ammonia applications and CO2 was chosen for its presence in SMR. Binary mixed gas tests 

were conducted at 500, 600, and 700 °C while maintaining a constant transmembrane pressure of 500 kPa 

and total feed flowrate of 100 sccm. Permeability was determined to be an accurate unit of hydrogen 

transport due to the low recoveries (< 25% at the highest recorded flux), and the pressure driving force was 

corrected for the H2 partial pressure in each condition. Normalized hydrogen permeability was used to 

compare between the three membrane systems of differing performance, with results shown in Figure 2.5.  

Helium should have had no influence on permeability in the limit of low recovery, yet the decrease 

in permeability seen in the H2/He binary mixture demonstrated significant boundary layer effects. However, 

H2/He could still be used to gauge the effects of N2 and CO2 exposure. Nitrogen exposure further decreased 

the permeability, more so than He. Upon 25% N2 exposure, very little H2 permeability was observed through 

the membrane. Carbon dioxide exposure at 5% also significantly impeded H2 flux. The immediate 

conclusion was that Mo2C/V membranes could not be used in environments with N2 or CO2 due to surface 

poisoning caused by strong competitive adsorption effects. 

These results were not surprising as Mo2C is a known catalyst for both N2 dissociation 116,117 and 

CO2 reforming 118,119. Therefore, competitive adsorption on the Mo2C feed side catalyst could explain the 

flux inhibition, where N2 and CO2 adsorb on active sites blocking H2 dissociation as shown in the cartoon 

in Figure 2.1. This hypothesis was supported by the slow H2 permeability recovery observed once the feed 

was switched to pure H2. After mixed gas exposure, a complete recovery was observed once the membrane 

was heated to 700 °C. Inhibition and recovery are shown in Figure 2.6 for sample M5 at 600 °C after 5% 

CO2 exposure. Similar recovery was also observed after N2 exposure as well. A complete isothermal 

recovery was believed to be possible after extended exposure to pure H2; however, increasing the 

temperature facilitated desorption of N2 and CO2. An important note was the rapid recovery observed after 

He exposure signifying no interaction of He with the Mo2C catalyst. 

The competitive adsorption effects on Mo2C were resolved with the addition of a thin 100 nm Pd 

film on top of the Mo2C. The protective Pd coating was shown to both improve permeability at 500 °C and 

provide a chemically inert surface for H2 dissociation (Figure 2.5). At 500 °C, the pure H2 permeability was 

increased by a factor of ~3 relative to the Mo2C/V (M4). This yielded the same permeability as pure Pd at 

500 °C as shown in Figure 2.5. 
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Figure 2.5 Summary of binary mixed gas tests with M4, M5, and M7. The permeability is normalized to 
pure H2 at 700 °C for M4. M4 was exposed to H2 and He/N2 binary mixtures, M5 was exposed to H2 and 
He/CO2 binary mixtures, and M7 was exposed to H2 and He/N2/CO2 mixtures with no evidence of H2 flux 
inhibition.  
 
 

 

Figure 2.6 Competitive adsorption effect of the binary exposure test of M5 (He and CO2) at 600 °C with 
recovery once temperature is increased. The break in the duration axis at hour 11 and blue diamonds 
represent subsequent permeability measurements further in the experiment: 700 °C at hour 24 - 27, 650 °C 
at hour 27 – 28, and 600 °C at hour 28 – 30. The gray dashed line signifies stable permeability at 600 °C 
under pure H2.   
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The decrease in permeability under exposure to CO2 or N2 followed by rapid recovery under pure 

H2 was nominally identical to He, indicating that the decrease was limited to boundary layer effects and not 

competitive adsorption. Pd membranes have been extensively tested and are known to have limited to 

negligible H2 flux inhibition in these environments 107,120. With the addition of Pd, the Mo2C layer served 

two purposes: it allowed for the transport of atomic hydrogen to the underlying V foil, and it provided a 

barrier to prevent V-Pd interdiffusion and alloying. The durability of the Pd/Mo2C/V composite membranes 

will be discussed in detail in the following section.  

2.4.4. Mo2C Interdiffusion Barrier Durability 

The addition of 100 nm Pd on the Mo2C/V membranes was shown to improve both permeability 

and mixed gas resistance at 500 °C. This section will explore the stability of the Pd/Mo2C coatings. Two 

identically fabricated membranes were tested, M6 and M7 as shown in Table 2.1. M6 was used to test 

thermal stability, and M7 was used to test mixed gas exposure. 100 nm of Pd was used to allow for 

comparison with previous work that applied 100 nm of Pd directly on the group V metals 47.   

At 500 °C, the Mo2C barrier prevented interdiffusion between Pd and V and was stable for over 90 

hours of testing (M7). Without the barrier, interdiffusion rapidly occurred at 500 °C as shown in Figure 2.7. 

The addition of the Mo2C barrier suppressed the maximum H2 permeability by a factor of 10 when 

compared to the Pd/V membranes reported by Cooney et al. 47. However, the overall permeability at 500 

°C (2.0 × 10-8 mol·m-1·s-1·Pa-0.5 for sample M7) was similar to that of pure Pd as shown in Figure 2.7. 

 
 

 

Figure 2.7 The influence of temperature, mixed gas exposure, and time on the hydrogen permeability for 
M6, M7, and 100 nm Pd on V 47. Temperature was varied from 500-700 °C under pure hydrogen for M6, 
M7 underwent mixed gas exposure with He, N2, and CO2 at 500 °C, and the 100 nm Pd on V membrane 
showed the decline of permeability caused by interdiffusion at 500 °C.  
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The Pd/Mo2C system was not stable once the experimental temperature was increased to 550 °C, 

as shown for M6 at hour 20 in Figure 2.7. The SEM images and EDS analysis (Figure 2.8) of membranes 

before and after testing were used to understand reasons for decline. The surface of the as-synthesized 

membrane displayed a homogeneous, fine grain morphology of Pd (Figure 2.8A). The EDS spectrum was 

dominated by the Pd Lα peak, with minor contributions from the underlying Mo Lα and V Kα. The C Kα 

was present in all spectra, which was attributed to both environmental contamination and contribution from 

the carbide layer. For the stable membrane M7 tested at 500 °C, SEM revealed slight restructuring of the 

surface, but the basic Pd morphology was retained (Figure 2.8B). Likewise, the EDS spectrum post-testing 

was nominally unchanged (Figure 2.8D). In contrast, after testing at elevated temperature the surface 

morphology was dramatically altered, displaying much larger grains and a rougher surface (Figure 2.8C). 

The Pd signal was also greatly attenuated and the V peaks enlarged. It was unclear whether Pd flaked off 

upon surface restructuring or became mobile enough to diffuse through the Mo2C fine grains or defect sites 

into the V lattice. However, recovery of M6 permeability was achieved upon heating to 650 °C. The 

subsequent permeability was similar to that of M1-M5, suggesting that the Mo2C layer had remained intact. 

In addition, the Mo signal in EDS was nominally unchanged. Further studies are proposed to optimize the 

Pd/Mo2C system for best permeability, durability, and mixed gas resistance by varying the thickness of the 

Pd and Mo2C layers.  

  

2.5. Conclusions 

The influence of Mo2C surface coatings on the hydrogen permeability of various BCC metal foils 

was studied. Recently fabricated V foils displayed the best permeability, but it was also shown that the H2 

permeability of older, oxidized V foils could be recovered by activation with a hydrogen soak prior to 

permeation. It was observed that Nb foils produced nominally 20% of the H2 permeability of V, and Ta was 

too brittle to produce functioning membranes.  Mo2C/V membranes were tested at temperatures as low as 

450 °C, but yielded low permeability due to surface limitations. However, this allowed for operation an 

order of magnitude above the DBTC pressure limit. The performance of Mo2C/V membranes were 

dramatically attenuated during mixed gas testing with N2 and CO2. Nevertheless, the addition of Pd as a 

protective catalyst on the Mo2C/V eliminated competitive adsorption induced inhibition and improved 

permeability at 500 °C. At temperatures > 500 °C the membrane surface restructured and Pd was removed 

from the Mo2C surface. This initially reduced H2 permeability, but performance recovered to that of the 

pure Mo2C/V systems once the temperature was increased to 650 °C. The use of Mo2C as a hydrogen 

permeable interdiffusion barrier could potentially be improved by varying Pd and Mo2C thickness and 

morphology to obtain the optimal configuration.  



29 
 

 

 

Figure 2.8 FESEM images taken at 20 kV of (A) M7 prior to testing at 50 kX, (B) M7 after 150 hours of 
testing at 20 kX, and (C) M6 after testing at 10 kX. (D) EDS analysis at 10 kV of M7 prior to and after 
testing, and M6 after testing. The peak present at 0.28 keV is C Kα.  
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CHAPTER 3 

 

APPLICATION OF TIC IN VANADIUM BASED HYDROGEN MEMBRANES 

 

A paper published in Industrial Engineering and Chemistry Research1 

 
Thomas F. Fuerst2, Elias P. Petsalis3, Colin A. Wolden4, and J. Douglas Way5 

 

3.1. Abstract 

Transition metal carbide coated vanadium membranes for hydrogen permeation have the unique 

ability to operate at both high temperatures and pressures. Titanium carbide deposited by magnetron 

sputtering produced dense, nanocrystalline films preferentially oriented in the (111) plane. When applied 

on vanadium foils, TiC was a highly active catalytic coating enabling permeation of ultrapure H2 with fluxes 

up to 0.71 mol m-2 s-1 at 10 bar and 923 K. The TiC thickness controlled H2 transport in the composite 

membranes. Thicker TiC films and low temperature operation yielded n-values > 1, which was likely 

resultant of adsorption effects and surface diffusion through the carbide layer. Competitive adsorption in 

mixed gas environments inhibited H2 flux through TiC/V membranes, but addition of thin (50-100 nm) Pd 

films to the TiC surface instilled chemical resistance and improved permeation at 773 K. Permeation 

attenuated for membranes with TiC thicknesses < 20 nm, but 23 nm thick coatings demonstrated stable flux 

for 30 h.   

3.2. Background 

The high permeability and low cost of group Vb metals make them promising materials for 

hydrogen-selective, dense metallic membranes. Among these, vanadium (V) demonstrates the best 

properties such as hydride phase stability, mechanical integrity, and high solubility for alloying elements 
101. However, several challenges limit practical implementation: oxidation, interdiffusion of palladium (Pd) 

overlayers, phase stability, and brittleness under moderate hydrogen concentrations. 

                                                 
1 Reprinted with permission from Industrial Engineering and Chemistry Research, (2018), in-print  
2 Primary author and researcher, Department of Chemical and Biological Engineering, Colorado School of Mines. 
3 Co-author, undergraduate, Department of Chemical and Biological Engineering, Colorado School of Mines. 
4 Co-author, Professor, Department of Chemical and Biological Engineering, Colorado School of Mines. 
5 Corresponding author, Professor, Department of Chemical and Biological Engineering, Colorado School of Mines. 



31 
 

Vanadium is highly prone to oxidation, which consequently inhibits hydrogen transport. This can 

be resolved by depositing coatings that both prevent oxidation and promote hydrogen 

dissociation/association.  Palladium is the most popular coating, but hydrogen exposure at temperatures 

above 673 K promotes intermetallic diffusion between Pd and group Vb metals 47,61,62,103. Conversely, 

operation at T < 673 K yields ductility issues due to the exothermic occluding and enormous solubility of 

hydrogen in vanadium. Moderate hydrogen exposure at low temperatures readily swells the metal lattice 

beyond the ductile-to-brittle transition concentration (DBTC) of 0.2 H/M 121. For example, at 673 K the 

DBTC H2 pressure is 0.45 bar 42. Introducing alloying elements can suppress the solubility and allow for 

larger operating pressures but at the expense of permeability 56,101. Recently, properly mounted and operated 

tubular vanadium membranes were shown to maintain structural integrity well beyond the DBTC limit 
122,123. 

Membrane operation above 673 K reduces DBTC constraints and enables application in membrane 

reactors where kinetic limitations require higher temperatures such as ammonia decomposition and steam 

methane reforming 124. Interdiffusion barriers physically separate Pd and V, which allows for operation > 

673 K. Several studies demonstrate effective interdiffusion barriers with the following materials: Al2O3 
79, 

NbC 82,83, Y 85,86, HfN 84, and Mo2C 125. Alternatively, non-Pd coatings that do not interdiffuse with V can 

be applied. Our group demonstrated the functionality of the transition metal carbide (TMC) Mo2C as a 

stable alternative to Pd 69,72,125. Thin coatings of Mo2C facilitate surface reactions, and transport H atoms to 

the bulk vanadium via a spillover mechanism – surface diffusion along grain boundaries. V2O3 fabricated 

by intentionally oxidizing the vanadium surfaces also provides an alternative coating, though the 

temperature range for stable operation is limited 88,126. 

To our knowledge, Mo2C is the only TMC experimentally demonstrated as an effective dissociation 

catalyst for vanadium membranes. However, extensive literature exists on TMC catalysts for related 

hydrogen applications. Michalsky et al. 73 studied TMC catalysts for the hydrogen evolution reaction 

(HER). TiC was a top performer with a high current density and an energy neutral binding energy that 

mitigates the associative-desorption kinetic limitation. Density functional theory calculations by Zhu et al. 
74 reported that TiC has the smallest barrier for both dissociation and recombination when compared to 

Mo2C, HfC, and ZrC. Tian et al. 75 compared TiC and Mo2C coated mechanically milled MgH2 for hydrogen 

desorption properties. They observed a decrease in activation energy of H2 desorption for the TiC coated 

pellets and no effect for Mo2C, proving TiC as the superior associative-desorption catalyst. TiC also 

possesses excellent material properties such as good surface hardness, thermal stability, and corrosion 

resistance which warrants its application as a wear resistant material 127. Physical vapor deposition of TiC 

via magnetron sputtering has been well studied in literature 76–78,127–129. Sputtered TiC films yield dense, 
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compact films with columnar structures and small crystallites 78,127,129. Catalytic and structural studies both 

support the idea of TiC as a superior hydrogen-active catalyst for vanadium-based membranes.  

This manuscript explores hydrogen permeable membranes fabricated by magnetron sputtering TiC 

onto vanadium foils. First, TiC sputter conditions are optimized for membrane performance. Then, the 

relationship between TiC thickness, flux, and pressure are analyzed to better understand the mechanism of 

hydrogen transport through these composite membranes. Next, Pd is applied to improve permeance at low 

temperatures and instill chemical resistance in mixed gas environments. Finally, the stability of TiC/V 

membranes and potential degradation mechanisms are discussed.    

3.3. Experimental Methods 

Membranes were fabricated from 100 µm thick, free standing, cold-rolled vanadium foil purchased 

from ESPI metals. The foil was cut into 16 × 16 mm squares and inserted into an AJA Orion magnetron 

sputtering system. An Ar plasma removed surface contamination and native oxides by biasing the foil with 

100 W of radio frequency (RF) power for 10 min in a 0.67 Pa Ar atmosphere. A 5.1 cm TiC target (99.5% 

pure) purchased from Kurt J. Lesker was biased with 200 W of RF in 0.67 Pa Ar to produce a TiC deposition 

rate of 1.5 nm min-1. The substrate temperature was varied from 300 to 673 K for initial optimization, but 

was held at 473 K for the remainder of the study. Upon deposition of a single side, the foils were removed, 

inverted, and the procedure repeated on the other side to produce symmetrically coated membranes. 

Interdiffusion barrier Pd/TiC/V membranes were fabricated by sputtering a 5.1 cm Pd target (99.95% pure) 

purchased from Kurt J. Lesker succeeding TiC deposition. Pd was sputtered at 50 W of DC power (300 V 

and 165 mA) under 0.67 Pa Ar which produced a deposition rate of 6.5 nm min-1. 

Fabricated membranes were sealed in modules constructed from commercially available Swagelok 

VCR fittings as discussed in previous literature.69 The active surface area was 0.93 cm2 once sealed. 

Modules were heated under UHP He at 150 kPa in a Lindberg MiniMite tube furnace at a rate of 2 K min-

1 to 873 K for TiC/V and 773 K for Pd/TiC/V. Prior to heat-up and periodically during permeation 

experiments, the feed side was flushed and pressurized to 5 bar with UHP He to confirm leak-free 

membranes. Upon heat-up and leak check, membranes were soaked in UHP H2 at 117 kPa for 1.5 h. After 

the soak, the permeate line was connected to a mass flow controller to measure H2 permeation through the 

membrane.  

TiC was sputtered on pristine Si wafers for characterization purposes. Surface images were 

obtained with an Asylum MFP -3D atomic force microscope (AFM) using Nanosensors PPP-NCLR-10 tips 

and a JEOL JSM-7000F field-emission scanning electron microscope (FESEM) equipped with an EDAX 
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electron dispersive spectrometer (EDS). TiC and Pd deposition thicknesses were calibrated with a Dektak 

3030 profilometer and FESEM cross-section. A PANalytical PW3040 X-ray diffractometer (XRD) using a 

Cu –Kα radiation measured crystallinity. 

3.4. Theoretical Model 

Solid-state diffusion is governed by Fick’s first law equation 3.1, where the flux of species i (𝐽𝑖) is 

dependent on the diffusion coefficient (𝐷𝑖) and concentration gradient. However, in dense metallic 

membranes, molecular H2 is dissociated and transported as atomic H which yields a corrected form of Fick’s 

law known as Sieverts’ law, equation (3.2. The flux of molecular H2 is dependent on permeability (𝜋𝐻2 - 

product of solubility and diffusivity), membrane thickness (𝐿), and corrected pressure difference from the 

high pressure (𝑃𝐻𝑃) to the low pressure (𝑃𝐿𝑃) sides. The pressure correction (n), known as Sieverts’ 

coefficient or n-value, can vary depending on the rate controlling step. Common n-values are between 0.5 

– transport limited by interstitial diffusion through the bulk metal lattice, and 1 – limited by surface reactions 
130. Determination of the n-value from experimental data by least-squares regression provides insight on 

transport limitation through these membranes 107.  

𝐽𝑖 = −𝐷𝑖 𝜕𝐶𝑖𝜕𝑙  
 (3.1)  

𝐽𝐻2 = 𝜋𝐻2𝐿 (𝑃𝐻𝑃𝑛 − 𝑃𝐿𝑃𝑛 ) (3.2)  

 

Mathematical description of hydrogen transport through metals has been a topic of interest for 

several decades. Pick and Sonnenburg 131 developed kinetic models for molecular and atomic hydrogen 

interactions with metals.  Ward and Dao 130 expanded Pick’s model specifically to Pd-based membranes. 

Hao et al. 70 then further extended these models to the Mo2C/V system. These equations are briefly reviewed 

to provide a framework to understand the transport resistance and unique pressure dependence observed in 

the TiC/V membranes. Figure 3.1 provides a diagram of H transport through the composite membrane that 

includes all the mechanistic steps discussed below. In the model by Hao 70, five processes were potentially 

rate-limiting and are described below in chronological order.  Hydrogen begins with the flux of H atoms 

from dissociative-adsorption on the high-pressure (HP) side (𝐽𝑑𝑎), labelled as mechanistic step 2ab in Figure 

3.1. 𝐽𝑑𝑎 = 2 𝑃𝐻𝑃√2𝜋𝑀𝑘𝑏𝑇 𝑆01 + 0.5 ( 1𝑃00 + 1)  (3.3)  
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This is dependent on applied H2 pressure (PHP), sticking coefficient (S0), and probability of two sites being 

unoccupied (P00). Once dissociatively-adsorbed, H atoms at the interface transfer between the TMC and 

vanadium (𝐽𝐻𝑃𝑖), mechanistic step 3. 𝐽𝐻𝑃𝑖 =  𝜈0 exp (− 𝐸𝐴1𝑘𝑏𝑇) 𝜃(1 − 𝑥)𝑁𝑠𝑁𝑏  (3.4)  

Variables 𝜈0 and 𝐸𝐴1 are the pre-exponential factor and activation energy associated with H atoms hopping 

from the TMC surface to vanadium metal interstitial lattice sites. Other variables include the TMC surface 

site occupancy (𝜃), concentration at the interface (𝑥), the H atom density on the TMC surface and metal 

lattice (𝑁𝑠 and 𝑁𝑏), respectively. The next mechanistic step is flux due to diffusion through the bulk metal 

lattice (𝐽𝑑), mechanistic step 4. 𝐽𝑑 = 𝐷𝑠(𝑥𝐻𝑃 − 𝑥𝐿𝑃)𝑁𝑏𝐿   (3.5)  

 

The H atom concentration on the HP and low-pressure (LP) sides are 𝑥𝐻𝑃 and 𝑥𝐿𝑃. The diffusion coefficient 

through the bulk metal lattice is 𝐷𝑠 and metal thickness 𝐿.  Proceeding is desorption from the metal lattice 

to the TMC surface (𝐽𝐿𝑃𝑖), mechanistic step 5. 𝐽𝐿𝑃𝑖 =  𝛽0 exp (− 𝐸𝐴2𝑘𝑏𝑇) 𝑥 (1 − 𝜃)𝑁𝑠𝑁𝑏  (3.6)  

The pre-exponential and activation energy of H hopping from interstitial sites to TMC surface sites are 𝛽0 

and 𝐸𝐴2. The last step in transport is associative-desorption (𝐽𝑎𝑑), mechanistic step 6ab.  

