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Abstract 
 
The work of this thesis can be divided in to parts, one is based on the Pd/Ag alloy 
membranes and the other is about the model systems. It is well known that, Pd is a 
potential candidate membrane material, due to both its high solubility and permeability 
to hydrogen. Alloying of Pd with 23wt% Ag has been found to be an optimum 
composition for high hydrogen permeability.  
 
Thin Pd/Ag 23wt% free standing films of thicknesses in the range 1.3 -10 µm were 
prepared by magnetron sputtering. The influence of thermal treatments in different 
gases on the hydrogen permeation behaviour of the selected membranes and the surface 
properties were investigated through a combination of hydrogen flow measurements and 
surface characterization. After thermal treatment in air at 300˚C, we observed enhanced 
hydrogen permeation for ~1.3 to 5 µm membranes. Topography studies by atomic force 
microscopy showed that the increase in permeance correlated with increase in surface 
roughness and surface area. A similar behaviour in improvement of hydrogen flux was 
observed for an alternative treatment namely heat treatment in N2/Ar at 400˚C for 1.5 
µm membranes. The topography investigations showed increase in surface roughness 
and area also after this treatment.  
 
To shed more light on the effect of the N2/Ar thermal treatments, we performed thermal 
treatments in this presumed inert atmosphere at three different temperatures (300˚C, 
400˚C and 450˚C) for three different film thicknesses, 2 µm, 5µm and 10 µm. For 
comparison we performed thermal treatment in air at 300˚C for all selected films. After 
all treatments the hydrogen flux was found to be increase compared to before treatment 
for the 2 µm membranes, more strongly for the higher temperatures. In contrast for the 
thicker films the flux was decreasing after the treatments except for the 5 µm 
membranes thermally treated in N2/Ar at 450˚C. On the other hand improvement in flux 
was obtained for all samples after air treatment at 300˚C. Increase in surface roughness 
and surface area were accompanying the increased flux for the 2 µm membranes. No 
significant changes in surface roughness, at the initially rougher membrane surface, 
were observed for the membranes with decreasing flux. Summarizing all results from 
our group indicates bulk limited hydrogen permeation for the membranes of thickness 
down to 1.5-2 µm thermally treated in air at 300˚C. Chemical composition analysis 
revealed Ag segregation to the surface for all N2/Ar thermal treated membranes and 
reverse segregation behaviour for air-treated on 1.5 µm and 5 µm membranes. 
 
Long term stability of a 2.6 µm Pd-23%Ag/stainless steel composite membrane was 
examined in H2/N2 mixture as a function of both temperature and feed pressure. During 
continuous operation, the membrane showed good stability at 400°C while the N2 
leakage increased very slowly at a temperature of 450°C (Pfeed = 10bar). After 100 days 
of operation (Pfeed = 5-20bar, T=350-450°C), the N2 permeance was 7.0 x 10-9 mol m-2s-

1Pa-1, which indicates that the H2/N2 permselectivity still lies around 500.Surface 
topography observed by atomic force microscopy (AFM) showed small changes in 
surface area after the long term stability measurements. Possible surface defects were 
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also detected. In addition, segregation of Ag to the membrane surfaces was found from 
X-ray photoelectron spectroscopy (XPS) and Auger electron spectroscopy (AES). 
 
To address specific issues related to Pd based membrane systems, two selected Pd based 
model systems were studies as part of this thesis work. Molecular adsorption of 
methanol and its decomposition pathway on clean Pd(110) and an alloy Ag/Pd(110) 
surface were investigated. Multilayer methanol molecules adsorption on the surface was 
found at 100K. The methanol behaviour of these two surfaces was quite similar. Upon 
heating to 170K, two methanol species were identified. CO was formed on the surfaces 
at 250K and was desorbed at 500K. These studies show that silver at the amount 
deposited in the present work does not influence the methanol decomposition as 
compared to clean Pd(110). 
 
As a model system for addressing interactions of adsorbed organonitrogen compounds 
on Pd(110) we have studied the methylamine molecular adsorption behaviour on this 
surface. Decomposition of adsorbed CH3NH2 to CN occurs mainly in the temperature 
range from 300 K to 350 K. The intermediate species CN remained at the surface even 
after annealing to 800K. Density function theory shows that methylamine is found to 
bind to Pd(110) surface via a lone pair state on the N atom.  
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Preface 
 
This thesis is submitted in partial fulfillment of the requirements for the doctoral degree 
at the Norwegian University of Science and Technology (NTNU). It is the result of 
scientific work carried out over more than four years period from September 2004 to 
February 2009. This work is a subproject of ‘Materials for Hydrogen Technology’, a 
FUNMAT project on the activity Hydrogen B1: Membrane surface characterization. 
This project has been financed by the Research council of Norway. During this time I 
have taken the equivalent of half a year of courses.  
 
The experimental works presented in the thesis are mainly two parts. One of the works 
is based on the hydrogen permeation measurements of PdAg membranes followed by 
the surface characterization. The permeation results included in the thesis have been 
performed in Department of Chemical Engineering, NTNU, Trondheim. Also I spent 
couple of weeks at SINTEF Materials and Chemistry for the experimental work on 
hydrogen permeation measurements. The experimental investigations on surface 
topography analysis were conducted in the AFM lab, SINTEF, Trondheim. The 
experimental works for the compositional analysis were carried out in the XPS 
laboratory, Oslo. The other work is mainly based on the Pd(110) model systems. The 
photoelectron spectroscopy measurements for the model systems have been performed 
in the Department of Synchrotron Radiation Research at MAX-lab, Lund University, 
Sweden.  
 