𝐽𝑎𝑑 = 𝑘0 exp (− 𝐸𝑑𝑒𝑠𝑘𝑏𝑇) 𝑃11𝑁𝑠2  (3.7)  

The pre-exponential and activation energy of associative-desorption are 𝑘0 and 𝐸𝑑𝑒𝑠. 𝑃11 is the probability 

of two occupied sites.  

This model accurately predicts H transport for thin TiC films at high temperatures, but assumes 

negligible transport limitations due to surface diffusion (mechanistic step 2c and 6c), and bulk-phase gas 

transport (mechanistic steps 1 and 7). In pure gas measurements and low recovery, dismissing bulk-phase 

transport is an accurate assumption.  Yet, TiC thickness clearly controlled transport as shown in section 

3.4.1, and requires consideration of these regions. 

Due to the nanocrystalline nature of TiC, transport in this layer may resemble behavior observed 

in microporous membranes 132–134. Three diffusion mechanisms are observed: Knudsen, surface, and 

molecular sieving. All these mechanisms obey Fick’s first law, 3.1, but with different diffusion coefficients. 

Surface diffusion, 3.8, likely dominates transport through the TiC because of its small-grained structure. 
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The surface diffusion flux (𝐽𝑠) is dependent on apparent density (𝜌𝑎), tortuosity (𝜏), concentration-

dependent surface diffusion coefficient (𝐷𝑠(𝑞)), and the surface concentration gradient (
𝑑𝑞𝑑𝑙 ).  

𝐽𝑠 = − 𝜌𝑎𝐷𝑠(𝑞)𝜏 𝑑𝑞𝑑𝑙   
 

 (3.8)  

Diffusion coefficients are known to be dependent on the surface coverage of adsorbed species which is 

most apparent at high coverages 135. The concentration dependence can be described by adsorption of gas 

onto the film surfaces and included by applying a thermodynamic correction factor (𝛤) to the diffusion 

coefficient. 𝛤 = 11 −  𝜃   (3.9)  

 

 

Figure 3.1 Diagram of H transport through transition metal carbide (TMC) vanadium composite 
membranes. Mechanistic steps listed on the right.  

 
Gaseous adsorption is commonly described by Langmuir adsorption at low temperature and 

pressure, and Henry’s law at high temperature and pressure 133. Condensing the thermodynamic correction 

factor, constants, and Fick’s first law yields our semi-empirical, adsorption-diffusion model equation 

((3.20) to describe flux through the TiC/V membrane (𝐽𝑎) when limited by the TiC layer. 
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𝐽𝑎 = 𝐷𝑎 exp (− 𝐸𝑎𝑅𝑇) ∆𝑃1 − 𝑏𝑃   (3.20) 

In this model an apparent diffusion coefficient (𝐷𝑎 – mol m-2 s-1 Pa-1) condenses the density, tortuosity, and 

the diffusion coefficient into a single term. An apparent activation energy (𝐸𝑎 – kJ mol-1) describes the 

thermal dependence. The denominator accounts for the thermodynamic correction to the diffusion 

coefficient with an adsorption coefficient (𝑏 – Pa-1) indicative of adsorption of H2 onto the TiC film. These 

three parameters were fit to our experimental data in Section 3.4.2.  

 
3.5. Results and Discussion 

3.5.1. TiC Sputter Deposition  

Substrate temperature affects the density, microstructure, and crystallinity of sputter deposited 

films 111. This was apparent when previously optimizing Mo2C sputter deposition conditions 69. Analysis of 

the deposited TiC films revealed uniform, dense, and compact structures. Figure 3.2A shows the FESEM 

cross-section of a TiC film deposited at T = 473 K for 2 h on a Si wafer. No distinct grains appeared with 

the resolution of the instrument. However, AFM revealed the existence of small, circular grains in Figure 

3.2B. This was consistent with the dense and columnar sputtered films common of thin ceramic PVD 

coatings 78,127.  The films also displayed smooth surfaces with root mean squared surface roughness (RMS) 

of 0.7, 0.6, and 1.1 nm for deposition substrate temperatures of 300, 473, and 673 K, respectively. The 

AFM results for the 300 K and 673 K samples are in Appendix B.  

TiC exists in two common phases: hexagonal α-TiC and face-centered cubic (fcc) δ-TiC. The XRD 

patterns (Figure 3.2C) revealed a single peak at 35.9° at all substrate temperatures. This indicated 

preferential orientation in the (1 1 1) plane of the rocksalt-type, fcc δ-TiC. The (1 1 1) facet is commonly 

favored in sputtered TiC films due to its minimized surface energy 74,129. Scherrer analysis of the (1 1 1) 

peak, assuming a shape factor of unity, yielded nominally identical crystallite sizes of ~50 nm for each 

substrate temperature. This was consistent with the grains obtained in the AFM images. Peak intensity 

increased with substrate temperature, possibly indicating an increase in degree of crystallinity at elevated 

temperatures.   
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Figure 3.2 (A) FESEM cross-section of a 2 h sputtered TiC film at 473 K. (B) 1 µm × 1 µm AFM image 
and RMS of TiC sputtered for 1 h at 473 K. (C) XRD spectra of TiC sputtered for 1 h at 300, 473, and 673 
K. All samples utilized Si wafer substrates. 

 
The effect of TiC deposition substrate temperature on membrane performance was examined by 

sputtering TiC for 30 min (an estimated 45 nm) on both sides of 100 μm vanadium foil heated to 300, 373, 

473, and 673 K. Figure 3.3 displays the TiC sputtering substrate temperature dependence on pure hydrogen 

permeance.  Permeance was calculated using a variation of equation (3. that does not correct for membrane 

thickness. An n-value of n = 1 was used due to surface, or other, limitations discussed below. In all cases, 

the permeance increased with operating temperature. This contradicts the reported dependence by Steward 
45 which suggests an inverse temperature dependence. Vanadium is a known exothermic occluder of 

hydrogen leading to an inverse temperature dependence on solubility which can control permeability. 

However, the trend observed with the TiC/V system indicates that surface-reactions, or other activated 

processes, control transport through the membrane. This is not uncommon for vanadium-based membranes 
122,125. Alimov et al. 136 suggests the increase in H2 dissociative sticking probability with temperature caused 

this phenomena in Pd coated V-Pd alloy membranes.  

The H2 permeance was not a strong function of the sputtering substrate temperature, but a small 

improvement was obtained for membranes fabricated at elevated temperatures of 473 and 673 K. Subtle 

changes appeared in the crystallinity and microstructure at elevated substrate temperature (Figure 3.2) 

which may explain the increase in permeance. Alternatively, the supplied heat may simply facilitate 

desorption of water and other adsorbed species prior to sputtering which provided a cleaner interface for 

TiC deposition. Nevertheless, 473 K was chosen as the substrate sputtering temperature for the remainder 

of the study. Future work could potentially improve H2 permeation by biasing the substrate to alter the TiC 

microstructure.  
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Figure 3.3 Effect of TiC substrate sputtering temperature on H2 permeance. Membranes consisted of 45 nm 
TiC coatings on 100 µm V foil deposited at substrate temperatures of 300, 373, 473, and 673 K.  

 
In TMC/V membranes, the thermal dependence on permeance can also be linked to activated 

processes on/through the TMC layers. Figure 3.4 shows the H2 flux measured at a transmembrane pressure 

of 10 bar and operating temperatures of 873, 923, and 973 K versus inverse sputtering time. Five sputter 

times were tested: 30, 15, 7.5, 4, and 2 min which deposited estimated TiC thicknesses (LTMC) of 45, 23, 

11, 6, and 3 nm, respectively. The flux scaled with 1/LTMC in layers > 6 nm, indicating that H transport in 

the carbide layer controlled flux. The 4 min sputter time produced the highest hydrogen flux (0.71 mol m-2 

s-1) at 923 K which relates to a permeability of 9.0 × 10-8 mol m-1 s-1 Pa-0.5. However, the permeation 

decreased upon increasing the temperature to 973 K which could be related to solubility limitations or 

degradation of the TiC layer under high H2 pressure and temperature. The decrease in flux for the 2 min 

sputter may indicate incomplete surface coverage of TiC, or poor stability of very thin films. Alternatively, 

the thin coatings may not provide enough coverage to protect the V films from very dilute impurities in the 

UHP H2 feed stream. Membrane stability is further discussed in section 3.4.4.  For comparison between 

TiC and Mo2C coatings, the 23 nm TiC membrane produced a permeability of 7.2 × 10-8 mol m-1 s-1 Pa-0.5 

at 973 K, whereas membranes fabricated from 20 nm of Mo2C on V resulted in a permeability of 6.1× 10-8 

mol m-1 s-1 Pa-0.5 at 973 K.125 These results support our claim of TiC as a superior surface catalyst.    
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Figure 3.4 Hydrogen flux versus inverse sputtering time (TiC thickness) at membrane operating 
temperatures of 873, 923, and 973 K and transmembrane pressure of 10 bar. 

 

3.5.2. Adsorption-diffusion model for TiC/V membranes 

In this section, a deeper analysis on the TiC thickness and operating temperature reveals the unique 

relationship between H2 flux and pressure. This relationship is best summarized by the optimized Sieverts’ 

coefficient (n-value) shown in Figure 3.5. Typical n-values for dense metallic membranes vary between 0.5 

and 1. In the limit of thin (< 20 nm) TiC coatings and temperatures between 873 and 973 K, optimized n-

values were within this range. The n-value approached 1 as temperature decreased, signifying H transport 

limited by surface-reactions rather than diffusion through the metal lattice (0.5). However, increasing the 

carbide layer thickness (> 20 nm) produced n-values > 1 within this temperature range. This can be clearly 

visualized in the flux-pressure relationship in Figure 3.7. This phenomena has been observed when gas 

transport through highly activated microporous membranes became influenced from Poiseuille flow 

through porous supports 133, or as a consequence of leaks through a defective membrane. The latter 

explanation does not apply to our membrane systems as no He leaks were measured through the 100 µm 

thick foil, and the phenomena was clearly engendered by TiC thickness.  
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Figure 3.5 Optimized n-value as a function of operating temperature and TiC thickness. 

 
Hydrogen transport through these membranes is an activated process indicated by the increase in 

flux with temperature. Figure 3.6 analyzes the apparent activation energy (𝐸𝑎) for the 15 min (23 nm) TiC/V 

membrane with an Arrhenius dependence on H2 flux. A distinct transition occurred at 873 K, which 

signified a change between two transport regimes – carbide adsorption controlled < 873 K and diffusion 

controlled > 873 K. In the carbide adsorption controlled regime, 𝐸𝐴 was similar between the three pressures 

and produced an average value of 112.7 kJ mol-1. At 6 bar the 𝐸𝐴 remained nominally constant between the 

two regimes. However, as the pressure increased so did the change in apparent activation energy between 

the regimes. This was simply an artefact of the decrease in n-value with temperature, the conventional 

phenomena of dense metallic membranes, which results in a differing dependence between flux and 

pressure. Nevertheless, the consistency in 𝐸𝑎 < 873 K provided additional evidence of transport limitation 

in the TiC at low temperature. 

A discrepancy exists on the true rate limiting process through these membranes at low temperatures. 

One argument suggests limitation by associative-desorption on the LP side. The higher relative barrier to 

association calculated by DFT 70 and the high temperatures required for H2 desorption on TiC steel 

precipitates 137 support this idea. However, the authors suggest the overall rate limiting transport mechanism 

at low temperatures was diffusion on the HP TiC side. Operation well above the DBTC pressure limit 

without fracture supported this assumption. Pressure cycling up to applied H2 pressures of 10.8 bar far 

exceed the theoretical DBTC of 1.9 bar at 773 K. Therefore, it was unlikely equilibrium concentrations 
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were achieved within the V lattice otherwise facture was expected. Our previous work discussed this 

concept in detail 125.  

 

Figure 3.6 The natural log of H2 flux (mol m-2 s-1) at 6, 8, and 10 bar versus inverse operating temperature 
for the 15 min (23 nm) TiC/V membrane. Solid line represents linear fit for T > 873 K data and dashed line 
for T < 873 K data. 

 
The developed adsorption-diffusion model equation 3.10 attempts to effectively model hydrogen 

transport in the carbide adsorption regime.  The experimentally implemented model parameters were ∆𝑃 - 

total transmembrane pressure difference, 𝐸𝑎 - the apparent activation energy of 112.7 kJ mol-1 discussed 

above, and 𝑃 the applied pressure on the HP side. The apparent diffusion coefficient (𝐷𝑎) and adsorption 

coefficients (b) required optimization to fit to the data. 𝐷𝑎 was iteratively solved for each membrane 

thickness by minimizing the total residual sum of squared (RSS) error. The adsorption coefficient (b) was 

optimized with 𝐷𝑎 for each temperature using a generalized reduced gradient (GRG) nonlinear solver and 

minimizing the RSS error for each individual temperature. The model was fit to membrane data with n-

values > 1.5 which included three TiC thicknesses: 23 nm displayed in Figure 3.7A and 11 and 45 nm in 

Figure 3.7B. Table 3.1 displays the fitted parameter results and plots of 𝐷𝑎 optimization are included in 

Appendix B. 

The model accurately captures the unique pressure dependence observed in this work. As expected, 𝐷𝑎 decreases with TiC thickness. This was caused by the incorporation of membrane thickness into the 

empirical term. However, one oddity was the non-variation of b with temperature. Theoretically, b should 
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have an Arrhenius dependence with temperature and the activation energy controlled by the heat of 

adsorption of H2 on TiC (𝐻𝑎𝑑𝑠).  DFT calculations estimate the 𝐻𝑎𝑑𝑠  as 34.7 kJ mol-1 for H2 adsorption on 

TiC (111) 74. However, when this was applied, the model had significant deviation from the experimental 

results. The non-variation in b may result from the differences in activation between the competing parallel 

transport mechanisms through the TiC layer: adsorption, dissociation, and molecular versus atomic surface 

diffusion. In general, the semi-empirical model accurately described the flux-pressure relationship with low 

RRS errors. This suggested that the limiting transport mechanism at low temperature was molecular H2 

absorbing in and diffusing through the TiC layer. 

 

Figure 3.7 Hydrogen flux versus transmembrane pressure with fit model for (A) 15 min (23 nm) TiC data 
and (B) 7.5 and 30 min (11 and 45 nm) TiC data. 

 
The addition of Pd on TiC added evidence to support the proposed adsorption-diffusion transport 

model. In this configuration, TiC served two purposes: providing an interdiffusion barrier to prevent Pd/V 

alloy formation and to transport H in and out of vanadium. Two types of Pd/TiC/V membranes were 

fabricated. A “thin” membrane was constructed by sputtering both TiC and Pd for 7.5 min yielding Pd 

thickness of 50 nm and TiC thickness of 11 nm, and a “thick” membrane was fabricated by sputtering for 

15 min each yielding 100 and 23 nm for Pd and TiC. Figure 3.8 shows the resultant pure H2 flux as a 

function of pressure for the Pd/TiC/V membranes at an operating temperature of 773 K. 

An improvement in flux and a difference in optimized n-values were obtained by the application 

of Pd. For the 7.5 min sputtered membrane n=1.18, and 15 min membrane n=0.79. These were much lower 

than n-values of the pure TiC counterparts (1.97 and 2.34). The Pd layer likely facilitated the supply and 

removal of H from the TiC layer. On the HP side, H2 dissociated on the Pd layer which then provided TiC 
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with dissociated H. On the LP side, H can surface diffuse without recombination which occurs on the Pd 

surface. The supply and removal of atomic H alleviated adsorption effects observed with the decrease in n-

value. However, hydrogen permeation increased with a decrease in TiC thickness. This indicates that 

diffusion in the TiC was still likely rate controlling in the Pd/TiC/V membranes. 

 
Table 3.1 Membrane data and fit model parameters. 

TiC 

Sputter 

Time 

(min) 

Estimated 

TiC 

Thickness 

(nm) 

Membrane 

Operating 

T (K) 

Optimized 

n-value 

Apparent 

Diffusivity Da 

(mol m-2 s-1 Pa-1) 

b  

(Pa-1) 

Averaged 

RRS error 

30 45 923 1.55 0.31 4.0 × 10-7 35 × 10-5 
  873 1.86 0.31 5.1 × 10-7 14 × 10-5 

15 23 873 1.94 0.54 5.7 × 10-7 4.6 × 10-5 
  848 1.92 0.54 5.9 × 10-7 6.6 × 10-5 
  823 2.93 0.54 5.3 × 10-7 5.5 × 10-5 
  798 3.12 0.54 6.0 × 10-7 2.2 × 10-5 
  773 2.34 0.54 6.1 × 10-7 0.2 × 10-5 

7.5 11 798 2.11 2.95 5.9 × 10-7 17 × 10-5 
  773 1.97 2.95 5.2 × 10-7 4.8 × 10-5 

 
 

 

Figure 3.8 Hydrogen flux versus transmembrane pressure for Pd/TiC/V membranes and 7.5 min TiC/V 
membrane at 773 K.  
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3.5.3. Mixed Gas Tests 

An inherent challenge for TMC dissociation catalysts is the preferential adsorption of other gases 

in mixed gas environments. For example, exposure to H2 mixtures containing N2 and CO2 resulted in severe 

H2 flux inhibition on Mo2C/V membranes 125.  In this study, H2 performance in mixed gas environments 

was tested on a 15 min TiC membrane at 873 K and 5 bar total pressure. Figure 3.9A shows the variation 

in H2 flux over the experimental time when exposed to pure H2, 10% and 25% He, and 10% N2. The use of  

permeance (flux/driving force) to  account for the change in H2 partial pressure with the composition of the 

feed gas stream was justified by < 10 % recovery at the highest flux recorded. An important note was the 

appearance of boundary layer effects at the membrane interface indicated by a decrease in hydrogen 

permeance in H2/He mixtures. Computational fluid dynamic (CFD) simulations revealed the boundary layer 

may be a result of module design 138. However, the He mixtures provided a metric of comparison for 

hydrogen permeation for other gaseous mixtures. Exposure to N2 terminated H2 flux through the membrane. 

Competitive adsorption of N2 likely blocked H2 transport in the TiC layer. DFT simulations report TiC has 

stronger affinity to N containing species compared to H 139,140. Not only could adsorbed N2 affect 

dissociation of H2, but also adsorption, and surface diffusion. However, this effect was reversible. Return 

of the feed gas to pure H2 slowly recovered the H2 flux. The recovery was likely indicative of desorption of 

N2 from the TiC layer.  

The competitive adsorption observed on pure TiC surfaces was resolved by application of ultra-

thin layers of Pd. The previous section discussed the addition of Pd to promote H2 transport at lower 

temperature. In this section, the same two membranes were tested for mixed gas resistance at 773 K and 5 

bar total pressure as shown in Figure 3.9B. Exposure to 10% and 25% N2 and CO2 mixtures yielded identical 

H2 permeation as the He mixtures. The short recovery time upon transition to pure H2 also demonstrated 

the lack of interaction of N2 and CO2 with the Pd protective film. The improvement of flux with the 7.5 min 

sample also showed the exaggeration of the boundary layer effects which is proportional to H2 removal.  
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Figure 3.9 H2 flux (red) and H2 permeance (blue) during mixed gas exposure on (A) 15 min TiC / V 
membrane tested at 873 K and 5 bar, and (B) 15 min Pd/TiC and 7.5 min Pd/TiC membranes at 773K and 
5 bar. 