Over this research period, I have also participated in several FUNMAT project meetings 
and given a few oral presentations. In 2006 I gave an oral presentation in the 9th 
international conference on inorganic membranes, Lillehammer, Norway. In 2007, I 
have participated in NANOMAT international conference and satellite meetings with 
two poster presentations in addition to an oral presentation in Bergen, Norway.  My 
participation also includes in the 10th international conference on inorganic membranes, 
Tokyo, Japan with an oral presentation. In addition, I took part in a ten days course on 
membrane characterization, NANOMEM 2007, Zaragoza, Spain. In addition, I have 
attended a student conference conducted by Statoil Hydro in 2007. The conferences and 
the meetings had been very useful in keeping me updated in my research field.  
 
 
Trondheim, March 2009 
 
A. Ramachandran  
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1 Introduction 
 
In our every day life, energy plays a predominant role in one form or the other. The law 
of conservation of energy [1] states that ‘energy can never be created or destroyed’ but 
it can be transformed into other forms of energy. A widely used form of energy is 
electricity and it can be generated from fossil fuels such as coal, oil and natural gas 
which are non-renewable resources. The production and use of such fuels has 
detrimental environmental impacts. Burning any fossil fuel produces carbon dioxide, 
which contributes to the “greenhouse effect”. In 2004, CO2 was responsible for 75% of 
the global greenhouse gas emissions [2]. The fast depletion of existing reserves of fossil 
fuels [3] demand alternative fuels with less environmental impact. A shift toward fuels 
from renewable sources like biomass [4], hydropower [5], wind power [6], solar power 
and hydrogen is taking place all  around the world.  
 
The attractiveness of hydrogen as an energy carrier is that it can be produced from 
various sources including water, other renewable sources and fossil fuels. Industrially 
hydrogen can be produced from methanol, ethanol, and other hydrocarbon fuels by 
several methods which includes partial oxidation (reaction of hydrocarbons with 
oxygen) [7-10], methane reforming (reaction of natural gas with steam in the presence 
of catalysts) [11-15], methanol reforming (reaction of methanol with steam in the 
presence of catalyst) [16, 17] , water gas shift [17] and electrolysis of water [18]. All the 
above process produces hydrogen with impurities, except electrolysis which is 
expensive compared to the other methods [19, 20].  
 
Hydrogen can be used to produce electricity using fuel cells. A fuel cell is an 
electrochemical energy conversion device that converts the energy of a chemical 
reaction directly into electricity [21]. As an example, proton exchange membrane 
(PEM) fuel cells convert the chemical energy of hydrogen and oxygen into electricity. 
Their high efficiency and zero emission have made them a prime candidate for 
powering the next generation of electric vehicles.  
 
Presently, methanol is the preferred fuel as direct methanol fuel cells (DMFCs),  easily 
can be incorporated in cars and since the storage of pure hydrogen is difficult due to its 
low energy density  [22]. Furthermore fuel cells require relatively pure hydrogen to 
prevent catalyst poisoning [23] which makes the purification of hydrogen rich gases 
more important. The importance of clean hydrogen energy initiated research on 
production of pure hydrogen using inorganic membranes. This thesis is part of that 
research. 
 

1.1 Inorganic membranes 
Inorganic membrane materials provide good thermal and chemical stability which 
makes them suitable for many chemical reactions compared to polymer materials [24]. 
These membranes can be metallic [25-27], silica based [28-30], ceramic [31, 32], zeolite 
based [33] or carbon-based [34, 35]. They can be either dense or porous. A 
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comprehensive review on hydrogen production and purification of hydrogen using 
different kinds of membranes can be found in [36].   
 
Due to its high hydrogen selectivity and permeability, Pd is extensively used as a 
membrane material. A number of other metals including tantalum (Ta), niobium (Nb), 
and vanadium (V) have been suggested as an alternative to Pd and Pd based alloys for 
hydrogen permeating membranes. Compared to other metals, Pd has considerably 
higher solubility and it absorbs about 600 times its volume of hydrogen at room 
temperature [37]. However the pure Pd membranes have certain limitations in hydrogen 
transport due to its Pd-H phase transition [38], therefore other metals have been 
considered.  
 

1.1.1 Palladium-hydrogen system 
 

Figure 1.1. Hydrogen pressure-composition isotherms in pure palladium [39] 
 
Hydrogen pressure-composition isotherms in pure palladium consists of three phases 
below a critical temperature and pressure as shown in Fig. 1.1, a low hydrogen 
concentration phase (α), a high hydrogen concentration phase (β) and a mixed phase in 
between these two (α+β), in the so-called miscibility gap. As is seen in Fig. 1.1. the 
miscibility gap is gradually reduced as the temperature increases  and vanishes at the 
critical value. The critical temperature and pressure for pure palladium are given by Tc 
~300˚C and pc ~2MPa [39-41] . The phase-transitions occur because of new 
arrangements of the hydrogen atoms in the metal lattice [42]. The lattice in the β phase 
is considerably expanded compared to the lattice in the α phase, therefore the co-
existing phase (α+β) can lead to severe strains, resulting in distortion and hardening of 
the membrane. Therefore, the membrane may get embrittled after undergoing a few 
cycles of hydrogen exposure. The mixed phase should be avoided during hydrogen 
diffusion through the Pd-membranes. This can be obtained by operating the membrane 
in a single phase region either α or β by maintaining the temperature above the critical 
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value as long as the membrane is in hydrogen atmosphere. It is important to ensure that 
the cooling of pure Pd membranes is taking place under dehydrogenated conditions i.e. 
after complete removal of hydrogen from the system.  
 

1.1.2 Pd-alloys 
The lattice parameters change considerably when palladium is alloyed with other metals 
and thus the miscibility gap (see chapter 1.1.1) varies for different alloying elements 
and also with the composition of the alloy [42]. It has been reported that increasing the 
Ag content in a Pd-Ag alloy decreases the critical temperature [41]. Palladium alloys 
with ~23 wt% silver as alloying element have been found to be an optimum 
composition with several advantages. This alloy decrease the critical temperature (see 
chapter 1.1.1) to room temperature and compared to the other metals like Cu, Ce, Au 
[41] the hydrogen permeability of  Pd-Ag alloys is higher. Several tertiary Pd alloys, 
such as Pd-Ag-Au and Pd-In-Ru, are also reported to have high hydrogen permeability 
[43]. The high cost of Pd metal is a critical issue regarding applications of Pd based 
inorganic membranes [36]. In order to overcome this problem researchers focus on 
producing membranes with thickness of only a few micrometers [26]. The reduction in 
membrane thickness has a significant double effect of higher permeance and lower 
material cost. SINTEF has successfully developed a method for producing free 
standing, dense Pd/Ag 23wt % thin films (henceforth will be labelled as PdAg 
membranes in the thesis) of thickness down to about 1µm by a combination of 
magnetron sputtering and a lift-off technique [44, 45].  
 

1.1.3 Hydrogen permeation  
The hydrogen permeation process through a membrane comprises several steps 
including dissociative adsorption of H2 at the surface on high pressure side of the 
membrane, the transition of atomic hydrogen from the surface into the bulk metal, 
atomic diffusion through the bulk and recombinative desorption from the surface at the 
low pressure side [46]. The overall hydrogen permeation rate through the membrane 
may be limited by any one or a combination of these steps. The hydrogen flux through 
the PdAg membrane is proportional to the square root of the partial pressure difference 
across the membrane as long as the bulk diffusion is rate limiting [46]. Deviations from 
this power dependency have been attributed to the fact that other processes may also 
dominate in the hydrogen permeation process [47-52]. Bulk diffusion is mainly 
expected to be the rate limiting step for the thick membranes [50, 53].  
 
The hydrogen transport properties of Pd based membranes depend on the combined 
history of temperature and gaseous exposure in addition to the thickness and the as-
prepared material properties. Gaseous species other than H2 are introduced during 
various treatments or applied as a component of mixture gases to improve the 
membrane properties. N2 present in mixture with hydrogen gave a negative effect on 
hydrogen permeation [54, 55]. Other species that are often present include O2/air [56-
58], H2O [17, 59-62], CO [56, 57, 61, 63], CO2 [61, 62, 64], methanol [17, 56, 58] and 
H2S [65-67] of which e.g CO and H2S may strongly affect permeation even if present 
only in low concentration. An inhibiting effect of O2 was reported when present in 
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mixture with H2, over a pure Pd membrane [57]. Several authors have reported that the 
hydrogen flux through Pd-based membranes was enhanced after air treatments at 400˚C 
and higher [67-69]. They also studied the surface morphology and chemical properties 
after air exposure of the membranes. [68, 69]. Changes in surface composition and 
operating temperature were found to limit the hydrogen permeation [70]. Reports in the 
literature that the surface properties are important for the understanding of the 
permeation behaviour was the motivation for the present work on Pd/Ag 23wt% 
membranes. Our focus has been to gain insight into the development of surface 
topography and chemical composition as a result of thermal treatment of different 
thickness membranes in different atmospheres/gases and to link these properties to the 
hydrogen permeation behaviour of the membranes. 
 

1.2 Model systems  
In real systems Pd based membranes undergo different thermal treatments and different 
gas exposures (see chapter 1.1.3.) at elevated temperatures and pressures. The influence 
of such operating conditions in terms of understanding the hydrogen flux behaviour is 
important. In addition, the content of Ag alloying element and its segregation behaviour 
is also important for the permeation. Furthermore contaminations from atmosphere may 
affect the surface properties. Therefore, real membranes are complex system, not easily 
characterized or understood. To completely understand the chemical properties, it is 
essential that the sample is clean. This can be achieved by using UHV systems. The 
investigations on model systems are required to provide quantified information of 
chemical properties.  
 
In the PdAg thin membrane catalytic reactor experiments it is observed that the 
hydrogen flux through the membrane increases with increasing temperature. This is 
likely due to lower coverage of adsorbed species on the membrane surface at higher 
temperatures. The adsorbed species may be CO, CO2, H2O and/or methanol [17]. A 
strong deactivating effect on the as prepared membranes at temperatures below 255˚C 
was suggested to be due to methanol or surface adsorbed species originating from 
methanol [17]. In another report, methanol exposure on Pd based membranes reduced 
the hydrogen flux by about ~80%. Possible causes for deactivation were suggested to be 
caused by  unconverted methanol [71]. A better understanding of adsorption and co-
adsorption behaviour of intermediate species such as CO, CO2 and methanol on Pd-
membranes are thus essential.  
 
In order to investigate the methanol adsorption and decomposition on Pd surfaces we 
have used high resolution photoelectron spectroscopy. Studying the molecular 
interactions on the single crystals or model systems and to compare this with 
corresponding adsorption experiment on the real membranes will lead to a better 
understanding of the adsorption process. In our study he adsorption and decomposition 
of methanol molecules Ag/Pd(110) was  investigated.  
 