 
3.5.4. Membrane Stability 

This section investigates stability as a function of TiC thickness and operating temperature. To test 

stability as a function of TiC thickness, a new set of 15, 7.5, and 4 min TiC membranes were fabricated, 

heated to 873 K, H2 soaked, and immediately exposed to transmembrane pressures of 5 bar. The results 

shown in Figure 3.10A clearly demonstrated the competing relationship between performance and stability.  

H2 flux improved by reducing the TiC thickness as discussed previously. However, the H2 flux for the 

membranes with thin TiC coatings (4 and 7.5 min sputter times) peaked and subsequently declined as the 

15 min membrane remained nominally constant at these conditions. This was consistent with Mo2C 

thicknesses ≥ 20 nm demonstrating excellent stability for over 100 h at temperatures ranging from 773 to 

973 K 69,125. An interesting artefact was the superior flux of the 7.5 min TiC film compared to the 4 min 

sputter which contradicted the previous results obtained. This revealed the profound effect of subtle 

differences in membrane history on performance. The flux decline of the thin TiC films also supports the 
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idea of rapid degradation causing the poor performance in the 2 min sputtered TiC membranes discussed 

in section 3.4.1.   

The effect of operating temperature on stability was tested on 7.5 min TiC membranes operated at 

873, 923, and 973 K and 5 bar transmembrane pressure. Figure 3.10B shows the resultant data with the 

inclusion of the 7.5 min Pd/TiC membrane at 773 K. The results revealed an increased rate of decline with 

temperature. Arrhenius dependence was applied to the slope of flux verses time to obtain an apparent 

activation energy of 78.9 ± 12.1 kJ mol-1 for the flux degradation. A linear dependence on time was assumed 

for this comparison. However, diffusion of dissolved species is commonly observed to be linearized with 

the square root of time. This dependence linearizes the trend of flux decline in the limit of high temperature 

(973 K) and long time-scales (Figure 3.10C). The apparent activation energy obtained from slopes 

dependent on the square root of time yields 132.5 ± 47.1 kJ mol-1.  

 

 

Figure 3.10 (A) Hydrogen flux versus absolute operating time at T = 873 K and ΔP = 5 bar for membranes 
fabricated with 15, 7.5, and 4 min TiC films. (B)  Hydrogen flux versus corrected operating time for 7.5 
min TiC membrane operated at ΔP = 5 bar and temperatures of 773, 873, 923, and 973 K. Note: t = 0 was 
set once decline was apparent. *773 K data was from the 7.5 min Pd/TiC membrane. (C) Hydrogen flux 
versus operating time for the 7.5 min Pd/TiC membrane at T = 773 K and ΔP = 5 bar with mixed gas tests 
labelled. 

 
 In the Pd/V system operated at 773 K, flux decline rapidly occurs due to the interdiffusion of Pd 

and V 47. In the event of Pd-V interdiffusion, competitive adsorption effects were expected to reappear. 

However, mixed gas performance remained unaffected, but flux still declined over 100 h as shown in Figure 

3.10C. This suggests the flux decline at 773 K in the Pd/TiC/V system may be caused by alteration of the 

TiC or TiC/V interface, rather than deformation or dissolution of the Pd layer. As fabricated and post test 

analysis of the 15 min TiC/V membrane with FESEM and EDS (Figure 3.11) revealed changes in surface 

morphology, but no significant difference in EDS spectra suggests that interdiffusion of Ti had not occurred. 

This result was in good agreement with the 30 h of stable permeation observed. The surface change from 

that of common cold-rolled vanadium foil to a well-faceted, rough structure was likely a result of hydride 
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precipitation upon cool-down 141. EDS analysis of the thinner TiC coatings was problematic due to signal-

to-noise. However, literature provides insight into the phenomena that may be occurring. Three possible 

mechanisms could cause the flux decline in the TiC/V system: densification of the TiC film, diffusion of 

carbon between TiC and V, and oxide migration to the TiC - V interface. 

Densification of the TiC film would severely decrease the rate of surface diffusion transport 

through this layer. Thermal annealing of TiC/Ti multilayer thin films alters TiC crystallinity and 

microstructure 142. However, carbon interdiffusion caused these results and will be subsequently discussed. 

TiC sintering under high temperature may result in densification, however, to the authors’ knowledge, no 

studies exist for TiC sintering on vanadium. Studies have shown the increase in particle size with 

temperature in the formation of TiC from Ti – Al – C systems 143. 

Another possible cause of flux decline was carbon removal from the TiC film. The high 

concentration gradients present at these interfaces yield high driving force for passivation between layers. 

Thin sputtered multilayer films of TiC/Ti showed degradation of the TiC layer upon annealing, which was 

resultant of carbon diffusion from the carbide to the pure Ti film 142. This process produced an apparent 

activation energy of 132 ± 18 kJ mol-1 and diffusion coefficients several orders of magnitude larger than 

those extrapolated from high temperature bulk data. These properties were a consequence of the high defect 

density of sputtered thin films. Therefore, a superior spillover coating may also yield higher diffusion rates 

for deactivation. Carbon in the TiC film may migrate to the V forming a TiCx - VCx interface. The presence 

of atomic H may also facilitate the interdiffusion process, similar observations were seen in PdAu systems 
144. The temperature dependence of this mechanism is consistent with the experimental data, but 

thermodynamics do not favor this mechanism. The standard Gibbs free energy of reaction 3.1 is endergonic 

at 77.0 kJ mol-1 calculated from values from Guillerment et al. 145 This relates to 𝐾𝑒𝑞 of 6.3 × 10-6 and 7.3 

× 10-5 at 773 K and 973 K, respectively. Therefore, only a very small fraction of carbon transfer was 

expected to occur, but this may explain the subtle difference between a 23 nm and 11 nm coating. The slight 

carbon interdiffusion may significantly affect the thin coatings, whereas, thicker coatings are able to 

maintain integrity due to the thermodynamic limit.    2𝑇𝑖𝐶 + 2𝑉 ↔ 𝑇𝑖2𝐶 + 𝑉2𝐶 ∆𝐺𝑟𝑥𝑛0 = 77.0 𝑘𝐽 𝑚𝑜𝑙−1 (3.11) 

A final possibility is the formation of interfacial oxides, as they are well known to limit transport 

in vanadium-based membranes. Two potential avenues exist for oxygen contamination. Trace oxygen 

impurities in the vanadium foil could migrate to the TiC – V interface and block transport. This phenomenon 

has been extensively studied on pure V foil for use in superpermeable membranes 92. The reported activation 
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energy of oxygen diffusion in vanadium 146 is 124.7 kJ mol-1, and has relatively good agreement with 

experimental observations.  The 15 min sputter may provide enough TiC to counter this effect by efficiently 

transporting atomic H to and from the developed oxide layer, which has been shown to be transparent to 

atomic H by the superpermeable membrane literature. The 15 min sample could have contained less oxygen 

impurity than the other two samples, but unlikely since membranes were fabricated from the same batch of 

foil. Alternatively, the thinner coatings may not provide sufficient protection from small oxygen impurities 

in the feed gas. These impurities could build up overtime to attenuate transport. 

The suggested mechanism is a likely combination of both oxidation and carbon diffusion to degrade 

the interface and TiC layer. However, future work is recommended to study these phenomena with 

advanced surface science techniques with depth-profiling capabilities.  This would hopefully help resolve 

whether C or O accumulation at the interface is observed.  

 

 

Figure 3.11 FESEM images at 20 kV and 20 kX of the 15 min TiC/V sample (A) as fabricated and (B) post 
stability test. (C) EDS data taken at 15 keV of the as fabricated and post test samples.  

 
3.6. Conclusion 

Highly active, hydrogen permeable membranes were fabricated by sputtering titanium carbide on 

100 µm vanadium foils. The sputtered TiC films were semi-dense and nanocrystalline with preferential 

orientation in the (1 1 1) plane of the δ-TiC phase.  To first order, the TiC thickness controlled H2 transport, 

with ~ 6 nm TiC coatings producing H2 flux of 0.71 mol m-2 s-1 at 10 bar and 923 K. Thicker coatings 

reduced H2 permeation and when operated at lower temperatures displayed a unique pressure dependence 

with n-values > 1. Adsorption effects coupled with surface diffusion in the TiC may explain the flux-

pressure phenomena. A semi-empirical, adsorption-diffusion model based on this transport mechanism was 

fit to experimental data and accurately described flux through the membranes in this regime.  Competitive 
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adsorption with H2/N2 mixtures inhibited H2 permeation through a TiC/V membrane. Addition of Pd to the 

TiC surface promoted flux at lower temperatures and instilled chemical resistance allowing unhindered H2 

flux in H2/N2 and H2/CO2 gas mixtures. However, TiC thickness still controlled transport in these 

membranes.  While thin layers of TiC enabled higher flux, TiC thicknesses < 20 nm deteriorated over 30 h 

with the rate of flux decline increasing with temperature. Degradation of the interface by oxidation and 

carbon interdiffusion is proposed as the likely failure mechanism. However, the 23 nm TiC coatings 

demonstrated excellent stability over the 30 h tested 
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CHAPTER 4 

 

HIGH TEMPERATURE DEUTERIUM ENRICHMENT USING TIC COATED VANADIUM 

MEMBRANES 

 
Thomas F. Fuerst1, Chase N. Taylor2, Masahi Shimada3, J. Douglas Way4, and Colin A. Wolden5  

4.1. Abstract 

The current technology for hydrogen isotope separation requires enormous capital 

investment and energy consumption. Palladium-based membranes exhibit hydrogen isotope 

selectivity and provide a continuous method of isotope enrichment but have high material costs.  

Here we investigate the potential of titanium carbide coated vanadium membranes as a low-cost 

alternative and enable operation at high temperatures. Protium and deuterium exhibited nominally 

identical solubility in TiC coated vanadium over a range of 500 - 700 °C. Permeation tests from 

600 - 700 °C revealed that protium permeated faster than deuterium, with the separation factor 

decreasing from 1.34 – 1.15 with increasing temperature. XPS depth-profiling showed a distinct 

interface between the TiC layer and the V foil in as-fabricated membranes. However, post-test 

analysis revealed significant V diffusion through the TiC and segregation to the surface. Surface 

limitations resulting from this degradation accounted for changes in flux and explains why the 

separation factor was lower than the value of 1.42 expected from high temperature interstitial 

diffusion of protium/deuterium in vanadium alone.  

4.2. Introduction 

The current economic demand for deuterium (2H, D) stems from its use as a neutron moderator in 

the form of heavy water (D2O) in the CANDU fission reactor design, as well as need for purified sources 

for medical applications and scientific research 147. In the advent of fusion energy, another significant 

demand for deuterium arises. The fusion reaction between D and tritium (3H, T) provides favorable 

                                                 
1 Primary author and researcher, Department of Chemical and Biological Engineering, Colorado School of Mines. 
2 Co-author, Staff Scientist, Fusion Safety Program, Idaho National Laboratory. 
3 Co-author, Experiments Lead, Fusion Safety Program, Idaho National Laboratory. 
4 Co-author, Professor, Department of Chemical and Biological Engineering, Colorado School of Mines. 
5 Co-author, Professor, Department of Chemical and Biological Engineering, Colorado School of Mines. 
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properties with a high cross section and fusion energy 17.6 MeV 148.  For the production of fusion fuel, 

tritium will be bred from Li in-situ and deuterium supplied ex-situ where it is enriched from its natural 

abundance of 0.015 at % in sea water 149. 

Conventional methods of deuterium enrichment are distillation, electrolysis, and chemical 

exchange; but each suffers from either high energy requirements, low separation factors, or both 147.  

Industrial scale enrichment takes advantage of several techniques such as the combined electrolysis and 

catalytic exchange (CECE) 150 or combined industrial reforming and catalytic exchange (CIRCE) 151. Both 

these processes operate by producing gaseous hydrogen either by electrolysis (CECE) or steam methane 

reforming (CIRCE), which is then further enriched with chemical exchange processes. In chemical 

exchange, protium (1H, H) favors the gas phase species and deuterium the liquid phase species. The most 

studied exchange pair is H2O-H2S via the Girdler-sulfide process 152. 

Metallic membranes have been explored for hydrogen isotope separation for the past several 

decades 123,153–156. Recent developments in the process design for tritium recovery using metallic membranes 

arose for the ITER project 33.  Separation occurs by differing isotope transport rates in the solution-diffusion 

mechanism: H2 dissociates on the feed-side surface, absorbs into the bulk metal in atomic form, diffuses 

through the metal lattice, and recombines on permeate-side surface. The permeability through the metal is 

defined by the product of diffusivity and solubility, but transport through the membrane can be controlled 

by bulk permeability or surface kinetics 130.   

Palladium and its alloys have dominated research efforts. Ackerman 153 showed H2/D2 permeation 

rates differ by a factor of 1.2-1.5 (H permeating faster than D) in Pd - 25 wt% Ag membranes when 

temperature was increased from 300 to 500 °C. Flanagan 156 provides a discussion on isotope effects in the 

H-Pd system which concludes that at moderate temperatures (300 to 500 °C) diffusion coefficients are 

similar, but differences in heats of absorption make H more soluble than D. Thus, isotope separation using 

Pd and its alloys is controlled by differences in solubility of the isotopes in the metal.  

Vanadium-based membranes have higher hydrogen permeability than Pd at a fraction of the 

material cost. For comparison, Pd is ~$30,000 per kg whereas Ferro V is ~$80 per kg 157. However, 

vanadium has additional challenges such as its affinity to oxidize, lack of catalytic activity for H2 

dissociation, and embrittlement at moderate H2 pressures 101. Pd is commonly used as a surface catalyst on 

vanadium to instill catalytic activity and prevent oxidation, however, it suffers from intermetallic diffusion 

with vanadium at temperatures > 400 °C 47. Alternatively, operating at low temperatures creates ductility 

issues caused by the high hydrogen solubility in vanadium which restricts the applied pressures to 42.2 kPa 
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at 400 °C 42. Alloys have been studied to reduce the solubility allowing for more reasonable operating 

pressures at temperatures < 400 °C 56,101. Free-standing tubular geometries can also avoid this issue 122. 

Alternatively, depositing transition metal carbide (TMC) catalysts, such as Mo2C or TiC, allow operation 

at higher temperatures (> 500 °C) where the solubility is suppressed permitting higher operating pressures 
69,72,158,159.  

Isotopic effects on permeation through vanadium superpermeable membranes have been well 

studied for their pumping ability when one side is exposed to superthermal hydrogen particles 93,95,160. 

However, isotopic effects through vanadium-based membranes operating on molecular dissociation 

remains relatively unknown. One study by Dolan et al. 123 observed a separation factor of 1.5 for H/D 

permeation at 300 °C using vanadium tubes symmetrically coated with 0.5 µm of Pd. In this case, 

differences in diffusion coefficients controlled the isotope selectivity through the membrane with no effect 

on solubility at 300 °C. Earlier studies have also observed differences between H and D diffusion rates in 

vanadium 161,162.  The difference between H/D diffusion coefficients becomes more profound at low 

temperature due to the appearance of quantum effects such as zero-point vibrations and tunneling 162. 

However, to our knowledge, the isotopic effects on solubility and diffusivity have not been tested at higher 

temperatures (>500 °C), or under permeation above 300 °C.  

In this manuscript, recently developed TiC/V membranes 159 were tested for H2 and D2 permeation 

at 600, 650, and 700 °C and solubility at 500, 600, and 700 °C. X-ray photoelectron spectroscopy (XPS) 

depth-profiling explains the TiC coating degradation mechanism and elucidates transient effects observed 

during membrane testing.  

4.3. Materials and Methods 

4.3.1. Membrane Fabrication and Characterization 

Membranes were fabricated from 100 μm thick vanadium foil purchased from ESPI Metals. The 

metal foil was mounted to a substrate plate and introduced to an AJA Orion sputter chamber via a load-

lock. Once at a base pressure of < 7 × 10-5 Pa, an in-situ Ar+ etch removed native oxides and surface 

contamination from the foil surfaces. The ion etch ensued by biasing the substrate plate with 100 W radio-

frequency (RF) power under 0.67 Pa Ar to produce a direct current voltage of 400 V for total time of 10 

min. Next, TiC was deposited at a rate of 1.5 nm min-1 by biasing a 5.1 cm TiC target purchased from Kurt 

J. Lesker with 200 W RF under 0.67 Pa Ar to produce a direct current voltage of 440 V. Two different 

membranes (M1 and M2) were fabricated with sputter deposition times of 15 and 7.5 min yielding estimated 

thicknesses of 22.5 and 11.3 nm, respectively. Upon completion of one side, the sample was inverted, and 
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the procedure repeated to produce symmetric coatings on both sides of the planar foil. Table 4.1 summarizes 

the membrane fabrication and experimentation conducted in this work.  

The static gas absorption and permeation (SGAP) apparatus, discussed in the next section, tested 

permeation and solubility of the fabricated membranes. X-ray photoelectron spectroscopy (XPS) 

characterized the as-fabricated and post-tested samples to probe the TiC-V interface chemistry. XPS was 

conducted with a Phi 5600 LS equipped with an Mg Kα, dual anode, non-monochromatic x-ray source. The 

Ar+ etch for depth-profiling consisted of ten - 180 s etch cycles using a 3 keV and 1.8 μA source with 15 

mPa Ar pressure at 36° from normal. The rastering projected area was changed between the two samples 

to account for different TiC thicknesses. M1 was exposed to a 2 × 2 mm projected area producing an Ar 

flux of 1.8 × 1018 ions m-2 s-1, and M2 a 3 × 3 mm projected area with an Ar flux of 1.25 × 1018 ions m-2 s-1.  

The XPS system base pressure was 1.3 x 10-9 Pa. 

 
Table 4.1 Membrane identification, fabrication, and experimentation. 

Membrane ID Fabrication Experiment 

M1 22.5 nm TiC on 100 μm V 
Permeation at 600, 650, and 700 °C, XPS depth-

profiling 

M2 11.3 nm TiC on 100 μm V Solubility at 500, 600, 700 °C, XPS depth-profiling 

 
 
4.3.2. Permeation and Solubility Experiments 

The SGAP apparatus, shown in Figure 4.1, measured protium and deuterium permeation and 

solubility. For permeation experiments, 10 mm diameter gold O-rings sandwiched M1 between two flat 

plates resulting in a module with an effective membrane surface area of 2.54 cm2. The module was sealed 

in a quartz tube allowing the full system to be pumped to < 1 × 10-5 Pa. Leak free membranes were 

confirmed by pressurizing the primary line (feed side) with Ar to 70 kPa and monitoring the secondary line 

(permeate) with a quadrupole mass spectrometer (QMS) and for pressure increase. The leak test was 

repeated after the first heating cycle. A tube furnace surrounded the module and was controlled by two 

thermocouples (TC 4&5) resting just above the membrane surface. Each thermal cycle began by heating 

the sample under a base vacuum of < 1 × 10-5 Pa to the temperature of choice (600 – 700 °C) at a rate around 

12 °C min-1. Once at the desired temperature, the primary line was pressurized with hydrogen or deuterium 

controlled by one of two pressure controllers (PC1 or PC2). Permeation through the membrane was 

measured by closing valve V5 and recording the pressure increase over time through Vol. 2, 3, 4, and 5 
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(shown in Figure 4.1) which equated to 442.6 ± 5.0 cm3. The maximum permeate pressure was kept below 

1% of the applied feed pressure during permeation measurements. Five measurements were taken at each 

pressure with the average flux reported in Figure 4. 

 

 

Figure 4.1 Schematic of the SGAP apparatus. 

 
The membrane performance parameters discussed in this manuscript are flux, permeance, and 

separation factor. The flux (J) of H2 or D2 is defined by eq. (1) which is a function of permeability (π), 

membrane thickness (t), and feed and permeate pressure (𝑝𝑓 , 𝑝𝑝) which are dependent on the Sieverts’ 

exponent or n-value (n). In dense metallic membranes the n-value typically varies between 0.5 and 1 

depending on whether the rate limiting step is bulk diffusion (0.5) or surface kinetics (1) 130. Recently, our 

group reported n-values > 1 in TiC coated V membranes which is suggested to be caused by H2 adsorption-

diffusion limitations in the TiC film 159. Calculated n-values were obtained by least-squares regression of 

flux versus pressure as described by Lundin et al. 107. Permeance (P), eq. (2), is the driving force corrected 

flux. Separation factor (α), eq. (3), is the ratio of hydrogen and deuterium permeance.  