Amines are found to be a promising candidate in an application of CO2 capture. To 
investigate the interaction of methylamine on Pd(110) surface and the decomposition 
behaviour, high resolution photoelectron spectroscopy was performed.  
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The outline of the following chapters is as follows. In Chapter 2 the experimental 
techniques and theoretical methods used in this thesis are described. In chapter 3 
detailed presentations of the experimental procedures is given. In chapter 4 the 
summary of the included scientific papers is provided. In chapter 5 a brief description of 
possible future investigations for the system studied in the thesis are provided. The 
scientific papers follow after these chapters. The results from the work on PdAg 
membranes are presented in paper I-III. The investigations from the model systems are 
presented in paper IV and V.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

5 



1.3 References 
 
[1] Ness H.C.V., Understanding Thermodynamics. Published by Courier Dover 

Publications. 1983. 
[2] http://www.mnp.nl/en/dossiers/Climatechange/TrendGHGemissions1990-

2004.html. 
[3] http://www.roperld.com/science/minerals/FossilFuels.htm. 
[4] http://www.ace.uiuc.edu/pERE/conference/papers/long.pdf. 
[5] F.R. Forsund, Hydropower Economics. 2007. 
[6] Tony Burton, David Sharpe, Nick Jenkins, Ervin Bossanyi,2001. 
[7] M.L. Cubeiro and J.L.G. Fierro,Journal of Catalysis, 1998. 179(1): p. 150-162. 
[8] I. Eswaramoorthi and A.K. Dalai,International Journal of Hydrogen Energy. In 

Press, Corrected Proof. 
[9] L. Alejo, R. Lago, M.A. Peña and J.L.G. Fierro,Applied Catalysis A: General, 

1997. 162(1-2): p. 281-297. 
[10] J. Agrell, G. Germani, S.G. Järås and M. Boutonnet,Applied Catalysis A: 

General, 2003. 242(2): p. 233-245. 
[11] K. Hou and R. Hughes,Chemical Engineering Journal, 2001. 82(1-3): p. 311-

328. 
[12] S. Rakass, H. Oudghiri-Hassani, P. Rowntree and N. Abatzoglou,Journal of 

Power Sources, 2006. 158(1): p. 485-496. 
[13] J.A.C. Dias and J.M. Assaf,Journal of Power Sources, 2004. 137(2): p. 264-268. 
[14] Y. Yang, X. Du, L. Yang, Y. Huang and H. Xian,Applied Thermal Engineering, 

2009. 29(5-6): p. 1106-1113. 
[15] S. Barama, C. Dupeyrat-Batiot, M. Capron, E. Bordes-Richard and O. Bakhti-

Mohammedi,Catalysis Today, 2009. 141(3-4): p. 385-392. 
[16] A. Iulianelli, T. Longo and A. Basile,Journal of Membrane Science, 2008. 

323(2): p. 235-240. 
[17] B. Arstad, H. Venvik, H. Klette, J.C. Walmsley, W.M. Tucho, R. Holmestad, A. 

Holmen and R. Bredesen,Catalysis Today, 2006. 118(1-2): p. 63-72. 
[18] http://www.hydrogenhighway.ca/code/navigate.asp?Id=225. 
[19] Jamal R. Thompson, Robert D. McConnell, Mohsen Mosleh International 

Conference on Solar Concentrators for the Generation of Electricity or 
Hydrogen,  Scottsdale, Arizona (NREL/CD-520-38172), 2005. 

[20] W.H. Scholz,Gas Separation & Purification, 1993. 7(3): p. 131-139. 
[21] L.-j. Yu, Ren., Geng-po Qin, Ming-jun Jiang, Xiu-min,Renewable Energy, 2009. 

34(3): p. 530-543. 
[22] http://fuelcellsworks.com/Justthebasics.html. 
[23] J.B. Collins, P. Sacramento, P.A. Rikvold and J.D. Gunton,Surface Science, 

1989. 221(1-2): p. 277-298. 
[24] N. Agoudjil, N. Benmouhoub and A. Larbot,Desalination, 2005. 184(1-3): p. 65-

69. 
[25] S. Uemiya, T. Matsuda and E. Kikuchi,Journal of Membrane Science, 1991. 

56(3): p. 315-325. 
[26] Uemiya. S, Yukinori Kude, Kohzoh Sugino, Noboru Sato, Takeshi Matsuda and 

Eiichi Kikuchi,Chemistry Letters, 1988. 17(10): p. 1687. 

6 



[27] R. Bredesen, H. Klette,, 'Method of Manufacturing Thin Metal Membranes' US 
Patent No. 6086729A. 2000. 

[28] K. Kusakabe, F. Shibao, G. Zhao, K.-I. Sotowa, K. Watanabe and T. 
Saito,Journal of Membrane Science, 2003. 215(1-2): p. 321-326. 

[29] Y. Iwamoto, K. Sato, T. Kato, T. Inada and Y. Kubo,Journal of the European 
Ceramic Society, 2005. 25(2-3): p. 257-264. 

[30] J.C. Diniz da Costa, G.Q. Lu, V. Rudolph and Y.S. Lin,Journal of Membrane 
Science, 2002. 198(1): p. 9-21. 

[31] U. Balachandran, T.H. Lee, L. Chen, S.J. Song, J.J. Picciolo and S.E. 
Dorris,Fuel, 2006. 85(2): p. 150-155. 

[32] S.T.O. Y. Gu,Advanced Materials, 2007. 19(12): p. 1636-1640. 
[33] N. Nishiyama, M. Yamaguchi, T. Katayama, Y. Hirota, M. Miyamoto, Y. 

Egashira, K. Ueyama, K. Nakanishi, T. Ohta, A. Mizusawa and T. Satoh,Journal 
of Membrane Science, 2007. 306(1-2): p. 349-354. 

[34] Y. Xiao, Y. Dai, T.-S. Chung and M.D. Guiver,Macromolecules, 2005. 38(24): 
p. 10042-10049. 

[35] L. Shao, T.-S. Chung and K.P. Pramoda,Microporous and Mesoporous 
Materials, 2005. 84(1-3): p. 59-68. 

[36] G.Q. Lu, J.C. Diniz da Costa, M. Duke, S. Giessler, R. Socolow, R.H. Williams 
and T. Kreutz,Journal of Colloid and Interface Science, 2007. 314(2): p. 589-
603. 