55 
 

J = πt (pfn − ppn) (4.1) 

P = J∆p (4.2) 

α = PHPD (4.3) 

 Absorption measurements were obtained on the same apparatus. A sealed quartz tube pumped to a 

base vacuum of < 1 × 10-5 Pa contained the sample M2. A radiant heater, controlled by a thermocouple (TC 

1) touching the quartz tube adjacent to the samples, heated the samples to the desired temperature of 500, 

600, and 700 °C. Hydrogen or deuterium were introduced to Vol. 2 and 3 (379.0 ± 2.3 cm3) and then 

expanded into Vol. 1 (66.4 ± 0.6 cm3) while recording pressure. The amount absorbed was calculated with 

the ideal gas law using pre and post expansion pressures, volumes, and gas temperatures. More 

sophisticated models of hydrogen absorption using thermodynamic factors have recently been developed 
163. However, low interstitial H/D concentration allows absorption data to be analyzed effectively with 

Sieverts’ law, eq. (4.1). Concentration (C) in the metal lattice is a function of the equilibrium constant (K) 

and square root of applied pressure (p). 

 C = Kp0.5 (4.4) 

  

4.4. Results  

4.4.1. Permeation and Absorption 

Membrane M1 was used to quantify permeation of hydrogen and deuterium. Figure 4.2 shows the 

molecular H2 and D2 flux of each species measured at transmembrane pressures of 5, 10, 20, and 50 kPa, 

as represented by the shaded colors with the shade lightening with increase in pressure. The data is presented 

in chronological order. Thermal cycles 1-2 tested permeation at 600 °C, cycle 3 at 650 °C, and cycle 4 at 

700 °C. Between each cycle the module was cooled to room temperature but maintained under vacuum. 

Each cycle included three tests to understand the transient nature of the membrane throughout each cycle. 

Between each test the module and gas lines were evacuated to base vacuum before switching to the next 

gas. 

Both H2 and D2 fluxes increased with transmembrane pressure as expected from Fickian diffusion. 

The flux also increased with temperature which is common of TMC coated vanadium membranes 72,159. 

This suggests the membranes were limited by surface reactions at low temperatures which can transition to 

diffusion limited at higher temperatures. In general, H permeated faster than D. However, flux changed 
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with each test and thermal cycle. The flux nominally increased with each test throughout a thermal cycle. 

This was likely a result of changes to the TiC – V interface and is discussed in the subsequent section.  

 

 
Figure 4.2 H2/D2 flux per test and thermal cycle. The tests are labelled by colors blue, green, and red 
corresponding to test 1, 2, and 3, respectively. The isotope is labelled above the test. The shades in each 
test represent transmembrane pressures with darkest shade at 5 kPa and the shade lightening to 50 kPa.  

 
Membrane properties such as permeance, n-value, and separation factor are shown in Figure 4.3. 

The 600 °C data were reported as an average of cycles 1-2, and H data at 650 °C and 700 °C as an average 

between the first and third test. The H2 permeance, Figure 4.3A, was taken as the average over the four 

pressures tested. An n-value of 1 was used to be consistent with the optimized n-values as discussed below. 

The permeances obtained in this study were nominally identical to the results obtained with 45 nm TiC 

coatings in our previous TiC work 159. However, for comparable 20 nm TiC coatings, the permeances were 

roughly half that of our previous recordings. For ease of comparison to other dense metal literature, the 

corresponding H2 permeabilities with n-value of 0.5 were 2.2 × 10-9, 3.8 × 10-9, and 6.6 × 10-9 mol m-1 s-1 

Pa-0.5 for 600, 650, and 700 °C, respectively. The lower permeability/permeance is likely an artifact of the 

extensive pressure and thermal cycling, whereas higher values were achieved in continuous operation 159. 

The increase in permeance with temperature relates to the n-value ranging from 0.8 – 0.9 (Figure 

4.3B) suggesting surface reactions were rate-limiting. However, n-values slightly increased with 

temperature. For both Mo2C/V membranes 72,158 and TiC/V membranes 159, the n-value decreased from 1 to 

0.5 with an increase in temperature from 600 to 700 °C. The previous studies collected data in one thermal 
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cycle with constant permeation which may provide a better comparison than multiple thermal and pressure 

cycles.  Degradation of the TiC-V interface may also produce this result. Ultimately, the difference in 

permeation yielded H/D separation factors that slightly decreased from 1.34 to 1.15 with increased 

temperature (Figure 4.3C). The solubility of H2 and D2 in TiC coated vanadium was measured with sample 

M2. This resulted in homologous absorption isotherms between the two isotopes at 500, 600, and 700 °C 

as shown in the pressure-composition-temperature (PCT) plot in Figure 4.4. The upper limit of pressure 

was 20 kPa as higher pressures led to experimental error with the apparatus.  Yet, the low pressure, high 

temperature conditions obeyed Sieverts’ law with absorbed H and D in the α-hydride phase. As expected, 

sorption decreased with temperature due to the exothermic occluding of H/D in V. The lack of isotopic 

effect is consistent with that measured by Dolan et al. 123 using Pd coated V tubes at 300 °C, however, 

differs from low temperature observations and is addressed in the discussion section. In this case, the TiC 

coatings should not affect the equilibrated solubility measurement, however, they would likely affect the 

absorption rates.    

Table 4.2 summarizes the membrane properties obtained in this study. Calculation of the 

equilibrium constant (K) used eq. (4.4). Van’t Hoff relations applied to K calculated the enthalpy of 

absorption (∆Habs) for H and D, which were nominally identical within error and compare well to values 

reported in literature 164,165.  The Arrhenius dependence of permeance enabled the calculation of the apparent 

activation energy of permeation (Ea). The Ea for D permeation was slightly higher than H’s which accounts 

for the difference in separation factor with temperature. However, these are much larger than the activation 

energies calculated for H/D diffusion through vanadium (4 – 7 kJ mol-1) 166, suggesting rate limitations from 

other transport steps. 

 

 

Figure 4.3 (A) Permeance, (B) n-value, and (C) separation factor versus temperature for data averaged from 
cycles 1 – 4.   
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Figure 4.4 PCT diagram of hydrogen and deuterium in M2. 

 
Table 4.2 Summary of membrane properties.  
 

K (mol m
-3

 Pa
-0.5

) P (mol m
-2

 s
-1

 Pa
-1

) × 10
7

 α 

Temperature (°C) H D H D 
 

500  26.1 ± 1.9 25.9 ± 1.8 - - - 

600  16.0 ± 3.3 15.6 ± 0.7 1.18 ± 0.06 0.88 ± 0.06 1.34 ± 0. 
09  

650  - - 2.07 ± 0.12 1.62 ± 0.07 1.27 ± 0.10 

700  12.7 ± 1.6 13.1 ± 2.4 3.58 ± 0.16 3.10 ± 0.08 1.15 ± 0.07 

 ΔHabs (kJ mol-1) Ea (kJ mol-1)  

 
-22.9 ± 3.2 -21.6 ± 4.6 90.4 ± 4.6 95.2 ± 0.9 

 

 

 
4.4.2. TiC Surface Analysis 

XPS using ten cycles of 180 s Ar+ etches revealed insight into the transient nature and degradation 

mechanism of the TiC/V membranes. Survey and high-resolution scans of the Ti 2p, V 2p3, O 1s, and C 1s 

throughout are contained in Appendix C. Figure 4.5 shows the atomic percent of V, Ti, O, and C as a 

function of the Ar+ etch time for M1 and M2 both as-fabricated (A and C) and post-test (B and D). The as-

fabricated TiC membranes presented a sharp TiC/V interface with an average Ti:C ratio of 0.8 taken from 

etch times 180 to 540 s. The C 1s peak shifted from 284.8 eV (adventitious carbon) to 281.8 eV (metal 

carbide) after the first etch cycle. The TiC layer also contained significant oxygen contamination. The 
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unaltered surface revealed two Ti 2p3/2 (and Ti 2p1/2) peaks at 455.0 and 458.0 eV corresponding to TiC and 

TiOx, respectively. However, after the first etch cycle only the 455.0 eV peak remained, yet oxygen 

presence (12-15 at. %) remained nominally constant throughout the film. The physical nature of the O 

contamination is unknown, but the authors speculate O contamination is located on surfaces rather than in 

a mixed metal carbide-oxide TiCxOy film. The V 2p3/2 peak position remained constant at 512.2 eV as its 

presence increased into the bulk foil revealing metallic rather than oxidized vanadium. 

 

 

Figure 4.5 Atomic percent (%) versus Ar+ etch (s) for (A) M1, 23.5 nm TiC, as-fabricated and (B) post 
permeation test using an Ar+ flux of 1.8 × 1018 ions m-2 s-1. (C) M2, 11.3 nm TiC, as-fabricated and (D) post 
absorption test using an Ar+ flux of 1.25 × 1018 ions m-2 s-1

. 
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M1 underwent a total of 50 hours of testing, over multiple cycles, at elevated temperature in a H2/D2 

permeating environment with 30 hours at 600 °C, 10 hours at 650 °C, and 10 hours at 700 °C. M2 was at 

elevated temperature for 70 hours during absorption testing with 40 hours at 500 °C, 15 hours at 600 °C, 

and 15 hours at 700 °C. Post-test XPS depth profiling revealed significant infiltration of V into the TiC 

layer. The V concentration in M1 exponentially decreased from the bulk to the TiC layer, but then steadily 

decreased through the TiC layer to the surface. In M2, the V concentration exponentially decreased to the 

TiC layer, but spiked at the surface/near surface (see Figure 4.5D). This was likely caused by the difference 

in thicknesses of the TiC layers. The integrity of the carbide remained intact with Ti 2p and C 1s peaks in 

carbide regime. The near surface vanadium presented peaks for both metallic and V (II), with the V (II) 

peak decreasing with etch time.  

This evidence suggests vanadium surface diffuses along TiC grains and eventually segregating to 

the surface. The V (II) peak is likely a surface oxide created upon exposure to atmosphere. This is different 

from the suggested TiC/V failure mechanism by C and O interdiffusion from our previous work, but 

explains observed membrane phenomena where flux increased, peaked, and decreased with time 159. As V 

diffuses through the TiC film and decreases the effective surface area, the permeation can increase due to 

the reduced TiC thickness, but then declines as the catalytic TiC layer is effectively removed from the 

surface. This may explain the decrease in test 1 – 3 in cycle 3. Ultimately, TiC coatings are unstable for 

application on vanadium membranes at high temperatures, however, better stability has been demonstrated 

by Mo2C coatings 69,158.  

4.5. Discussion 

The isotope separation factor can result from: diffusion through vanadium, solubility in vanadium, 

or transport through the TiC films. Absorption measurements revealed indistinguishable solubility between 

H and D in the α-phase from 500 to 700 °C. This was consistent with sorption measurements at 300 °C 123, 

but differs from lower temperatures. Solubility measurements from -63 to 107 °C revealed deuterium is 

twice as soluble as hydrogen but maintains the same heat of absorption 164. This may result from zero-point 

difference at lower temperatures.  However, since no isotopic effects on solubility were measured at high 

temperature, diffusion through vanadium and/or transport through TiC layers/surface limitations must yield 

the isotopic transport difference.  

Diffusion through vanadium and several alloys has been well studied with techniques such as 

Gorsky effect 161,162 and Boltzmann-Matano analysis of concentration profiles 166,167. Differences in hopping 

rate between interstitial sites explains the isotopic effect on diffusivity. Operating at lower temperatures 
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exacerbates this phenomena by introducing quantum effects associated with the difference in zero-point 

energy between the isotopes 168. At high temperatures the separation factor, defined by the ratio of diffusion 

coefficients of H and D, should decrease but approach the classical limit as square root of the isotopic mass 

ratio yielding 1.42 169. Yet, we observed separation factors < 1.42. From n-values, temperature dependence 

on permeance, and previous work varying TiC thickness 159, we know transport limitations in the TiC was 

the rate limiting step for permeation. Therefore, isotopic effects in the surface kinetic limited regime must 

be considered.   

The introduction of surface limitations in the form of surface oxides is well known to reduce 

molecular H2 permeability though vanadium metals 170. This is caused by reduction of the sticking 

coefficient of molecular hydrogen species 93. Deuterium has a lower atomic sticking coefficient on 

contaminated V(100) compared to H 110, yet both isotopes have similar molecular sticking coefficients at 

high translational energy on V(111) 171. D2 also presents higher enthalpies of reaction compared to H2 due 

to its lower zero-point energy 172, therefore slower rates of dissociation, surface diffusion, and 

recombination are expected for D compared to H. However, at the high temperatures tested the difference 

in zero-point energy is expected to become negligible, and therefore, transport through the TiC layer should 

not have isotopic effects. This may explain the observed separation factors < 1.42 as the rate limiting step 

likely has no isotopic effect which detracts from the separation gained from diffusion through vanadium.  

XPS depth-profiling revealed the surface segregation of vanadium. The transient nature of this 

process likely caused the change in flux between each test and thermal cycle as shown in Figure 4.2.  This 

was accounted for in the experimental design by averaging the tests for each thermal cycle. However, the 

increase in surface limitations with time and temperature was likely caused by the migration of vanadium 

over the TiC surface. This suggests the reduced separation factor may be caused by vanadium migration 

rather than an effect of temperature. Surface carbides, NbCx and VCx, on metal foils have been studied for 

superpermeable membranes without discussion of group V metal surface segregation 93. Density functional 

theory provides insight on the electronic structure of the various metal carbide surfaces. The d-band center 

of TiC (111) lies above the Fermi energy, whereas the other TMCs (Mo2C, NbC, VC, TaC) have d-band 

centers below the Fermi energy 65. This may be one of the factors that cause vanadium’s affinity for the 

TiC surface and not the other TMCs. 

This work confirms that low temperature operation is superior for deuterium enrichment using 

vanadium membranes. Ultimately, Pd coated vanadium demonstrates high permeability and fluxes at lower 

temperatures (300 °C) with larger separation factors 123. The field should focus on the effects of vanadium 

alloys to instill solubility effects and allow membrane operation at even lower temperatures. Thus far, 
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promising material properties have been demonstrated with V-Ti 167,173, V-Ti-Cr 173,174, and V-Nb 166,173 

however, alloys have yet to be tested in a permeating membrane system. Alternatively, two-dimensional 

crystal sieving membranes such as hexagonal boron nitride and graphene have shown separation factors up 

to 10 for deuterium enrichment at room temperature 175. The field of membranes has a promising future for 

deuterium enrichment. 

4.6. Conclusion 

Composite TiC/V membranes tested hydrogen and deuterium permeation and solubility at high 

temperatures. Hydrogen and deuterium had identical solubility in the α-phase from 500 to 700 °C. A distinct 

difference in permeation presented separation factors decreasing from 1.34 to 1.15 from 600 to 700 °C with 

hydrogen permeating faster than deuterium. However, these separation factors were lower than those 

obtainable by operating at low temperatures and by the classical limit of H/D diffusion through vanadium 

(1.42). N-values of 0.8-0.9 suggested surface limitations introduced by the TiC and TiC/V interface may 

reduce the separation factors. XPS depth profiling also revealed the instability of TiC layers. Solubility and 

permeation experiments at high temperatures resulted in vanadium surface diffusion through TiC grains to 

ultimately surface segregate. This study demonstrates high temperature deuterium permeation through 

vanadium-based membranes, however, deuterium enrichment with vanadium membranes should focus on 

low temperature operation and design of alloys to enhance isotopic effects on solubility and diffusivity. 
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CHAPTER 5 

 
EXPERIMENTAL AND THEORETICAL INSIGHTS INTO THE POTENTIAL OF V2O3 SURFACE 

COATINGS FOR HYDROGEN PERMEABLE VANADIUM MEMBRANES 

 
A paper published in The Journal of Physical Chemistry C1 

 

Thomas F. Fuerst2, Elias P. Petsalis3, Sean-Thomas B. Lundin4, Jennifer Wilcox5, J. Douglas Way6, Colin 

A. Wolden7  

 

5.1. Abstract 

A grand challenge of vanadium-based H2 permeable membranes is the development of effective, 

cheap, and stable catalysts to facilitate H2 dissociation and recombination. This work investigates a facile 

air treatment to form catalytically active vanadium oxide on the surfaces of dense vanadium foils. The 

treatment consisted of short air exposure followed by H2 reduction at 823 K, which produced a well-faceted 

and nanocrystalline V2O3 layer on the foil surfaces. The resulting membranes display stable H2 permeability 

of 2 ± 0.25 × 10-8 mol·m-1·s-1·Pa-0.5, but transient declines in permeation are observed when operated at both 

elevated and reduced temperatures. DFT calculations revealed that V2O3 (0001) surfaces display barriers 

and adsorption energies for H2 dissociation/recombination that are comparable to known H2 activation 

catalysts. It was found that H2 dissociation is expected to proceed spontaneously on metal-terminated V2O3, 

with recombinative-desorption anticipated as the rate limiting step. 

5.2. Background 

In the field of dense metallic H2 permeable membranes, palladium (Pd) and its alloys have 

dominated due to their unique ability to both dissociate and permeate H2 
99.  However, vanadium (V) is 

significantly cheaper and has a higher H2 permeability than Pd, but it is a weak catalyst for H2 dissociation 

                                                 
1 Reprinted with permission from The Journal of Physical Chemistry C, (2018), 122, 3488-3496. 
2 Primary author and researcher, Department of Chemical and Biological Engineering, Colorado School of Mines. 
3 Co-author, undergraduate, Department of Chemical and Biological Engineering, Colorado School of Mines. 
4 Co-author, Professor, Department of Chemical and Biological Engineering, Colorado School of Mines. 
5 Co-author, Professor, Department of Chemical and Biological Engineering, Colorado School of Mines. 
6 Co-author, Professor, Department of Chemical and Biological Engineering, Colorado School of Mines. 
7 Corresponding author, Professor, Department of Chemical and Biological Engineering, Colorado School of Mines. 
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and has tightly-bound native oxides further inhibiting dissociation 60,176. To fabricate hydrogen permeable 

V membranes, the native oxide must be removed and protective H2 dissociation overlayers must be 

deposited on the surfaces to instill catalytic activity and inhibit oxidation. Pd is typically used as an 

overlayer and composite membranes using this configuration have achieved hydrogen permeability 

approaching theoretical values for V 4,5. Nonetheless, Pd overlayers degrade when membranes are operated 

above 673 K due to interdiffusion between Pd and V 47,62,79. Additionally, operation below 673 K is 

challenging due to V embrittlement induced by the enormous H solubility at moderate pressures 55,56. 

Therefore, low H2 pressures are required to ensure that the H concentration in the metal remains below the 

ductile-to-brittle transition concentration (DBTC) of 0.2 H/M 55,121.   

Many groups have explored alloys to suppress solubility and allow for increased operating 

pressures, but operating temperature is still limited below 673 K due to interdiffusion 101,178–180,56,88,104. 