[37] R. Hughes,Membrane Technology, 2001. 2001(131): p. 9-13. 
[38] J. Grashoff, C.E. Pilkington, C.W. Corti,Platinum Metals Rev., 1983. 27(4): p. 

157-169. 
[39] A.L. Athayde, R.W. Baker and P. Nguyen,Journal of Membrane Science, 1994. 

94(1): p. 299-311. 
[40] G.J. Grashoff, C.E. Pilkington, C.W. Corti.,Plat. Met. Rev., 1983. 27: p. 157. 
[41] Knapton A.G.,Plat. Met. Rev., 1977. 21: p. 44. 
[42] A.K.M. Fazle Kibria, T. Tanaka, Y. Sakamoto.,Int. J. Hydrogen Energy., 1998. 

23(10): p. 891. 
[43] G.B.P.A. Shu J, Van neste A, Kaliaguine S.,Can. J. Chem. Eng., 1991. 69(5): p. 

1036-1060. 
[44] R. Bredesen, H. Klette.,,US Patent No. 6086729A, 2000. 
[45] H. Klette, R. Bredesen,Membrane Technology, 2005. 5: p. 7-9. 
[46] T.L. Ward and T. Dao,Journal of Membrane Science, 1999. 153(2): p. 211-231. 
[47] A.B. Antoniazzi, A.A. Haasz and P.C. Stangeby,Journal of Nuclear Materials, 

1989. 162-164: p. 1065-1070. 
[48] J.P. Collins and J.D. Way,Industrial & Engineering Chemistry Research, 1993. 

32(12): p. 3006-3013. 
[49] V. Jayaraman and Y.S. Lin,Journal of Membrane Science, 1995. 104(3): p. 251-

262. 
[50] R.C. Hurlbert and J.O. Konecny,The Journal of Chemical Physics, 1961. 34(2): 

p. 655-658. 
[51] I. Ali-Khan, K.J. Dietz, F.G. Waelbroeck and P. Wienhold,Journal of Nuclear 

Materials, 1978. 76-77: p. 337-343. 
[52] S. Yan, H. Maeda, K. Kusakabe and S. Morooka,Industrial & Engineering 

Chemistry Research, 1994. 33(3): p. 616-622. 

7 



8 

[53] S. Uemiya, N. Sato, H. Ando, Y. Kude, T. Matsuda and E. Kikuchi,Journal of 
Membrane Science, 1991. 56(3): p. 303-313. 

[54] A.L. Mejdell, M. Jøndahl, T.A. Peters, R. Bredesen and H.J. Venvik,Journal of 
Membrane Science, 2009. 327(1-2): p. 6-10. 

[55] F. Gallucci, A. Basile and E. Drioli,Separation & Purification Reviews, 2007. 
36(2): p. 175 - 202. 

[56] H. Amandusson, L.G. Ekedahl and H. Dannetun,Surface Science, 1999. 442(2): 
p. 199-205. 

[57] H. Amandusson, L.G. Ekedahl and H. Dannetun,Applied Surface Science, 2000. 
153(4): p. 259-267. 

[58] H. Amandusson, L.G. Ekedahl and H. Dannetun,Applied Catalysis A: General, 
2001. 217(1-2): p. 157-164. 

[59] S.H.K. Jung, Katsuki Morooka, Shigeharu Kim, Sang-Done,Journal of 
Membrane Science, 2000. 170(1): p. 53-60. 

[60] A. Li, W. Liang and R. Hughes,Journal of Membrane Science, 2000. 165(1): p. 
135-141. 

[61] F.C.K. Gielens, R. J. J. Duysinx, P. F. J. Tong, H. D. Vorstman, M. A. G. 
Keurentjes, J. T. F.,Journal of Membrane Science, 2006. 279(1-2): p. 176-185. 

[62] A. Unemoto, Kaimai, Atsushi Sato, Kazuhisa, Otake, Takanori, Yashiro, Keiji, 
Mizusaki, Junichiro,Kawada, Tatsuya, Tsuneki, Tatsuya Shirasaki, Yoshinori 
Yasuda,Isamu,International Journal of Hydrogen Energy, 2007. 32(16): p. 4023-
4029. 

[63] T.A. Peters, M. Stange, H. Klette and R. Bredesen,Journal of Membrane 
Science, 2008. 316(1-2): p. 119-127. 

[64] A.L. Mejdell, Jøndahl, M. T. A. Peters, R. Bredesen, H. J. Venvik,2009. 
[65] B.D.C. Morreale, M. V. Howard, B. H. Killmeyer, R. P. Cugini, A. V. Enick, R. 

M.,Journal of Membrane Science, 2004. 241(2): p. 219-224. 
[66] A. Kulprathipanja, Alptekin, Gökhan O. Falconer, John L. Way, J. 

Douglas,Journal of Membrane Science, 2005. 254(1-2): p. 49-62. 
[67] Z.Z. Li Yang, Bingjia Yao, Xuhui Gao, Hitoshi Sakai, Tomonori 

Takahashi,,AIChE Journal, 2006. 52(8): p. 2783-2791. 
[68] L. Yang, Z. Zhang, X. Gao, Y. Guo, B. Wang, O. Sakai, H. Sakai and T. 

Takahashi,Journal of Membrane Science, 2005. 252(1-2): p. 145-154. 
[69] F. Roa and J.D. Way,Applied Surface Science, 2005. 240(1-4): p. 85-104. 
[70] H. Amandusson, L.G. Ekedahl and H. Dannetun,Journal of Membrane Science, 

2001. 193(1): p. 35-47. 
[71] K. Hou and R. Hughes,Journal of Membrane Science, 2002. 206(1-2): p. 119-

130. 
 
 



2 Experimental Techniques 
 
The experimental techniques used for preparing and characterizing the PdAg 
membranes and the single crystal systems are presented here. Thin PdAg membranes 
were prepared using magnetron sputtering. The principle of the magnetron sputtering 
technique is described in chapter 2.1. The different thermal treatment procedures and 
the performance of hydrogen flow measurements through the PdAg membranes are 
described in chapter 3. In chapter 2, we further present the surface characterization 
techniques used in our work. Topography analysis was performed by Atomic Force 
Microscopy (AFM) described in chapter 2.2. The surface composition analysis was 
studied by X-ray Photoelectron spectroscopy (XPS) described in chapter 2.3 and the 
depth profile of the composition, investigated by Auger Electron Spectroscopy (AES), 
is described in chapter 2.4. For the model systems investigated in this work, high 
resolution photoelectron spectroscopy was performed using synchrotron radiation as the 
light source. Density Functional Theory (DFT) was used for complementary analysis of 
the model system and this theoretical approach is briefly presented in chapter 2.5. Core 
level analysis and the fitting procedure for the high resolution photoemission spectra are 
presented in chapter 2.6. 
 

2.1 Magnetron sputtering 
There are several different physical vapor deposition methods for producing thin films 
in a vacuum environment of which sputter deposition is one. The advantages of the 
sputtering technique over the other methods for thin film coating are described 
elsewhere [1]. Magnetron sputtering applied in the present work is an ion beam 
sputtering technique for depositing thin film from different metal or alloy targets on a 
wide range of substrate materials. A schematic diagram of the principle of magnetron 
sputtering is shown in Fig. 2.1.  
 
A gas discharge, the plasma is created in front of the target. A negative dc voltage 
applied to the target (cathode). This creates a voltage drop in the region close to the 
target surface, causing an acceleration of the positive ions (commonly argon) in the gas 
plasma towards the target. The bombardment causes sputtering of target atoms from the 
surface, and the emitted atoms are collected on the substrate while secondary electrons 
may also be released. These secondary electrons may in turn ionize argon gas atoms and 
thus sustaining the plasma discharge. An electric field is applied between the substrate 
and the target while a magnetic field is applied parallel to the cathode. The electric field 
is normal to the target surface thereby promoting the release of secondary electrons 
from the target. These electrons move in cycloidal paths away from the cathode leading 
to a long path length and increased probability of secondary electron collisions with the 
argon gas. These collisions will then create the ions necessary to sustain the plasma 
discharge. 
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Figure 2.1. Schematics of magnetron sputtering principle and process 
 
 
In this study, the sputtering was performed with a CVC601 sputtering system and high 
purity argon (99.999%) was used as a sputter gas. The target was Pd/Ag-23wt% and the 
substrate was highly polished silicon single crystal wafer. Up to twelve silicon wafers 
were mounted on a carousel, rotating with constant speed, allowing growth of 
homogeneous films of uniform thickness. The thickness of the prepared thin films was 
controlled by the sputtering rate and time. The sputtering procedure has been reported in 
more detail elsewhere [2, 3]. After sputtering, the film thicknesses were measured by 
white light interferometry (WYKO NT-2000, Veeco Instruments, USA).  
 

2.2 Atomic force microscopy 
The atomic force microscope is one of the main techniques belonging to the Scanning 
Probe Microscopy (SPM) family of methods. The first SPM technique was Scanning 
Tunneling Microscopy (STM) [4], invented by Binnig and Rohrer, for which they were 
awarded Nobel Prize for Physics in 1986 [5].  
 
The basic principle behind the atomic force microscope is to detect the interaction 
forces between a sharp tip and the sample. A tip is a sharp needle with an atomic probe 
(apex radius ~20 nm), which is mounted at the end of a cantilever. When the atomic 
probe tip-cantilever assembly and the surface atoms are close to each other, forces 
which will depend upon the tip-sample distance will be exerted by the tip-sample 
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interaction as illustrated in Fig. 2.2. The interaction energy can be described by a 
Lennard-Jones potential which deals with the interaction between two atoms.  
 

 
 
 

Figure 2.2. Interaction force diagram for two particle system [6] 
 
 
As can be seen in the Fig. 2.2 when the tip - sample distance is typically sub-Ångstrom, 
the two atoms are repelled by each other, while the two atoms experience attractive 
forces when the separation distance is at the angstrom level.   In the latter case, the 
attractive forces exerted by the tip-sample system are known as van der Waals forces. 
They originates from the polarization of the electron cloud surrounding the atomic core.  
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Figure 2.3. Sketch of AFM instrumentation  
 
 
A schematic drawing of an AFM set-up is shown in Fig. 2.3. A laser beam is incident 
on the tip-cantilever assembly. The position of the tip can be inferred from the position 
of the laser spot on the position sensitive detector. Depending on the distance between 
the tip and sample, the forces experienced change the deflection of the laser beam from 
the cantilever [7, 8]. Therefore, tracking the deflection of the cantilever gives 
information on the forces exerted between the tip and sample. The deflection of the 
cantilever is used to drive a feedback loop which further allows the piezo-electric 
scanner to adjust the height (z position) of the tip to maintain a constant deflection (i.e. 
constant force). 
 