Recently, self-supported tubular geometries have demonstrated the ability to exceed DBTC limitations in 

unconstrained modules 123,181. Alternatively, different catalyst layers can be applied to reduce interdiffusion 

issues and allow operation well above 673 K. Our group has demonstrated this with ~20 nm Mo2C layers 

on V foil, 69,72 which transports H via a spillover mechanism where H surface diffuses along grain boundary 

defects to reach the bulk V lattice. The carbide catalyst prevents interdiffusion, enabling operation up to 

1123 K with stable operation demonstrated up to 150 h at 873 K 69,72.  

In 2015, Nakamura et al. 88 reported that oxidized V formed a hydrogen active catalyst, which was 

surprising because oxides are generally expected to be detrimental for membrane performance. They 

exposed V and several alloy foils to air at 823 K to form V2O5, which was subsequently reduced under 

hydrogen to form V2O3. The resulting membranes displayed impressive and highly stable H2 flux at 823 K 

over the duration of the experiment (i.e., 9 – 12 h). The improved membrane performance and simplicity 

of in situ catalyst formation, requiring no Pd or expensive thin film deposition, would be an important 

advancement in the field of V membranes. However, these results contradict what was previously 

understood in the field. Prior literature suggests that the presence of oxygen should inhibit H transport in 

V, 176,182–184 and VOx on the surface should undergo bulk migration 185–187. Oxide impurities in V membranes 

reduce permeability by trapping H at the oxide site, which significantly inhibits diffusivity and therefore 

permeability 93,182–184. Permeability is also decreased when oxygen impurities are present in the feed gas, 
89,93 which is caused by a reduction in the H-sticking coefficient 188. These results have led to extensive 

pretreatments and careful operating conditions to prevent oxygen exposure. Alternatively, V2O5 maintains 

superior properties to pure V for H2 uptake when deposited on Mg pellets 189 and has been studied as a 

catalyst for oxidation 190 and dehydrogenation 191 reactions. An article by Hatano et al. 188 even states that 

VOx is superpermeable for suprathermal hydrogen particles where absorption is favored over recombination 
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and emission at the oxide-impurity surface. H2 dissociation kinetics and thermodynamics on V2O3  and H2 

permeability through dense V2O3 films is unknown, but it is likely very small due to the reduction of 

permeability observed through various metal-oxide covered metals 192. Importantly, this does not discredit 

the applicability of V2O3 as a spillover catalyst.  

The issue of VOx stability on surfaces of bulk V slabs remains. Foremost, V is very susceptible to 

oxide formation, and once formed it is very difficult to remove. For example, Koller et al. 193 observed that 

1000 h of Ar sputtering were required to fully remove oxygen from a vanadium sample.  The oxygen present 

in the bulk segregates to form a (1×5) surface structure, which reforms throughout the sputtering processes. 

The reverse process is also observed, and several studies report that surface oxides will diffuse into the bulk 

again reforming this (1×5) surface structure. Shen et al. 185 studied the uptake of O2 on V(100) surfaces and 

observed rapid oxide diffusion into the bulk at temperatures above 500 K under vacuum. Kim et al. 186 

studied the V(110) surface and saw significant VOx species at temperatures between 400 – 600 K, but again 

bulk migration of the oxide ensued. Schiechl et al. 187 studied the growth of the oxide on V(100) and in 

particular its reactivity to hydrogen. They observed V2O3 as the dominant species at 473 K, which reduced 

the H-sticking coefficient. However, as temperature increased the oxide dissolved into the bulk and by 900 

K total dissolution occurred, returning the H-sticking coefficient to the value prior to oxygen dosing. In 

traditional catalysis, VOx circumvents this issue by being impregnated on oxide supports (e.g. Al2O3, TiO2), 
194 where the interaction between the VOx and oxide support is likely critical to maintaining the oxidation 

state and stability of the catalyst.  However, the literature clearly questions the viability of maintaining a 

stable functioning oxide on V surfaces at 823 K.  

The goal of this work is to verify and expand on the results of Nakamura et al. 88 and provide insight 

into this complicated, but high-performing, cheap, and easily manufactured H2 membrane surface catalyst. 

First, the air treatment procedure is studied and compared to that of Nakamura et al. Then, membrane 

performance and stability from 773 – 973 K is discussed, and the surface composition, structure, and 

morphology are characterized to better understand the formation of the catalytically active material.  

Finally, density functional theory (DFT) is used to simulate hydrogen adsorption and dissociation on (0001) 

terminated V2O3 surfaces to provide theoretical insight on the catalytic performance. 

5.3. Experimental Section 

5.3.1. Membrane Fabrication, Characterization, and Permeation Testing 

The V2O3 membranes were fabricated from 99.8% pure, free-standing, cold-rolled, 50 µm V foil 

purchased from ESPI Metals. Native oxides and other contaminants were removed with a 300 s Ar sputter 



66 
 

clean on both sides using an AJA Orion magnetron sputter chamber with the substrate RF-biased at 100 W 

and a direct current voltage of ~500 V. Upon sputter cleaning, the foil was immediately sealed in a module 

constructed from commercially-available, Swagelok VCR fittings as discussed in previous work 69. The 

module was then heated to 823 K at 4 K min-1 under a 200 kPa ultra-high purity (UHP) He flow of 100 

sccm supplied symmetrically to both sides of the membrane.  

The air treatment procedure was performed symmetrically to both the feed and permeate sides of 

the clean V foil at 823 K. The treatment began by pressurizing the cell with grade-zero compressed air at 

150 kPa for 30 – 120 s, followed by a UHP He flush at 200 sccm for 30 s. UHP H2 was then pressurized in 

the cell to 400 kPa with a flowrate of 100 sccm for 60 – 120 s, which completed the air treatment. Table 

5.1 tabulates the specific conditions used for fabrication, testing, and characterization of the membranes 

discussed in this work.  

 
Table 5.1 List of membranes fabricated and tested in this study. 

Membrane Experiment Air Treatment 

M1 Nakamura et al. air treatment procedure 88  2 X: 83 kPa – 120 s air → 400 kPa – 60 s H2 

M2 
120 s air exposure, permeability from 773 

– 873 K, 823 & 873 K stability 
150 kPa – 120 s air → 400 kPa – 120 s H2 

M3 30 s air exposure, 773 K stability 150 kPa – 30 s air → 400 kPa – 120 s H2 

M4 No pretreatment 150 kPa – 120 s air → 400 kPa – 120 s H2 

M5 120 s air exposure, stability 973 K 150 kPa – 120 s air → 400 kPa – 120 s H2 

M6 120 s air exposure – characterization 150 kPa – 120 s air → 400 kPa – 120 s H2 

 

 
The permeate line was connected to a soap bubble flowmeter to measure permeated H2 and an 

inline needle valve to control permeate pressure. The sweep line used for a symmetric air treatment was 

capped. The membranes were leak checked after the air treatment by applying a 400 kPa He transmembrane 

pressure. Leak checks were conducted periodically during permeation tests to confirm the perfect selectivity 

of the 50 µm V foil.  The feed was pressurized to the desired H2 transmembrane pressure, and the feed 

flowrate was held constant at 100 sccm. The permeate flowrate through the membrane was area normalized 
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and converted into units of (mol·m-2·s-1) to obtain the molar H2 flux (J).  The permeability (πH2) was 

calculated and reported via equation 5.1 assuming a Sieverts’ coefficient of n = 0.5 for consistent and facile 

comparison to other dense metal membrane literature. However, determination of the  Sieverts’ coefficient 

using least-squares regression 107 provided insight on whether H transport was diffusion-limited (n=0.5) or 

surface-reaction-limited (n=1) 106,130.  

πH2=
J∙Lm

PH2,F
n -PH2,P

n  
(5.1) 

 

The surface morphology of the sputter cleaned V foil and VOx layers upon air exposure and after 

permeating H was visualized with a JEOL JSM-7000F field emission scanning electron microscope 

(FESEM) at a magnification of 40 kX and accelerating voltage of 25 kV. The oxidation state and 

crystallinity of the V foils and VOx surface coatings were analyzed with a Siemens Kristalloflex 810 X-ray 

diffraction (XRD) using Cu Kα radiation. X-ray photoelectron spectroscopy (XPS) using a PE-5800 ESCA 

was also used to provide qualitative evidence of the oxidation state.   

5.3.2. Computational Details    

Plane-wave DFT calculations were performed with the Vienna ab initio Simulation Package 

(VASP) 195,196 using the generalized gradient approximations (GGA) and the Perdew, Burke, and Ernzerhof 

(PBE) functional 197. A plane-wave cutoff energy of 500 eV was used in all calculations.  A 30-atom unit 

cell with space group R -3c was optimized using a 4 × 4 × 4 K-point mesh. The lattice was relaxed by fixing 

two of the unit vectors and varying the third until the energy of the structure was minimized. The DFT 

optimized lattice constants of V2O3 (a = 4.90, b = 4.90, and c = 13.80 Å) are in agreement with 

experimentally measured values (a = 4.95, b = 4.95, and c = 14.0 Å) 198. The V2O3 (0001) surface was 

simulated with a 2 × 2 unit cell slab with 10 Å vacuum space between slabs and a 3 × 3 × 1 K-point mesh. 

The slab consisted of six (O3-V2-O3) layers with the bottom four fixed to simulate the bulk. Transition states 

were isolated using the nudged elastic band (NEB) method 199. Vibrational frequencies and zero-point 

energies were calculated with the harmonic approximation that constrained the position of all non-H atoms. 

Stationary points were confirmed as minima with all real frequencies and transition states confirmed to 

have only one imaginary frequency. 
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5.4. Results 

5.4.1. Air Treatment Analysis   

The application of V2O3 surface catalysts on V-based membranes was reported in 2015 by 

Nakamura et al 88. This study builds on their work with V foils fabricated in a similar permeation apparatus 

and air treatment procedure. The pretreatment of their samples was done by mechanical polishing on 96- 

and 203-μm purchased foils preferentially orientated in the (100) and (211) planes. Nakamura et al. used a 

hydrogen permeation apparatus in which they heated and cooled membranes under vacuum. Their air 

treatment consisted of breaking vacuum at 823 K, exposing the membrane to ambient air for 120 s, re-

evacuating, filling with ~0.4 MPa of H2 for 60 s, and then re-evacuating again. Their complete air treatment 

repeated this process once more. 

We attempted to reproduce the Nakamura et al. air treatment with our V foil and permeation 

apparatus on membrane M1 (see Table 5.1), with resultant permeability shown in Figure 5.1. There were a 

few differences. First, the foils employed were 50 µm in thickness and oriented in the (110) plane. Second, 

we employed an Ar plasma as opposed to mechanical polishing to clean the foils. Finally, heating and 

cooling steps were performed under He as opposed to vacuum. The air exposure and hydrogen reduction 

steps were nominally identical.  

Contrary to the stability and high permeability (1.9 × 10-7 mol·m-1·s-1·Pa-0.5) over the 9 h test 

reported by Nakamura et al., the permeability of M1 resulted in an initial spike, which attenuated over five 

hours to a steady state value of 1.75 × 10-8 mol·m-1·s-1·Pa-0.5. Although the permeability of M1 was only 

9% that of Nakamura et al. and much lower than the theoretical permeability of V, it was nominally the 

same as the permeability of Pd at 823 K 45. 

Subsequently, the parameters of the air treatment process were altered to simplify the process and 

improve performance. In our singular air treatment, the vanadium foil was heated to 823 K under He and 

then exposed to air at 150 kPa for 120 s. Next, the air removed with a 30 s He flush, and the cell pressurized 

to 400 kPa with UHP H2 for 120 s. Once membranes were determined to be He leak-free, the feed was 

pressurized to establish a transmembrane pressure of 250 kPa leaving the permeate side at ambient pressure 

(83 kPa in Golden, CO). This was first tested on M2, with results shown in Figure 5.1. Similar to M1, M2 

had an initial spike in permeability reaching value of 6.97 × 10-8 mol·m-1·s-1·Pa-0.5
, but attenuated to 

nominally the same steady-state value as M1.  
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Under the short times employed, the thickness of the oxide layer formed is expected to scale with 

the duration of air exposure time. Therefore, shortening the exposure time should lead to the formation of 

a thinner layer, which could improve H2 permeation. As seen as M3 in Figure 5.1, the 30 s air exposure 

initially out-performed the 120 s air exposure. The H2 flux of the sample with the 30 s treatment peaked at 

0.74 mol·m-2·s-1, which was equivalent to a permeability of 1.29 × 10-7 mol·m-1·s-1·Pa-0.5. This is 85% of 

theoretical permeability 45 and nearly identical to what Cooney et al. 47 reported with 100-nm Pd overlayers. 

However, similar to M1 and M2, the permeability declined and stabilized to nominally the same steady-

state value. From these experiments, we concluded that the steady-state permeability was independent of 

the air treatment time within the 30-120 s interval. The average, stable permeability at 823 K of all the 

membranes tested (excluding M4) was 2.05 ± 0.25 × 10-8 mol·m-1·s-1·Pa-0.5. 

The next question addressed was the necessity of pretreatment to remove native oxides via Ar 

plasma etching or polishing prior to air treatment. This was tested with M4, which had no pretreatment and 

underwent the 120 s air exposure treatment. An initial spike in permeation similar to the pretreated 

membranes was observed, but then M4’s permeation declined until no flux was measured through the 

membrane. Thus, a proper pretreatment of the V surface was determined to be essential for producing stable 

permeating membranes.  

 

 

Figure 5.1 H2 permeability over time for membranes M1-5. Nakamura et al. data 88 was corrected for 
permeability shown in orange.  
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5.4.2. Membrane Performance and Stability 

Nakamura and coworkers only reported membrane performance at 823 K and a single 

transmembrane pressure difference of 0.2 MPa. To better understand the permeation mechanism and 

stability, membrane performance at various temperatures and pressures was measured on M2. Following 

the initial 120 h stability test at 823 K, a thermal cycle was performed by increasing the temperature to 873 

K, followed by isothermal flux measurements with transmembrane pressures of 0.15-0.3 MPa from 873 - 

773 K by decreasing the temperature in 25 K increments as shown in Figure 5.2.  

Hydrogen permeability in metal membranes is the product of solubility and diffusivity. In Pd, 

diffusion dominates which causes an exponential increase in permeability with temperature. In contrast, the 

Group V metals including V are exothermic occluders 105 of H2 and they demonstrate the opposite behavior, 

with permeability decreasing exponentially with temperature. As shown in Figure 5.2 the measured 

permeability and fluxes of the oxidized foils increase from 773 to 873 K,  contradicting the theoretical 

permeability of V 45. Determination of the Sieverts’ coefficient by nonlinear regression confirmed that at 

lower temperatures (773 – 823 K) H transport in the membrane was surface-limited (n = 1). As the 

temperature was increased, the Sieverts’ coefficient decreased to 0.63 at 873 K, indicating a transition to 

the H solubility/diffusion-limited regime. This behavior is similar to what we observed for Mo2C/V 

composite membranes 69,72.  Arrhenius analysis of permeability at the various temperatures resulted in an 

activation energy of 0.38 ± 0.07 eV. This value was consistent with previous spillover membrane literature 

and is between the calculated apparent activation energy for the Mo2C/V membranes (0.59 eV) 72 and that 

of H2 permeability through vanadium (-0.26 eV) 45.  

An important parameter of any membrane is its stability over time. Thus, the thermal stability of 

the membranes was tested from 773 – 973 K with results shown in Figure 5.3. First, M3 was tested for 

stability at 773 K after initial stabilization with the 30 s air treatment. The time required to observe a 20% 

decline from initial permeability was arbitrarily chosen as a metric to compare between the different 

temperatures.  The initial time was started once the membrane was isothermal at 773 K and the permeability 

was recorded at 1.06 × 10-8 mol·m-1·s-1·Pa-0.5, but over 1.5 h it decreased by 67% to 3.70 × 10-9 mol·m-1·s-

1·Pa-0.5; this gave a 20% decline in 0.33 h. At 823 K, excellent stability was observed on M2 over a 120 h 

test. The initial time reference in Figure 5.3 began once the membrane initially stabilized (seen in Figure 

5.1). The variation in permeability was not explained by controlled experimental conditions such as change 

in pressure, flowrates, feed gas composition, or temperature; but may be a favorable restructuring of the 

catalyst. However, transient thermally-induced decline also occurred once the temperature was increased 

above 823 K.  After the 120 h test at 823 K, the temperature was increased to 873 K and over 45 h a slow 
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decline was observed, with 26 h required for a 20% reduction. When the temperature was further increased, 

the rate of decline also increased. At 973 K, which was conducted on M5, a 20% decline was observed in 

less than 3 h.   

 

 

T 

(K) 
Permeability 

(mol·m-1·s-1·Pa-0.5) 

Optimized 

Sieverts’ 
Coefficient 

773 1.06 x 10-8 1.0 

798 1.57 x 10-8 1.0 

823 1.72 x 10-8 0.93 

848 1.91 x 10-8 0.75 

873 2.14 x 10-8 0.63 
 

Figure 5.2 H2 Flux (mol·m-2·s-1) vs. driving force pressure (MPa) for temperatures 773 – 873 K with 
calculated permeability and optimized Sieverts’ coefficient located in the adjacent table. 

 
 

 

Figure 5.3 Thermal stability tests measuring H2 permeability over time at 773 K, 823 K, 873 K, and 973 K.  
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5.4.3. VOx Characterization 

The crystallinity, oxidation state, and microstructure of the VOx surfaces were assessed with XRD, 

XPS, and FESEM.  

Figure 5.4 compares XRD patterns obtained from foils in the as-received state, after air oxidation, 

after H2 reduction, and membrane M6 after permeation testing. The dominant crystalline peak of the V foil, 

was at 42.17°, which is indicative of the (110) plane. After air exposure at 823 K for one hour, small peaks 

associated with VO2 and V2O5 were detected. The sample exposed to air for one hour followed by H2 

reduction for one hour yielded small peaks associated with V2O3 as well as various VHx peaks. These results 

were in good agreement with those published by Nakamura et al. 88. XRD patterns obtained from feed and 

permeate sides of M6 were nominally identical, and were similar to the foil that received an hour long air 

treatment and H2 reduction; both V2O3 and VHx peaks remained. The primary difference observed after 

hydrogen permeation was the appearance of minor peaks that could not be identified from any JCDPS data 

of V, VHx, VOx, or VNx. We suggest that the unidentified peaks might be VOxHy phase(s) that do not appear 

in the JCPDS database.  

XPS was also used to analyze the oxidation state and the spectra can be found in the Appendix D. 

The inherent challenge with ex situ XPS is the formation of native oxides and surface contamination during 

exposure to ambient conditions. Some qualitative insight was gained from spectra obtained after a 300 s Ar 

sputter at 25 mPa and 5 kV, even though this consequently changed the true nature of the surface chemistry. 

The spectra did provide evidence of air exposure yielding larger V2p3/2 peak binding energies indicative of 

the higher oxidation states, whereas upon H2 exposure the V2p3/2 peak comparatively decreased revealing a 

reduction in oxidation state. This is consistent with the transformation of V2O5 to V2O3 observed by XRD. 

The microstructure of the membrane surfaces at the three stages of the air treatment process is 

shown in Figure 5.5. The surface of an Ar sputter cleaned V foil was smooth with small native defects. 

Upon 120 s air exposure at 823 K (Figure 5.5B), the surface resembled that of amorphous oxidized metal 

with large, smooth grains. However, upon H2 reduction and permeation (M6), the surface formed highly 

faceted, nanocrystalline V2O3 (Figure 5.5C). A rapid quench of the membrane was performed as an attempt 

to preserve the surface, yet this is not necessarily an exact depiction of the surface under H2 permeation 

conditions due to restructuring that may have occurred upon cooldown. Nevertheless, the well-faceted, 

nanocrystalline structure of the reduced surface provides evidence to support the catalytic nature of V2O3, 

particularly as a spillover catalyst to transport atomic H to and from bulk V.  
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Figure 5.4 XRD pattern of V foil: as received, 1 h air exposed, 1 h air exposed followed by 1 h H2 reduced, 
and membrane M6 both feed and permeate side 
 
 

 

Figure 5.5 FESEM surface images at 40 kX and 25.0 kV of: (A) V foil after Ar sputter clean. (B) V foil 
after Ar sputter clean and 120-s air exposure at 150 kPa and 823 K. (C) Feed side of membrane M6. 

 
5.4.4. H2 Dissociative-Adsorption on (0001) V2O3 

DFT simulations were employed to provide insight into the thermodynamic and kinetic ability of 

V2O3 to act as an H2 dissociation catalyst. The low-index (0001) surface was chosen for simplicity, and it 

is well characterized in the literature 200–203. The hexagonal unit cell of V2O3 (as shown looking down the 

(0001) plane in Figure 5.6A) permits three possible terminations of the plane (Figure 5.6B-D). The double-

metal termination (DM, Figure 5.6B) has two surface V atoms (Va and Vb) per unit cell (…O3-V2-O3-V2).  