The AFM can be used in different modes; (i) contact mode (ii) non-contact mode and 
(iii) tapping mode. In the contact mode, the tip and the sample remain in close contact 
during the scan. Compressive forces originating from the tip-sample contact and shear 
forces attributed to the lateral scan movement may induce elastic and/or plastic 
deformation of the sample. The non-contact mode, even if it provides no risk to damage 
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to the sample, results in a lower lateral resolution and slower scan rates. More details on 
contact mode and non-contact mode are reviewed in [9]. Another mode is called tapping 
mode, in which the tip-cantilever assembly is allowed to oscillate in free air at its 
resonant frequency (between 50-50,000 kHz). After approach, the tip-cantilever 
assembly taps the sample surface with each oscillation and the oscillation amplitude is 
set to be sufficient to overcome the adhesiveness of the surface. The resulting oscillation 
amplitude is about 20-100 nm. The oscillation amplitude is measured as an RMS value 
of the deflection detector signal. Due to the intermittent contact of the tip and sample, a 
perturbation in oscillation amplitude occurs, which may be detected by the feedback 
system. The modified oscillation amplitude may be used as a set point, so that when the 
tip scans the surface, the height variation may be adjusted with the feedback to maintain 
the set point at a constant value. This is used to generate a high resolution topographic 
image of the surface. Tapping mode overcomes problems associated with friction, 
adhesion and electrostatic forces. The advantage of tapping mode compared to the other 
modes is reviewed in [10]. In the present study, the tapping mode is used for analyzing 
PdAg membranes. 
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Detector  

 
 

Figure 2.4. (a) AFM instrumental unit (b) Scan head shows the tip holder and sample 
 
 
The instrument used for our topography analysis was a Multimode SPM from Digital 
Instruments and it is shown in Fig. 2.4 (a). We used a longer scanner referred to as AS-
130 (‘J’) which yielded 125 µm x 125 µm scan sizes and the vertical range of 5.0 µm 
[11]. The tips are typically made of Si3N4 or Si for AFM. The tips and cantilevers used 
in this study were made from silicon (NSC15/AIBS/50) with force constant 20-75 N/m, 
provided by MikroMasch. The tip height was 15-20 µm and had radius of curvature 
<10nm. The length and width of the cantilever was (125 ± 5)µm and (35 ± 3)µm 
respectively. The thickness of the cantilever was (4.0 ± 0.5) µm. 
 
The resonant frequency varies for different tips, but was usually found to be between 
265 to 400 kHz. Because of this, the driving frequency of the tip is also varied. The 
amplitude used depends on the type of tip and the sample, but usually was set 
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approximately to 2 V. The highest resolution imaging was performed with 512 numbers 
of samples per line in both directions. 
 

0.0 nm 

20.0 nm 

      (1x1)µm2 

                                                         
Figure 2.5. AFM image of 2 µm PdAg as-grown film growth surface. The height scale of the image is 20 
nm from dark to bright. The scan size of the image is (1x1) µm2. 
 
 
Fig. 2.5 shows an AFM image of a PdAg as-grown 2 µm thick film with a scan size of 
(1x1) µm2.  It shows the height variations of the membrane surface measured in 
constant force mode. The height scale chosen is 20 nm from dark to bright (white). As 
can be seen from figure, the surface grains are small. 
  
Analysis of the surface topography measured by AFM was performed with Nanoscope 
III software [6, 11]. Before quantitative analysis, the images were flattened to the order 
of either zero or one, depending on the sample flatness.  
 
The surface roughness was calculated as the RMS value of the height deviations within 
the chosen image size, given by  
 

RMS = 

2
iZ

n

∑
 

 
Where Zi is the current height in point ‘i’ and n is the number of points in the 

image.  
 

 
Usually, the entire scan area was used to calculate the surface roughness. The ‘particle 
analysis’ command was used to calculate the surface area. For each image, the threshold 
height (~0.8 nm) was set to calculate the change in surface grains, such as surface area 
and the grain diameter. The three dimensional area from the entire scan size was used 
for the calculation of surface area. This is performed by adding the area of all triangles 
formed by three adjacent data points [11]. The calculation of grain diameter is based on 
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the average diameter of all grains in the chosen region of the image. The analysis of 
these parameters was performed using for the entire scan area. 
 

2.3 Electron spectroscopy techniques 

The experimental techniques described in this section are, X-ray photoelectron 
spectroscopy and Auger electron spectroscopy.  

2.3.1 The electron mean free path  
Electron spectroscopy techniques in general yield information on both electronic and 
chemical properties of the top few atomic layers of a sample. The electrons emitted 
through an excitation process from atomic core levels or valence band states interact 
with the material and may loose energy through inelastic scattering processes limiting 
the mean free path of the electrons. The change in mean free path of the electrons as a 
function of their kinetic energies is shown in Fig. 2.6. The data points are measured data 
from different elemental solids and the dashed line is a model calculation of the mean 
free path independent of the material [12]. The data points are scattered around the 
dashed curve, known as the ‘universal curve’. As can be seen in the Fig. 2.6 the highest 
surface sensitivity can be obtained when the electrons have kinetic energies around 50 
eV, where the electron mean free path is of the order of 4 Å.  

Figure 2.6. The mean free path of electrons in solids. The circles refer to the experimental measurements 
for different elements and the dashed line is based on the theoretical calculations called as universal curve 
[12] 
 

2.3.2 X-ray photoelectron spectroscopy 
In 1887, H. Hertz discovered a quantum electronic phenomenon called the photoelectric 
effect in which the electrons are emitted from matter after the absorption of energy from  
electromagnetic radiation, such as X-rays or visible light [13]. Later in 1905, A. 
Einstein explained the effect, by suggesting that light propagates and is absorbed in 
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fixed amounts, called photons [14]. This principle was later developed into the 
technique called X-ray photoelectron spectroscopy by Kai Siegbahn and his group [15].  

Figure 2.7. Schematic drawing of the principle of PES.  hυ is the photon energy, E1, E2 are the energy 
levels of the core electrons, EFermi and Evac refers the Fermi level energy and vacuum energy level. EB is 
the binding energy seen by the electron. [16]  
 
 
The basic principle of photoelectron spectroscopy is shown in Fig. 2.7. A beam with a 
certain photon energy hυ penetrates the surface. Photons are absorbed by the atoms and 
then excite the electron with their various binding energies. The impinging photon has 
to be above certain energy to emit an electron. This minimum energy is material 
specific and is denoted as the work function Фs = hυmin of the material. Here h is the 
Planck constant and υ is the photon energy. A photon with higher energy than the work 
function will emit electrons with a kinetic energy given by, 
 
 
                              Ekin = hυ - EB - Фs                                           (2.1) 
 
where hυ is the energy of incoming photon, EB is the binding energy of the electron and 
Фs is the work function of the material, the energy required to take the electron from the 
Fermi level to vacuum level Evac.   
 