The single-metal termination (SM, Figure 5.6C) has one V atom (Vb) and three O atoms (O1, O2, and O3) 
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per unit cell (…O3-V2-O3-V). The oxygen termination (O, Figure 5.6D) has no metal exposed on the 

surface and three O atoms (O1, O2, and O3) per unit cell (…O3-V2-O3), as shown in Figure 5.6D. Although 

the most recent literature suggests more complex terminations with restructured vanadyl (V=O) groups,203 

in our simulations we chose to terminate the surface as the simple plane-cut structures (DM, SM, and O) to 

study the effects of H2 dissociative-adsorption on the different potential sites.  

 

Figure 5.6 (A) V2O3 2×2 slab. (B) DM-terminated. (C) SM-terminated. (D) O-terminated. All relevant 
atoms for H2 adsorption and dissociation labelled with O atoms colored red (large) and V atoms colored 
grey (small). 

 
Each termination provides an inherently different density of active exposed atoms, which leads to 

differing coverages of H. DM-terminated with two V atoms per unit cell has a surface coverage of 0.25 

H/V. SM-terminated has half the metal sites (Vb only), but three surface O atoms per unit cell yielding ratios 

of 0.125 H/(V&O) or 0.5 H/(V exclusive).  The O-terminated has three O atoms per unit cell, which relates 

to a coverage of 0.167 H/O.  

The most favorable energy pathways calculated for dissociative-adsorption of hydrogen on the 

three terminations are shown in Figure 5.7. Four states were evaluated to characterize H2 interaction with 

the surface: (I) H2 in the vacuum above the slabs was used as a reference, (II) H2 adsorption without 

dissociation on the surface, (III) the transition state of H2 dissociating on the surface, which is used to 

calculate the dissociation barrier of H2 defined as the energetic difference between states III and II, and (IV) 

two H atoms independently adsorbed on the surface. State IV is indicative of the thermodynamic property 

H dissociative-adsorption energy (Eads
H ) defined by: 

Eads
H  = 0.5(E[slab-2H] - E[slab+H2] + E[slab-2H]ZPE - E[slab+H2]ZPE)                    (5.2) 

where E[slab – 2H] and E[slab + H2] are the total energies of slab with two adsorbed isolated H atoms (IV), 

and the slab with H2 in the vacuum space above the slab with no chemical interactions (I), respectively. The 

E[slab – 2H]ZPE and E[slab + H2]ZPE are zero-point energies (ZPE) of the same entities. An asterisk (*) and 
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the gray line in Figure 5.7 represent metastable stationary states, which provided all real frequencies, but 

negligible barriers to proceed to the next state. 

The DM surface provided the most energetically favorable H2 dissociation pathway among the 

three terminations. A metastable state II was calculated with H2 molecularly adsorbing on the Va atom 

yielding an adsorption energy of -0.34 eV. The H-H bond further dissociated with no effective barrier on 

the Vb atom. The favored site for state IV was H atoms bridging between Va and Vb atoms resulting in an 

exothermic H adsorption binding energy of -0.70 eV. 

For the SM-terminated surface, H2 favored adsorption on the Vb atom with no direct interaction 

with surrounding O atoms and an exothermic adsorption energy of -0.31 eV. The dissociation barrier was 

moderate at 1.37 eV, wherein the H-H bond lengthened as it interacted with a Vb atom and an adjacent O1 

atom. This termination was unique due to mixed metal oxide terminated atoms, yet H favored the Vb atoms 

for state IV. A metastable state (IV*) was isolated with an endothermic adsorption energy, wherein one H 

was vertically-oriented on Vb and one off-centered on the O1 atom, angling towards the unoccupied adjacent 

Vb atom. However, no significant barrier was observed for the H to hop from O1 to the unoccupied, adjacent 

Vb atom, resulting in an overall exothermic Eads
H  of -0.64 eV.  

 

 

Figure 5.7 Energy pathway for H2 dissociation on the three terminated surfaces with different sites labeled. 
(I) H2 in the vacuum without chemical interaction with the surface which was used as a zero reference. (II) 
H2 adsorption onto the surface without dissociation. (III) The transition state of H2 dissociating on the 
surface. (IV) Two isolated H atoms adsorbed on the surface at independent sites. The gray line and asterisk 
(*) represents metastable states, wherein all real frequencies were calculated but had a negligible barrier in 
the reaction pathway to the subsequent state.  
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For the O-terminated surface, H2 was ejected from the surface back into the vacuum space 

regardless of orientation or adsorption site for state II. However, DFT is known to underestimate van der 

Waals contributions, which would affect the physisorption of H2 on the surface. Although the O-terminated 

slab did not have a stable H2 adsorption state, the dissociation barrier was modest at 0.96 eV as H2 

dissociated across the O2 and O3 atoms. An exothermic dissociated adsorption energy of -0.41 eV was 

calculated with H favoring vertical positions above the O2 and O3 atoms.  

In membrane operation, dissociative-adsorption is not the only phenomena to consider. 

Recombinative-desorption, the reverse reaction, is simultaneously occurring on the permeate side at the 

same rate under steady state operation. Therefore, the overall effective barrier is recombinative-desorption, 

and for the DM, SM, and O-terminated slabs the barrier is 1.39, 2.33, and 1.8 eV, respectively. Thus, the 

resulting rank for the best (0001) terminations of V2O3 for use as an H2 membrane catalyst are DM > O > 

SM.  

5.5. Discussion 

As discussed in the introduction, under vacuum the surface oxides should dissolve into the bulk at 

823 K, which would theoretically deactivate the flux through the membrane. However, stability during 

hydrogen permeation was observed at 823 K, and FESEM images, XRD pattern and XPS spectra all suggest 

that oxide remains on the surface to act as a catalyst. The stabilization of H2 permeability may be a result 

of a unique thermodynamic relationship between the oxide and atomic H, where H present on the surface 

prevents dissolution of the oxide. The initial spike and decline in the H2 flux could be indicative of oxide 

dissolution and surface restructuring until equilibria was established between the V-V2O3-H structures. 

Hydrogen doping of VO2 polymorphs has been studied for tuning the metal-insulator transition 204–206. 

Additionally, in the HxVO2 system, H is transported via spillover to dope the VO2 lattice, which is also the 

proposed mechanism of H transport on the V2O3 layer during membrane operation. Transport by spillover 

is supported by the similar permeability as Mo2C/V membranes 69,72, FESEM images, and general 

understanding of poor H transport through bulk metal oxides 192. Spillover may also explain the termination 

of flux through the membrane in the case of no pretreatment in Figure 5.1. With no pretreatment the surfaces 

and near bulk are already oxidized. Upon the air treatment, additional O atoms could migrate from the bulk 

to form a dense layer at the grain boundary interface, essentially shutting off H transport to/from the bulk 

V.  

The complexity of the V-V2O3-H phase behavior was revealed in its unique thermal stability. At 

temperatures above 823 K, oxide absorption into bulk may be thermodynamically favored over the 

hydrogen stabilization effect. Alternatively, the transient decline could be explained by sintering of the 
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oxide changing the microstructure and activity of the catalyst layer. The rapid flux decline at low 

temperature was suggested to be caused by a lack of atomic H bonded to stabilize the catalyst layer. A 

Sieverts’ coefficient of unity at 773 K signified that H transport was surface limited and the V2O3 layer may 

lack sufficient dissociative-adsorption activity at this temperature. A lack of atomic H on the surface could 

cause oxide absorption into the bulk, reducing the active surface area, and therefore causing the flux decline. 

Alternatively, it could be a thermal restructuring of the catalyst surface rendering H transport. This 

concludes that the only stable operating temperature for the V2O3 coated membranes was 823 K in the 

presence of H2.  However, the V-V2O3-H system warrants further investigation to fully understand the 

stabilization effect as well as the cause of deactivation. 

The DFT calculated barriers (1.39 – 2.33 eV) are much higher than the experimentally measured 

apparent activation energy of 0.38 eV. However, exaggeration of barriers is common in DFT models, and 

slab simulations do not account for the steps, vacancies, and other defects on the true catalyst surface that 

can effectively lower barriers. However, to understand the effectiveness of V2O3 (0001) as a catalyst, the 

dissociation barrier and dissociated H adsorption energy calculated in this work are compared to other 

known catalysts in Table 5.2. Pd 207 is well known as an excellent dissociation catalyst with negligible 

barrier for dissociation and small Eads
H , whereas Mo2C 70 and TiC 74 are included as spillover catalysts for 

membrane applications. Additionally, V2O5 
208and VO2 

209
 provide comparisons among the different 

oxidation states of VOx. Although our calculations have higher dissociation barriers for SM and O-

terminated, the DM surface energetics fall into a favorable range of other catalysts with Eads
H  similar to that 

of Mo2C, TiC, and Pd. V2O3 is also the superior oxidation state for a membrane catalyst compared to V2O5, 

which has a larger Eads
H . However, VO2 also displays favorable energetics with only a slightly higher barrier 

to H2 dissociation and a small dissociated adsorption energy.  

5.6. Conclusions 

The unique and complex V2O3/V system was explored for use as H2 permeable membranes 

fabricated via air treatment of V foils. This yielded membranes with high initial permeability, but 

permeation rapidly attenuated to a stable value of 2.05 ± 0.25 × 10-8 mol·m-1·s-1·Pa-0.5 at 823 K. An apparent 

activation energy of 0.38 ± 0.07 eV was calculated upon a thermal cycle. However, both increasing and 

decreasing operating temperature from 823 K resulted in a transient decline in permeability, rendering the 

membranes ineffective. Yet, excellent stability was observed for more than 120 h at 823 K. It is postulated 

that atomic hydrogen stabilizes the V2O3 surface, preventing decomposition and oxygen absorption into the 

bulk.  Characterization of the air treatment process and fabricated membranes revealed the formation of a 

highly faceted, nanocrystalline V2O3 layer on the V foil surfaces. These observations suggest that V2O3 



78 
 

catalyst layers operate via a spillover mechanism. DFT simulations resulted in favorable energetics for H2 

dissociative-adsorption and recombinative-desorption on the (0001) plane that are comparable to other 

known catalysts. The catalytic activity of terminations ranked as DM > O > SM. Although stability was 

limited to a narrow temperature range, the V2O3/V system could provide a cost-effective, easily fabricated, 

and high temperature V membrane.  

 
Table 5.2 Catalyst comparison to literature for H2 dissociation barrier and dissociated H adsorption energy. 

Catalyst 
Dissociation Barrier 

(eV) 

Dissociated H 
Adsorption Energy 

(eV) 
Reference 

V2O3 0 – 1.37 -0.7 – -0.41 This work 

Pd - -0.53 Behm207 

Mo2C 0.13 – 0.18 -0.87 – -0.57 Hao70 

TiC 0.51 -0.48 Zhu74 

V2O5 - -2.77 – -0.92 Yao208 

VO2 1.6 -0.2 Warnick209 
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CHAPTER 6 

 

SPUTTERED VANADIUM COMPOSITE MEMBRANES 

 

6.1. Abstract 

Sputtering vanadium thin films as a potential method for fabrication of dense metallic membranes 

is discussed in this chapter. The motivation was to reduce Pd inventory in thin-film, composite membrane 

reactors. Theoretically, this would also allow for the application of sputtered catalysts other than Pd to 

tubular vanadium-based geometries. Sputter conditions for planar geometries were tested to obtain smooth 

and dense V films. This was achieved at a substrate temperature of 400 °C and a substrate bias of 10 W 

radio-frequency. In addition, tubular membranes were fabricated on asymmetric, porous, yttria-stabilized 

zirconia supports by sputtering vanadium between Pd films deposited by electroless plating. These 

membranes demonstrated low relative permeance and selectivity but did show robust resistance to thermal 

shock and embrittlement by the ductile-to-brittle transition concentration. In addition, synthesis of ammonia 

using a vanadium-based membrane reactor was demonstrated with three times the synthesis rate observed 

in a permeation mode relative to a cofed mode.  

6.2. Background 

In the field of vanadium membranes, expansion to tubular geometries is the next step towards 

commercialization. Dolan and coworkers 122 have developed Pd/V/Pd tubular membranes by electroless 

plating Pd on the surfaces of drawn vanadium tubes. In this geometry, the vanadium is free to expand and 

contract with H loading which mitigates challenges with the ductile-to-brittle transition concentration 

(DBTC). This allows for operation at low temperatures (< 400 °C) and high H2 pressures. Alimov et al. 136 

demonstrated scalability with a module constructed from V-Pd drawn tubes electrolessly plated with Pd. A 

major advantage of drawn vanadium tubes is infinite selectivity towards H2, high fluxes, and low material 

costs. Electroless plating of Pd symmetrically coats both the inner and outer surfaces of the tube. However, 

this geometry poses a challenge for alternative catalysts deposited by magnetron sputtering, or introduction 

of high density catalyst in a support.  

A potential solution is the complete fabrication of composite membranes by depositing both V and 

alternative catalysts on porous supports. This configuration is analogous to Pd composite membranes which 

have been well developed over the past decades 210. However, V cannot electroless or electroplate like Pd 
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because its affinity for oxidation is stronger than its reduction potential 211. Therefore, deposition under 

vacuum (such as magnetron sputtering) must be used to achieve high quality and oxide-free films. This 

allows alternative catalysts to be applied in-situ by sputtering as well. Sputtered V composite membranes 

were recently demonstrated by Fasolin et al. 212 by depositing Pd/V-Pd/Pd films on porous alumina disks 

using high power impulse magnetron sputtering. Their membranes resulted in selectivity > 400, 

permeabilities of ~6 × 10-12 mol m-1 s-1 Pa-1, and robust resistance to DBTC embrittlement. 

 For dense metallic composite membranes, the support material plays a crucial role. Several factors 

influence the microstructure, performance, and integrity of the deposited thin films: support material, pore 

size, surface roughness, chemical resistance, and mechanical integrity. Common support materials include 

alumina, zirconia, and porous stainless steel (PSS).  

 Our group has extensively studied electroless plating Pd on asymmetric, yttria-stabilized zirconia 

(YSZ). These membranes have been applied to several dehydrogenation applications including steam-

methane reforming (SMR) 213 and ammonia decomposition 214. Recently, research efforts have focused on 

the potential use of dense metallic hydrogen permeable membranes as a method of ammonia synthesis 215. 

In these catalytic membrane reactors (CMR), mechanistic steps of hydrogen dissociation and nitrogen 

dissociation can be separated. Hydrogen is dissociated on one side of the membrane and transported as 

atomic H to a nitrogen dissociation/ammonia synthesis catalyst on the permeate side. In this geometry a 

more efficient ammonia synthesis may be realized. Hydrogen and nitrogen compete for the same catalytic 

sites. By providing atomic H to the NH3 synthesis catalyst, we reduce the hydrogen inhibition of the N2 

dissociative-adsorption which is known to be the rate limiting step in NH3 synthesis. While effective, 

concerns about the cost of Pd may inhibit widespread adoption. Composite V-based membranes would 

reduce the Pd inventory by ~10X, alleviating this issue.  

 This chapter is divided into two parts. First, the properties of sputtered vanadium thin films are 

investigated on planar supports. Second, composite membranes are fabricated on tubular YSZ and tested in 

pure and mixed gas environments as well as for use in an ammonia synthesis CMR. 

6.3. Experimental Methods 

6.3.1. Vanadium Sputter Deposition 

Vanadium was sputtered using an AJA sputter chamber. Planar substrates were mounted on a 12.7 

cm diameter circular substrate plate which was then introduced to the chamber via a load lock. Once the 

base vacuum reached < 7 × 10-5 Pa, the substrate heater was turned on to the set the desired temperature 
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(200 or 400 °C) and Ar was introduced to the chamber via a mass flow controller. A 5.1 cm diameter V 

target purchased from Kurt J. Lesker was biased with a current of 400 mA resulting in 310 V. At an Ar 

pressure of 0.5 Pa, the resulting deposition rate was 3.33 ± 0.7 nm min-1. Pristine Si wafers were used for 

profilometry and atomic force microscopy (AFM). Glass slides were used for crystallinity analysis. Planar, 

porous yttria-stabilized zirconia supported on stainless steel (YSZ/PSS) disks were provided by Dr. Michael 

Tucker at Lawrence Berkeley National Lab.  

6.3.2. Tubular Composite Membrane Fabrication 

Membranes were fabricated with asymmetric, porous yttria-stabilized zirconia (YSZ) tubes 

purchased from Praxair Corporation. Tubes were 1 cm in diameter and cut in ~10 cm lengths. The 

asymmetric design provides a mesoporous outer 20 µm of the tube with 0.2 – 0.3 µm pore size. The 

remainder of the 1.3 mm tube was constructed with larger macropores (> 1 µm) to reduce transport 

resistance. The tubes were cleaned by boiling in DI water three times for 30 min each. The ends were glazed 

to provide a leak-free surface for sealing.  

A thin layer of Pd was deposited via electrolysis plating. First, activation of the surface with Pd 

crystallites was required to initiate the autocatalytic electroless plating process. Activation ensued by 

spraying a 0.16 M solution of palladium (II) acetate (47% metal basis, Pressure Chemical Co.) in 

chloroform (AR grade, Macron Fine Chemicals) (33 g L−1) onto the support using an airbrush to produce a 

uniform gold color. The activated support was placed in a graduated cylinder and reduced in a solution of 

0.02 M hydrazine (98%, reagent grade, Sigma-Aldrich) for 20 min at room temperature while agitated in 

an ultrasonic water bath. The support was then rinsed in DI water to remove excess hydrazine, ends capped 

with parafilm and Teflon tape, and DI water introduced to the inner support to prevent diffusion of the 

plating solution into the tube. The palladium plating solution used 4 M ammonia, obtained by adding 260 

ml L−1 of concentrated ammonium hydroxide solution (28–30%, ACS grade, VWR Analytical) to 740 ml 

L−1 DI water, and 1.8 g l−1 of palladium (II) chloride (60% metal basis, Pressure Chemical Co.). The capped 

support was inserted into a graduated cylinder containing 50 ml of plating solution and 0.5 ml of hydrazine 

was added to initiate the electroless plating process. The cylinder was place in an ultrasonic water bath and 

plated for 30 min which deposited 0.5 - 0.7 µm of Pd measured by gravimetric analysis.  

The support with initial Pd layer was mounted to the tube rotation prong inside the main chamber 

of the AJA sputter chamber. The support was mounted at a distance of 22.5 to 30 cm from the inner flange 

of the rotating device and was an average distance of 15 cm from the V target. This mounting distance was 

calibrated by sputtering a vanadium film on a 20 cm tube and measuring the relative thickness with x-ray 
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fluorescence (XRF). Figure 6.1 shows a schematic of the tube sputtering set-up for calibration with 

calibrated values presented in Table 6.1. This is only a calibration for sputter guns 2 and 3, 1 and 4 would 

produce a different profile. Guns 2 and 3 likely produce faster deposition rates due to closer proximity to 

the tube, whereas guns 1 and 4 may produce more uniform coatings. Additionally, extending the tube further 

from the inner flange creates challenges with symmetric uniformity as the tube wobbles at > 30 cm. The 

chamber was pumped to vacuum overnight before sputtering. The procedure for vanadium sputtering 

followed the conditions described above, however, sputter time was varied between each test. Error! 

Reference source not found. summarizes the membranes and experiments conducted. After completion of 

vanadium sputtering, a short 30 min Pd sputter capped the vanadium to protect from oxidation and activate 

the subsequent Pd electroless plating cycle. The Pd was sputtered at a pressure of 0.67 Pa Ar and 50 W DC 

bias on a 5.1 cm diameter Pd target (Kurt J. Lesker). Gravimetric analysis measured vanadium thickness 

and XRF analyzed the uniformity of the film. A cycle of Pd electroless plating added another 0.5 - 0.7 µm 

of Pd on top of the sputtered V. 

 
Table 6.1 Relative thickness of the sputtered film along the tubular support. Position 1 corresponds to a 
point next to the Swagelok fitting closest to the tube rotator and 19 at the end of the tube on the right.   

Tube 
Position 

(cm) 
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 

Relative 
Thickness 

(%) 
4 4 4 11 11 19 19 22 33 48 52 63 78 89 81 100 93 96 85 

 
 

 
Figure 6.1 Schematic of sputter chamber with tubular substrate used for calibration viewed from above. 
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In the fabrication of M3, the Ru catalyst was impregnated radially which was also used for the 

activation of Pd electroless plating. The Ru impregnation solution consisted of Ru chloride hydrate 

(Pressure Chemical CO., metal 40%) dissolved in 75% acetone (ICC, 99.5%) and 25% DI water. The 

support was filled with DI water, capped, and placed in the solution for 2 h. The Ru impregnated support 

was reduced under H2 at 400 °C and 100 kPa for 1 h. A Ru loading of 1.66 mg cm-2 was determined 

gravimetrically. A 30 min cycle of Pd plating deposited 0.6 µm of Pd. A 16 h V sputter deposited 3.5 µm, 

with sputter conditions identical to that of M2. Another 30 min Pd plating deposited 0.6 µm. Finally, a Cs 

promoter was introduced by capping one end of the tube and soaking the interior of the tube in cesium 

nitrate (Alfa Aesar, 99.99%) aqueous solution 2 h yielding a Cs/Ru molar ratio of 1.5. 

Table 6.2 List of membrane fabrication specifications and experiments conducted. 

Sample ID Fabrication Experiment 

M1 20 min Pd plating, 8 hour V sputter 
(1.75 µm), 20 min Pd plating Mixed gas H2/N2 test at 350 °C 

M2 30 min Pd plating, 16 hour V sputter 
(3.5 µm), 30 min Pd plating (0.7 µm) 

Pure gas H2, temperature swing from 325 – 375 °C, 
high pressure test up to 500 kPa, XRD, SEM cross-
section 

M3 

1.66 mg/cm2 Ru loading, 1.5 Cs/Ru 
ratio. 30 min Pd plating, 16 hour V 
sputter (3.5 µm), 30 min Pd plating 
(0.6 µm) 

Pure gas flux and selectivity, ammonia synthesis at 
350 °C 

 
 
6.3.3. Membrane testing and characterization 

 The composite membranes were mounted in a shell-and-tube configuration with Swagelok fittings 

and graphite ferrules. The setup has been extensively described in previous literature 216. The module was 

placed in a Lindberg tube furnace. Heat-up and cool-down was done under nitrogen at slow rate of 0.5 °C 

min-1, however, this was a conservative rate and could be increased in future work. Each membrane was 

tested under different conditions. M1 was exposed to a mixed H2/N2 feed at atmospheric pressure (83 kPa) 

with gases controlled by mass flow controllers. A He sweep at 0.4 SLPM was applied to the permeate. The 

H2/N2 ratio was increased to one and then the total feed pressure increased to 200 kPa. M2 was tested with 

pure H2 and N2, separately. Flux and selectivity were tested at 325, 350, and 375 °C, then the pressure was 

increased up to 500 kPa. M3 was tested for pure H2 flux and N2 selectivity, and then tested for ammonia 

synthesis at 350 °C. Ammonia synthesis was conducted both in permeation mode and cofed mode. In 

permeation mode, H2 was fed on the shell-side and permeated through the membrane, and N2 was flown 

through the tube-side. In cofed mode, both H2 and N2 were fed tube-side. In all tests the H2:N2 ratio was 

kept at 3:1. At 100 kPa the flowrates were varied, then at a gas hourly space velocity (GHSV) of 8000 h-1, 
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the N2 side pressure was increased to 300 and 500 kPa. Ammonia concentrations were measured with a 

non-dispersive infrared detector (NDIR, Bacharach) and quadrupole mass spectrometer (QMS).     

6.3.4. Characterization Techniques  

Characterization of the sample thickness used a Dektak 3030 profilometer for V sputtered on Si 

wafers, and both gravimetric analysis and cross-section images taken with a FEI Quanta 600i environmental 

scanning electron microscope (SEM) coupled with energy dispersive x-ray spectroscopy (EDS) for V 

sputtered on porous YSZ supports. A Fischerscope XDLM-C4 PCB x-ray fluorescence (XRF) spectrometer 

analyzed film uniformity. Microstructure was visualized with an Asylum MFP -3D atomic force 

microscope (AFM). Crystallinity was measured with a Panalytical PW3040 x-ray diffractometer with a Cu 

source.  

6.4. Results and Discussion  

6.4.1. Characterization of Sputtered Vanadium Films 

 Substrate temperature and substrate RF bias were studied for their effect on film microstructure 

and crystallinity. The goal was to realize ideal deposition conditions for dense vanadium films. First, 

substrate temperature was considered. Figure 6.2 shows the XRD patterns of ~200 nm films deposited for 

1 h on glass slides. The only observed peak was at 42.2° which revealed the preferential orientation in the 

(110) plane of the body-centered cubic (BCC) lattice. Although a change in relative peak height was 

observed, the full width at half maximum (FWHM) remained nominally identical between the temperatures. 

Therefore, increasing temperature had little effect on crystallite size or crystalline orientation of the 

sputtered film.  

Consistent results were obtained with AFM as shown in Figure 6.3A-C. The AFM images show 

small grains with smooth surfaces on ~100 nm V films sputtered for 0.5 h on Si wafers. The root mean 

squared (RMS) surface roughness of the sputtered films were 1.5, 1.2, and 1.2 nm for substrate temperatures 

of 25, 200, and 400 °C, respectively. However, biasing the substrate with 10 W RF (resulting in 120 V 

DCV) yielded smoother surfaces with RMS surface roughness of 0.6 nm and smaller grains compared to 

the non-biased samples. Therefore, the substrate bias is likely more important than substrate temperature 

for forming dense V films.  
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Figure 6.2 XRD spectra of vanadium sputtered for 1 h at 25, 200, and 400 °C.  
 
  

 
Figure 6.3 AFM images 1 × 1 µm of vanadium sputtered on Si wafers for 0.5 h at (A) 25 °C, (B) 200 °C, 
(C) 400 °C, and (D) 400 °C and 10 W RF bias.  
 

 
 Planar YSZ/PSS disks were used to demonstrate the superior sputtering conditions at 400 °C and 

10 W RF bias. Vanadium was sputtered for 5 h at these conditions to produce a 1 µm film on the YSZ as 

shown in Figure 6.4. The deposited vanadium film was dense, uniform, and sufficiently covered the 

nanoporous YSZ layer. This shows high quality vanadium films can be sputtered on planar supports to 



86 
 

potentially make superior composite vanadium membranes with our equipment. However, the provided 

YSZ/PSS supports had numerous cracks and defects in the YSZ layer which prevented membrane testing. 

A key requirement to enable leak free membranes are high quality supports with small pores.  

 

 
Figure 6.4 Snapped cross-section of V/YSZ/PSS sample. Vanadium was sputtered for 5 h at 400 mA, 400 
°C, and 10 W RF substrate bias. Both images are obtained at 20 kV with the left image at a magnification 
of 5000x and right at 1500x.  
 
 
6.4.2. Tubular Vanadium Membranes 

 This section discusses membranes fabricated by sputtering vanadium on tubular, asymmetric, 

porous YSZ supports. However, since these membranes were mounted on the tube rotator, heating and 

substrate bias were not achievable for deposition. Therefore, three composite vanadium membranes were 

fabricated at room temperature and subjected to a series of tests summarized in Table 6.2. The permeance 

and selectivity of the membranes are reported in Table 6.3. The effect of H2 partial pressure on purity and 

selectivity was tested using M1. In the first test, a fixed total feed flow of 0.5 SLPM was delivered to the 

membrane at ambient pressure (83 kPa) with a He sweep on the permeate. The H2/N2 ratio increased until 

a 1:1 ratio was obtained. As shown in Figure 6.5, the purity increased but the selectivity decreased. This 

was caused by a difference in pressure dependence between H2 and N2 for transport through the membrane. 

H2 was measured to have an n-value of 0.76, whereas N2 was assumed to have a coefficient of 1 – indicative 

of Knudsen diffusion through defects. H2 transports via both solution-diffusion through the metal and 

through defects, whereas N2 is only permeable through defects.  

After trial 1, the furnace power failed, and the temperature quenched to 250 °C in 10 min under the 

1:1 H2/N2 mixture. The module was then heated back to 350 °C and another trial began (trial 2).  Complete 
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membrane failure was anticipated, however, only a slight decrease in purity and selectivity was observed, 

and H2 flux remained nominally constant between the trials. This demonstrated the thermal robustness of 

this composite membrane system. However, in trial 2, once the 1:1 ratio was reestablished, the total pressure 

of the system was increased. This caused a decrease in both purity and selectivity which was again onset 

by the difference in pressure dependence between the species. Ultimately, separation at higher pressure was 

driven by Knudsen diffusion through defects rather than through solution-diffusion through the metal 

lattice.     

 

 
Figure 6.5 Effective purity of the permeate and selectivity between H2 and N2 with the Pd/V/Pd membrane 
M1 measured at 350 °C. The dashed line signifies the change between varying the H2/N2 ratio and 
increasing the total pressure. Effective purity neglected the He sweep and was measured with the QMS.  

 
 The poor selectivity of M1 motivated a few changes to the fabrication procedure. For M2, the V 

sputtered time was doubled, and three cycles of hydrazine reduction were done before the final Pd platting 

in attempts to reduce potential oxidation. Instead of testing in a mixed gas environment with a He sweep, 

M2 was tested in pure gases with the permeate at ambient pressure. The goal was to test at various 

temperatures and at high pressures to understand the operational limits of the membrane. Subsequent results 

are shown in Figure 6.6. Increasing temperature improved the H2 flux with an apparent activation energy 

of 25.7 ± 8.7 kJ mol-1. Pristine vanadium is expected to have the inverse effect of flux with increased 

temperature 45, and apparent activation energies of 14.7 ± 3.9 kJ mol-1 are common of composite thin film 

Pd membranes 217. Therefore, the thermal activation of flux was likely caused by limitations on the Pd 

surface, at the Pd-V interface, or by diffusion through an O contaminated V layer.  
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Two high pressure cycles were tested on M2 at 350 °C. The first went to 300 kPa and the second 

went to 500 kPa without failure. However, upon decreasing the pressure from 500 kPa, a sudden change in 

the house gas pressure caused a rapid decrease in feed pressure. This resulted in membrane failure and was 

consistent with results reported by Dolan et al. 122 on self-supported tubular vanadium membranes. They 

report operation well above the DBTC limit, however, it must be carefully operated to prevent shocks to 

the system. In our case, a pressure shock caused the failure. Therefore, our composite membranes are 

expected maintain integrity at high pressure as long as the pressure is increased and decreased at a moderate 

rate.  

 

 
 

Figure 6.6 Results of M2 testing with effect of temperature on H2 flux (left) and high pressure tests (right).  

 
Low temperature ammonia synthesis using a vanadium-based membrane was demonstrated with 

M3. Our lab’s current technology uses Pd membranes with Cs promoted Ru catalysts embedded in the YSZ 

support. In this attempt, we incorporated vanadium as the base metal instead of Pd. Although, permeability 

and selectivity were worse than M2, M3 did effectively demonstrate ammonia synthesis at 350 °C as shown 

in Figure 6.7. The rate increased with GHSV signifying mass transfer limitations in the limit of low 

flowrates. At high GHSV (8000 h-1) there was no pressure dependence on ammonia synthesis rates – a 

reaction that is normally dependent on pressure. Literature shows that pressure dependence can vary 

between supports with a lack of pressure dependence also observed on Cs-Ru/MgO 218. An interesting 

artifact was the three-fold improvement when H2 was introduced via permeation through the membrane 

rather than cofed. This supported our hypothesis that permeated H2 provides an improvement over 

conventional catalysis (cofed). However, this may be an effect of flow orientation rather than permeation 

and further experiments are required to verify this result. 
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Figure 6.7 Ammonia synthesis using M3. The left plot shows the synthesis rate as a function of GSHV and 
the difference between permeating H2 and cofed H2 and N2. The right plot shows the lack-of dependence 
of the rate with pressure for both permeation and cofed modes.  

 
Table 6.3 Performance metrics for composite vanadium membranes at 350 °C The theoretical permeance 
value was calculated for 3.5 µm thick vanadium.  

Membrane ID H2 Permeance (mol m-2 s-1 Pa-1) H2 n-value Pure Gas Selectivity 

M1 2.1 × 10-6 0.8 - 

M2 4.9 × 10-7 0.7 8.6 

M3 6.3 × 10-8 1.3 3.5 

Fasolin 212 0.8 – 2.2 × 10-6 - 9 - 410 

Theory 45 2.3 × 10-4 0.5 ∞ 

 

 Characterization was conducted on M2. Figure 6.8 shows the XRD spectra of the YSZ support, as-

fabricated, and post-tested M2. The as-fabricated sample had peaks for both Pd and V, however, the V 

peaks diminished upon testing. Since the was no appearance of vanadium hydride phases, it is suggested 

that vanadium simply transforms from the characteristic body-centered cubic (BCC) phase to an amorphous 

phase. The maintained integrity of the Pd peaks upon testing also indicated that intermetallic diffusion was 

not occurring. This was also apparent in the SEM cross-section in Figure 6.9. A clear boundary between Pd 

and V was observed with EDS mapping. The cross-section vanadium thickness also agreed very well with 

that obtained by gravimetric analysis. The microstructure of the vanadium layer was dominated by a 

columnar structure with large grain size and was likely the cause of low membrane selectivity. Additionally, 
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the low permeance of the fabricated membranes suggests oxidation of the vanadium film, and/or interfacial 

oxides limited transport. Therefore, improved sputtering conditions must be considered for future work.  

Several modifications to the sputtering procedure could improve membrane performance. 

Fabricating the entire membrane in-situ by sputtering thicker Pd layers instead of deposition by electroless 

plating could prevent interfacial oxides. Also, the ceramic support must be installed in the main chamber 

before sputtering. Instead of waiting 8-12 h for the chamber to pump down overnight, less O contamination 

in the plasma may be achieved by allowing > 24 h of pump down time prior to sputtering. Reducing the 

deposition rate may also improve the microstructure. However, the low sputter yield of vanadium and the 

already slow deposition rate may make sputtering at lower rates inconceivable for 3-4 µm on cylindrical 

supports. However, the solution for better films may simply be patience – longer pump down time and 

slower rates for longer depositions. Another avenue for future work consists of co-sputtering metals to form 

vanadium-alloys. This could not only improve embrittlement resistance, but also boost the deposition rate 

and potentially improve the microstructure. 

Another potential solution to better films focuses on the support. Polishing the support to reduce or 

add surface roughness has been shown to alter Pd films deposited by electroless plating 219,220. Supports 

with smaller pores also yield less material required to seal. The deposited metal film thickness must be at 

least three times the largest pore size to fully cover pores 219. However, a balance must be achieved between 

limitations of gas transport through the small pore region versus transport through the dense metal. Current 

YSZ tubes could also be surface modified to decrease pore size with deposition of an Al2O3 or TiO2 outer 

layer. 

 
Figure 6.8 XRD spectra of the YSZ support, as fabricated, and post tested M2.  
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Figure 6.9 Post-test SEM cross-section of M2 showing both the macroporous and mesoporous region of the 
YSZ support, the electrolessly plated Pd (green) sandwiching the sputtered V (blue). The colors correspond 
to a mapped EDS element overlay.   

 
6.5. Conclusions  

In this chapter, sputtering vanadium was explored for the application of composite, thin-film 

vanadium membranes. Sputter conditions for planar geometries were investigated with the smoothest and 

smallest-grained films deposited at 400 °C and 10 W RF substrate bias. One-micron films were sputtered 

on YSZ/PSS planar supports for a proof-of-concept which showed a dense and compact film. 

Demonstrations of composite membranes were achieved with tubular, asymmetric, and porous YSZ 

supports. As a constraint of sputtering tubular geometries, sputtering was done at room temperature and 

with no substrate bias. Of the three membranes fabricated, permeance was relatively low (0.06 – 2.1 × 10-

6 mol m-2 s-1 Pa-1) as was pure gas selectivity (3.4 – 8.6). However, operation well above DBTC limits was 

demonstrated with H2 pressures tested up to 500 kPa. Ammonia was synthesized with a vanadium-based 

membrane reactor at 350 °C with synthesis rates three times faster operating in permeation mode rather 

than a conventional cofed mode. In general, sputtered composite vanadium membranes hold promise in the 

field of dense metallic membranes. It also enables alternative catalysts such as Mo2C to be applied on 

tubular geometries. However, better fabrication conditions and supports are required to produce competitive 

membranes in tubular geometries. 

 
 
  



92 
 

 

CHAPTER 7 

 

GENERAL CONCLUSIONS AND SUGGESTIONS FOR FUTURE WORK 

 
The application of various catalysts onto vanadium surfaces and their subsequent performance as 

hydrogen permeable membranes was investigated in this work. The goal was to reduce material costs and 

enable operation above 400 °C without degradation by interdiffusion of the catalyst with the vanadium. 

Overall, three catalyst coatings were investigated: Mo2C, TiC, and V2O3. These materials transport atomic 

hydrogen to and from the vanadium via a spillover mechanism, rather than a solution-diffusion mechanism 

common of the standard Pd overlayers.  

Of the three coatings studied, Mo2C proved to be the most robust with no evidence of degradation 

during operation. Mo2C was previously shown to be very active and stable at high temperature > 600 °C. 

Thus, low temperature operation < 600 °C was the focus of this work. At 450 °C, the feed-side pressure 

exceeded the DBTC embrittlement pressure by an order of magnitude without structural failure. Although 

high pressure operation was achievable at lower temperatures, this was caused by transport limitations in 

the Mo2C layer, which consequently reduced permeability. Additionally, the H2 flux was inhibited when 

exposed to N2 or CO2 but recovered when the feed was returned to pure H2. Therefore, the extinguishing 

phenomena was likely caused by competitive adsorption on the feed-side Mo2C layer. Coating thin, 100 

nm films of Pd on the surface of the Mo2C instilled chemical resistance in the mixed gas environment and 

improved permeability. In this configuration, the 20 nm of Mo2C acted as an interdiffusion barrier and 

enabled stable operation up to 500 °C.  

TiC coatings produced the highest flux, comparatively. Insight was also gained on hydrogen 

transport through the TMC coatings by an in-depth analysis of film thickness, temperature, pressure, and 

resulting flux. In the limit of low temperatures and thick TiC coatings, transport through the carbide was 

rate-limiting through an adsorption-diffusion mechanism. However, ultra-thin, ~6 nm coatings of TiC on 

V enabled high fluxes up to 0.71 mol m-2 s-1 at 10 bar transmembrane pressure and 650 °C, and transport 

was limited by diffusion through vanadium. H2 flux through the TiC coated membranes was also inhibited 

by exposure to N2. Like Mo2C, this was fixed by the application of Pd on the TiC surface. However, TiC 

suffered from poor stability at all temperatures tested. H2 flux would increase and then subsequently 

decrease with operation time. The instability was caused by V surface segregating and covering the TiC 

catalyst. Hydrogen isotope permeation was also studied through TiC coated V. Protium permeated 1.34 – 



93 
 

1.15 times faster than deuterium at temperatures from 600 – 700 °C, respectively. Yet, no isotopic effect 

on solubility was observed in the α-phase from 500 – 700 °C. The measured separation factors were lower 

than those expected from pure H diffusion through vanadium and are likely a result of surface limitations 

created by the TiC layer. 

V2O3 provided similar flux to Mo2C, but with a much simpler fabrication method. Membranes were 

produced by cleaning vanadium foil surfaces in an Ar plasma, heating to 550 °C under He, exposing to air, 

and reducing under H2. DFT simulations revealed favorable kinetics and thermodynamics of H2 dissociation 

on the V2O3 (0001) surface compared to other oxidation states. However, stable flux was only observed at 

550 °C, and increasing or decreasing temperature attenuated flux over time. It is postulated that atomic 

hydrogen stabilizes the V2O3 surface, preventing oxygen absorption into the bulk. 

Lastly, sputtered vanadium membranes were studied for expansion to tubular geometries. Dense 

vanadium films with small grains were obtained on planar supports by sputtering at 400 °C with a 10 W 

RF substrate bias. However, sputtering tubular supports disabled the use of substrate bias and heating. 

Nonetheless, three vanadium membranes were produced by sputtering V between Pd layers deposited by 

electroless plating, all on tubular, porous, YSZ supports. These membranes yielded low permeability and 

selectivity but did demonstrate robust resistance to thermal shock, ability to operate well above DBTC 

limitations at low temperatures, and ammonia synthesis with a vanadium-based membrane reactor. This 

fabrication method could also enable the application of sputtered spillover catalysts on a tubular geometry.   

Ultimately, spillover catalyst coatings on vanadium do allow the permeation of molecular hydrogen 

at high temperatures. A summary of permeability versus temperature for the best membranes of each type 

is shown in Figure 7.1. However, a general downfall of these catalysts is competitive adsorption when 

exposed to N2 or CO2. Although, these standalone spillover catalysts can separate H2 from inert noble 

gaseous such as He or Ar, the membranes are ineffective for separation from other common gases. 

Inhibition may be a fundamental flaw of the spillover transport mechanism for use in vanadium-based 

hydrogen membranes. The interface between V and the catalyst is the critical location where atomic H is 

transferred from the catalyst to the bulk vanadium. As is common to steps and interfaces, this location likely 

presents very exothermic adsorption sites for other gas species as well. Therefore, even low concentrations 

of other gas species can inhibit H2 transport. This differs from the solution-diffusion mechanism as Pd 

remains relatively inert due its greater affinity for H compared to other gases and absorption can readily 

occur across the surface. The plight of spillover catalytic coatings is expressed in a poem titled “Ode to 

Coatings” in Appendix E.  
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Figure 7.1 Overview of hydrogen permeability for spillover catalyst coated membranes fabricated in this 
thesis. Solid lines correspond to theoretical values reported by Steward.45 

 
Future work is separated into four categories. (I) Continued research on spillover catalysts. (II) 

Sputtered vanadium/BCC metal composite membranes. (III) Solid, drawn, tubular membranes. (IV) 

Superpermeable membranes.  

(I) For spillover catalysts to be a viable technology for group V metal membranes, competitive 

adsorption and low temperature operation must be improved. Two potential solutions can address these 

issues. Further investigation into other ceramic materials may result in a material with improved 

functionality in mixed gas environments. Classes of materials other than carbides include: oxides, nitrides, 

sulfides, and nitrides. Testing all possible catalysts for membrane applications would be cumbersome and 

expensive. The volume of candidates can be reduced by analyzing results of DFT simulations and 

temperature programed desorption (TPD) studies. Catalyst candidates can be screened for the binding 

energies of various species. An ideal candidate would have H binding energies greater than that of N, N2, 

NH3, CO2, CH4, CO, or any other species present in the desired separation. Appendix F provides more 

information on some alternative catalysts. However, if mixed gas inhibition continues with other materials, 

it is a fundamental flaw of the spillover mechanism. The use of Pd, or other metals, to promote chemical 

resistance and improve flux also warrants further investigation. In this case, the spillover catalyst acts as a 

barrier preventing V – Pd interdiffusion. The thickness of both the Pd layer and barrier should be optimized 
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for stability and performance. Other metals, such as Ni, can be tested as a replacement for Pd in these 

geometries.   

(II) Sputtered V membranes were demonstrated in Chapter 6. These membranes served as proof-of-

concept experiments and significant advances could be made in this area. As suggested in Chapter 6, the 

sputter conditions for V should be studied in further detail. First, the minimization of O contamination in 

the chamber must be addressed. Longer pump down times, preheating of the chamber and sample, and 

potentially a presputter of V to coat the chamber and sample plate prior to sputtering the sample could 

achieve higher vacuum. Next, the microstructure versus deposition rate should be optimized. Deposition 

below 0.5 Pa leads to significant flickering of the plasma and thus the lower limit of pressure should be 

kept at 0.5 Pa. Increasing the applied DC power can improve deposition rate, however, 400 mA of set 

current produces ~170 W of power which is above the suggested 157 W for a 5.1 cm diameter target. 

Careful ramp up and ramp down of current could enable deposition at higher currents. Ultimately, 

microstructural analysis with AFM at various deposition rates should be done to confirm if faster deposition 

rates can maintain a dense microstructure. Further investigation into the RF substrate bias should be made 

with a focus on decreasing power to improve deposition rate as well as deposition at lower temperatures. 

The rate, microstructure, and membrane performance could also be increased by co-sputtering alloys. VPd 

serves as the most promising alloy, however, many binary and several ternary alloys exist 101. Ternary alloys 

would best improve the deposition rate as simply because more material is sputtered simultaneously. 

 

(III) Drawn tubes made from group V metals coated with Pd have recently demonstrated ability to 

operate above the DBTC limit 122. This has enabled their application in SMR 136 and ammonia 

decomposition 221,222. Investigation into these self-supported tubes is therefore warranted. Purchased tubes 

must undergo a rigorous cleaning process to remove surface oxides. This requires mechanical polishing of 

both outer and inner surfaces followed by chemical reduction. Immediately upon surface cleaning, Pd must 

be deposited via electroless plating to prevent further oxidation. Careful sealing with graphite ferrules and 

moderate ramp rates for pressure and thermal cycles should allow these membranes to operate well above 

DBTC pressure limitations. However, temperatures should be kept below 400 °C to prevent interdiffusion. 

Once baseline fabrication and operation has been established several modifications and applications can be 

tested. Higher operating temperatures could be achieved by incorporating yttrium in the Pd overlayer or V 

near-surface to help prevent interdiffusion 85. Fabricated membranes can then be tested as standalone 

hydrogen permeators or used in membrane reactor configurations. However, catalyst packing must allow 

the membrane enough volume to expand and contract during operation. Catalyst slurries could also be 

coated on the Pd surfaces to minimize transport resistance, although careful firing and reduction would be 

required to prevent interdiffusion of the Pd and V. 
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(IV) Superpermeable membranes are of significant interest to the fusion community. They provide an 

efficient and in-situ method of hydrogen isotope removal which reduces the load on expensive cyropumps. 

Superpermeability results from superthermal hydrogen particles having no barrier for entry into the metal 

lattice, however, recombination/dissociation is barred due to an established kinetic barrier on the surfaces. 

In most studies, this barrier is in the form of native oxides. Native oxides are beneficial because as they are 

sputtered, migration of oxide from the bulk can replenish the surface oxide. Once all oxide is removed from 

the vanadium, brief exposure to oxygen at high temperature can easily reload the sample. However, 

asymmetric barriers would yield superior permeation and pumping capacity by maximizing the barrier on 

the plasma facing side and minimizing on the downstream. Already established TMC catalysts could 

produce this effect. Thin TMC coatings, such as Mo2C, could be deposited on the downstream side to reduce 

the barrier and enable lower temperature operation while, thicker coatings or simply the native oxide could 

be applied to the upstream side. A physical description of this phenomena is presented in Appendix G. 
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APPENDIX A 

 

DBTC PRESSURE  

 
 The pressure associated with the hydrogen concentration of 0.2 H/M, also known as the ductile-to-

brittle transition concentration (DBTC) for vanadium and niobium are shown in the table below. These 

values were calculated from Van’t Hoff relations applied to data reported by Matsumoto et al.42 

 
Table A.1 DBTC pressure as a function of temperature for both V and Nb 

  Pressure - DBTC 

Temperature  Vanadium Niobium 

°C K MPa PSI MPa PSI 

350 623 0.016 2.3 0.001 0.2 

400 673 0.042 6.2 0.005 0.7 

450 723 0.099 14.3 0.013 1.9 

500 773 0.206 29.9 0.032 4.6 

550 823 0.394 57.1 0.068 9.9 

600 873 0.698 101.3 0.136 19.7 

650 923 1.164 168.8 0.249 36.2 

700 973 1.839 266.8 0.431 62.6 

750 1023 2.781 403.3 0.707 102.5 

800 1073 4.045 586.6 1.107 160.5 
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APPENDIX B 

 

SUPPORTING INFORMATION TO CHAPTER 3 

 
Surface Characterization 
 

 
Figure B.1 1 µm × 1 µm AFM images of TiC sputtered for 1 h on Si wafers at substrate temperatures of 
300 K and 673 K. RMS values are labelled in the figure.   
 
 

  
Figure B.2 Pure gas H2 flux (mol m-2 s-1) versus transmembrane pressure (kPa) and operating temperature 
(K) for 2 - 30 min TiC sputter time (labelled in figure). 
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Figure B.2: Continued.  
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Figure B.3 Optimization of the apparent diffusion coefficient (Da) and adsorption coefficient (b) in the 
empirical adsorption-diffusion model for TiC/V membranes with TiC sputter times of 30, 15, and 7.5 min 
(labelled in figure). 
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Figure B.3 Continued.  
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APPENDIX C 

 

SUPPORTING INFORMAION TO CHAPTER 4 

 

The supporting information contains more information on x-ray photoelectron spectroscopy (XPS) depth-

profiling of the TiC coated membranes including survey and high resolution scans.  

 
Figure C.1 High resolution XPS scans of as-fabricated M1. Depth-profiling used ten-180 s Ar+ etch cycles 
with a 2 × 2 mm projected area producing an Ar+ flux of 1.8 × 1018 ions m-2 s-1. The black line represents 
the pre-sputter scans and the shade of the line lightens with each etch cycle. These spectra are not calibrated 
with adventitious carbon.  
 
 

 
Figure C.2 High resolution XPS scans of post permeation tested M1. Depth-profiling used ten-180 s Ar+ 
etch cycles with a 2 × 2 mm projected area producing an Ar+ flux of 1.8 × 1018 ions m-2 s-1. The black line 
represents the pre-sputter scans and the shade of the line lightens with each etch cycle. These spectra are 
not calibrated with adventitious carbon.  
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Figure C.3 High resolution XPS scans of as-fabricated M2. Depth-profiling used ten-180 s Ar+ etch cycles 
with a 3 × 3 mm projected area producing an Ar+ flux of 1.25 × 1018 ions m-2 s-1. The black line represents 
the pre-sputter scans and the shade of the line lightens with each etch cycle. These spectra are not calibrated 
with adventitious carbon. 
 
 

 
Figure C.4 High resolution XPS scans of post sorption tested M2. Depth-profiling used ten-180 s Ar+ etch 
cycles with a 3 × 3 mm projected area producing an Ar+ flux of 1.25 × 1018 ions m-2 s-1. The black line 
represents the pre-sputter scans and the shade of the line lightens with each etch cycle. These spectra are 
not calibrated with adventitious carbon. 
 
 

 
Figure C.5 Survey scans of M1 both as-fabricated and tested as well as pre and post sputter cycling. 
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Figure C.6 Survey scans of M2 both as-fabricated and tested as well as pre and post sputter cycling. 
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APPENDIX D 

 

SUPPORTING INFORMATION TO CHAPTER 5 

 

 
Figure D.1 XPS spectra. All samples (V Foil Pre-Sputter exempt) are sputtered for 300 s at 25 mPa and 5 
kV prior to scan. 
 

 
Figure D.2 DM-terminated H2 interaction states with bond lengths included beneath each state. Red atoms 
are oxygen, grey vanadium, and white hydrogen.    
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 . 

 
Figure D.3 SM-terminated H2 interaction states with bond lengths included beneath each state. Red atoms 
are oxygen, grey vanadium, and white hydrogen.  
  

 
Figure D.4 O-terminated H2 interaction states with bond lengths included beneath each state. Red atoms are 
oxygen, grey vanadium, and white hydrogen.   
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APPENDIX E 

 

“ODE TO COATINGS”  

 

Vanadium holds great permeability 

Coatings enable this hydrogen mobility 

Spillover with insoluble and active catalysts 

High temperature and pressure now persists 

Competitive adsorption inhibits hydrogen flux 

Addition of palladium corrects this crux 

Air treatment yields an active oxide 

Thermally sensitive but high flux reside 

Sputtered vanadium has potential 

Yet future work is essential 
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APPENDIX F 

 

POTENTIAL SPILLOVER CATALYSTS 

 
 In search of potential spillover catalysts, the hydrogen evolution reaction (HER) and metal hydride 

fields provide significant information. HER is the cathodic reaction in water splitting shown in F.1. 

Whereas, metal hydrides are investigated for their high-density hydrogen storage capabilities. Both HER 
223–225 and metal hydrides 75,189,226 have extensive reviews and articles on catalysts to facilitate hydrogen 

kinetics.  

2𝐻+  +  2𝑒−  →  𝐻2  (F.1) 

 A particularly interesting manuscript by Oelerich et al.189, provides a comparison of V, V2O5, VC, 

and VN coated on MgH2. The enhancement of hydrogen adsorption and desorption rates are ranked: V2O5 

> VN > VC > V. This shows the promise of oxides and nitrides as spillover catalysts. Additional promising 

catalysts in the HER field are MoS2, Ni2P, and NiMoNx 223. For MoS2, only the Mo (101̅0) edge is hydrogen 

active whilst the basal planes remain inactive. This has led to significant nanoengineering of the MoS2 

crystallite to increase the active edge density. However, amorphous molybdenum sulfide has also shown 

promise as an electrocatalyst 227. Ni2P is predicted to be an effective HER catalyst from DFT simulations 
228. Metal phosphides also form an isotropic crystal structure which may allow superior catalytic properties 
223.  NiMoNx nanosheets have also been shown to host excellent HER activity, where the Ni is added to 

moderate the Mo-H binding energy 229.  Sputtering targets of MoS2 and Ni2P can be purchased, while 

NiMoNx could be formed by reactive sputtering.  However, these studies only provide examples of 

hydrogen active catalysts, but, do not address the issue of competitive adsorption or catalyst poisoning in 

mixed gas environments.  

 Density functional theory calculations can yield helpful information on gas and atomic interactions 

on the surface of potential materials. A short list is provided in Table F.1. Unfortunately, only 

comprehensive studies exist comparing the early transition metal carbides. Additionally, the H binding 

energy is greater than that of CO2 for α-Mo2C, yet H2 flux inhibition was still observed. Although this could 

provide a useful guide for materials, it does not guarantee experimental success. As a general suggestion, 

it would be worth studying MoS2, NiMoNx, and Ni2P as potential spillover catalysts as each provides 

different electronic and structural properties. 



123 
 

 

Table F.1 Binding energies calculated by DFT on spillover catalysts.  

 Binding Energy (eV)  

Material H N NH3 CO2 CO CH4 CH3 C2H4 O Reference 
α-Mo2C (0001) -3.09   -2.38   -2.37 -1.13  230 
β-Mo2C (0001)  -2.23    -5.74    116,231 
δ-Mo2C (111) -3.16 -5.55 -1.15      -6.29 139 

WC (111) -3.00 -6.45 -1.69      -6.67 139 
NbC (111) -3.54 -7.12 -0.48      -7.53 139 
TaC (111) -3.50 -6.92 -0.70      -7.41 139 
VC (111) -3.29 -6.85 -0.86      -7.30 139 
ZrC (111) -3.65 -7.80 -0.95      -8.72 139 
TiC (111) -3.70 -7.82 -1.22      -8.77 139 
ScC (111) -2.98 -5.36 -0.64      -7.68 139 

MoN (0001)  -2.64        116 
Mo2N (100)     -1.49     232 
MoN (100)     -0.72     232 
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APPENDIX G 

 

PHYSICAL DESCRIPTION OF SUPERPERMEATION 

 

 Superpermeability of thermal hydrogen through metals has been investigated for decades. One 

group directed by Waelbroek 233 focused on permeation through iron, while another group directed by 

Livshits 89,90,92–94,160,234 studied palladium and the group V metals. This section follows the physical 

description provided by Livshits et al. 89,234 as shown in Figure G.1 

 
 The rate of dissociative-adsorption of hydrogen gas, 𝑗𝑎, and evolution into the metal lattice, 𝑗𝑟, are 

given by G.1. on the inlet or upstream side, and G.2 on the outlet or downstream side. The rate depends on 

the probability of dissociative-adsorption, 𝛼, hydrogen pressure, p, and the kinetic theory coefficient (𝑍 =(2𝜋𝑚𝑘𝑇)−0,5, where m is the mass of hydrogen molecule, k is Boltzmann’s constant, and T is temperature. 

The rate of evolution is dependent on the rate constants of evolution (𝑘𝑟) and subsurface concentration of 

dissolved hydrogen (c).  

𝑗𝑎0 = 𝛼0𝑍𝑝,   𝑗𝑟0 = 𝑘𝑟0𝑐02 (G.1) 

𝑗𝑎𝐿 = 𝛼𝐿𝑍𝑝,   𝑗𝑟𝐿 = 𝑘𝑟𝐿𝑐𝐿2 (G.2) 

 The probability of dissociative-adsorption (α) can be presented by more fundamental properties as 

shown in G.3 and G.4. The pre-exponentials, 𝛼∗, are on the order of 0.1 – 1 and 𝜎 is the fraction of surface 

occupied by H atoms. These also follow Arrhenius kinetic dependence on the activation energy of 

dissociative-adsorption, 𝐸𝑎1.   𝛼0 = 𝛼0∗𝜎0 exp [− 2(𝐸𝑎1)0𝑅𝑇 ] 
(G.3) 

 𝛼𝐿 = 𝛼𝐿∗𝜎𝐿 exp [− 2(𝐸𝑎1)𝐿𝑅𝑇 ] 
(G.4) 

 The rate constants of evolution, 𝑘𝑟, can be evaluated by balancing the fluxes in G.1 and G.2, where 𝑘𝑟 = 𝛼𝑍/𝑆2. Here, 𝑆 is the Sieverts’ equilibrium constant for the dilute solution of hydrogen in the 

vanadium lattice and is represented by G.5. Additionally, the diffusion coefficient, 𝐷, is represented by G.6. 

In these equations, 𝑆∗ and 𝐷∗, are the solubility and diffusion constants for H in vanadium.     
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𝑆 = 𝑆∗ exp [− Δ𝐻𝑅𝑇] 
(G.5) 

 𝐷 = 𝐷∗ exp [− 𝐸𝐷𝑅𝑇] (G.6) 

 In the case of superpermeability, the incidence flux of “hot” hydrogen species is 𝑗𝑖, and 𝜉 is the 

fraction of incident particles that enter the metal lattice. The steady-state permeation flux, 𝑗𝑟𝐿, is represented 

by G.7, where 𝜒 is the permeation probability for a “hot” H particle per single impact upon the surface.   𝑗𝑟𝐿 = 𝜒 𝑗𝑖 (G.7) 

 The permeation probability can be limited by two cases. G.8 represents being limited by surface 

phenomena, whereas G.9 is limited by solution-diffusion of atomic H in the vanadium metal lattice.  𝜒 = ξ α𝐿𝛼0 + 𝛼𝐿 (G.8) 

 

𝜒 = 𝑆𝐷𝐿 √ 𝜉𝑗𝑖𝑍𝛼0 
(G.9) 

 Superpermeability is defined when 𝜒 = 0.1 − 1. This occurs when three conditions are satisfied. 

First, a sufficient fraction of incident particles must permeate, 𝜉 = 0.1 − 1. Second, the probability of 

dissociative-adsorption must favor the downstream side, 𝛼𝐿 > 𝛼0.  Finally, there must be a strong reflection 

of dissolved hydrogen atoms from the upstream boundary shown by G.10. Therefore, a very high barrier at 

the inlet, (Ea1)0, and low barrier at the outlet, (Ea1)L is desirable to enable this reflection and steady-state 

permeation.  

𝐿√𝑗𝑖 ≪ 𝑆𝐷√𝑍𝜉 1√𝛼0 
(G.10) 

 An additional benefit of superpermeation is the ability to pump hydrogen against the concentration 

gradient. The maximum theoretical downstream pressure, 𝑝𝑑,𝑚𝑎𝑥, is described by G.11. Increasing the 

activation energy at the upstream surface would increase 𝑝𝑑,𝑚𝑎𝑥.  𝑝𝑑,𝑚𝑎𝑥 = 𝑗𝑖𝜉𝑧𝛼0∗𝜎0 exp[−2(𝐸1𝑎)0 /𝑅𝑇]  (G.11) 
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Figure G.1 Potential energy diagram for the hydrogen – vanadium superpermeable membrane system with 
thickness L. The diagram begins with position 0 corresponding to the plasma facing side (upstream) of the 
membrane with the energy of ½ H2 and vanadium taken as the zero energy level. The downstream surface 
of the membrane is labeled L. The energy level Ea1 indicates the barrier in the dissociative-adsorption. The 
enthalpy of adsorption (∆H) is the difference between that of the zero energy level and the lowest energy 
level of H in vanadium with the value taken from Fromm et al. 235 The activation energy of H diffusion 
through vanadium (ED) is taken as Ea2 - ∆H. 