All elements have a unique set of core levels. When they are excited with a specific 
photon energy, the energy distribution of the elastically emitted electrons will be related 
to the energy of the core levels from which the electrons are ejected [15, 17, 18]. The 
kinetic energy of the emitted electrons is measured by an energy analyzer and recorded 
as an energy distributed spectrum of photoelectrons. When electrons in different core 
levels are excited with the same photon energy, it gives rise to characteristic peaks in 
the kinetic energy spectrum. In order to be measured by the energy analyzer, the emitted 
electron from the core level has to have higher kinetic energy than the work function of 
the analyzer ΦA, which may be different from the work function of the sample. 

Evac 

E2 

EFermi 

Ekin 

Фs 

hυ 
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Therefore, the resulting measured kinetic energy (E’kin) is different from that described 
in equation 2.1, and can be written as [18].  
 

                                      E’kin = hυ - EB - ΦA                                                              (2.2) 
 
Equation 2.2 holds when the sample and the analyzer Fermi are levels aligned. Then the 
relevant work function becomes that of the analyzer. This process is illustrated in Fig. 
2.8.  
 

hυ 

E1

E2 

EFermi

E’kin

Sample 

Фs  
EFer

Eva

Analyzer

mi 

c 

EB 

Evac 
ΦA

Figure 2.8. Graphical representation of change in work function between the sample and the analyzer. E1 
and E2 are the core level energies and EFermi and Evac are for the Fermi level and the vacuum level 
energies. hν is the photon energy. Фs and ФA

 are the work function of the sample and analyzer 
respectively. 
 
 
In addition, we recorded each core level measurements followed by the corresponding 
Fermi edge spectra to perform the Fermi level alignment (see paper IV).  
 
The photoemission process is the simplest picture as far as the approximation that the 
energy distribution of photoelectrons should correspond to the energy distribution of 
electron states in the solid surfaces. In practice, the probability of photons being 
absorbed and electrons excited are not the same for each electron state of the solid 
surfaces and are also dependent on the incident energy. There is a variety of possible 
final states of the ion from each element, and therefore there is a corresponding variety 
of kinetic energies of emitted electrons. In addition, there is different probability or 
cross-section for each final state. 
 
A number of light sources and radiation frequencies are available today. Common 
conventional sources for the primary radiation are AlKα (1486.6 eV) and MgKα 
(1253.6 eV) sources. Synchrotron radiation light sources produce soft X-rays in a wide 
energy range. Synchrotron sources are described briefly in chapter 2.3.3. The two 
radiation sources we used for the work presented in the thesis are a dual anode 
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monochromated X-ray source with photon energy 1486.6 eV (AlKα) and synchrotron 
radiation source with variable photon energies from 10-2000 eV. 
 
 

Lenses

Analyser 

Detector 

hυ

Sample 

Figure 2.9. Schematics of electron spectrometer used to detect the photoelectrons emitted from the 
surface using soft X-rays. 
 
 
A schematic sketch of an electron spectrometer used to detect photoelectrons is shown 
in Fig. 2.9.  Different set of electron lenses, an energy analyzer and detector are 
integrated in this unit. When a monochromated AlKα radiation source excites the 
electrons from the solid surface, they will be collected by the electron optics, where the 
electrostatic lenses focus the collected electrons onto the analyzer entrance slit and also 
decelerate or accelerate the electron to the kinetic energy set as the pass energy of the 
analyzer. The detector commonly consists of micro channel plates connected to a 
phosphor screen at the end of the analyzer. The electrons which pass through the 
analyzer are detected by these micro channel plates and then accelerated to the phosphor 
screen producing light flashes which are further detected by a CCD camera. The XPS 
results from the papers in this thesis related to PdAg membranes were performed with a 
KRATOS AXIS ULTRADLD spectrometer using monochromatic AlKα radiation (hν 
=1486.6 eV).  

 
 
 
 
 
 
 
 
 
 
 
 

18 



05001000

Pd4p
Pd4s

Ag4s
S

C1s

Pd3d

Ag3d

Pd3p3/2

Ag3p3/2

Pd3p1/2

Ag3p1/2

Pd3s
Ag3s(Pd and Ag)MNV

Binding energy (eV)

In
te

ns
ity

 (a
rb

.u
ni

ts
)

 
 
 

Figure 2.10. Widescan XPS spectra for PdAg as-grown thin film 
 
 

A wide scan photoelectron spectrum recorded from an as-grown PdAg membrane is 
shown in Fig. 2.10. The core levels of Pd3d, Ag3d, Pd3p (coinciding with O1s [19]) and 
C1s can be identified. The Auger signals (will be described in chapter 2.4.) can be seen 
at higher binding energies (> 1000 eV) while the valence states (will be described in 
chapter 2.3.6) are at low binding energies close to Fermi level.   
 
Also, a Pd3d5/2 core-level spectrum recorded for a 2 µm thin membrane exposed to pure 
oxygen at 300˚C is shown in Fig. 2.12. A more thorough description of the features of 
core the level photoelectron spectrum will be presented in chapter 2.3.4. The intensity 
distribution of the core level peaks contains quantitative information about the chemical 
composition of the surfaces. In order to determine the intensity of the core level peaks, 
we performed curve fitting procedures as will be discussed in chapter 2.6. 
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2.3.3 Synchrotron radiation 
Synchrotron radiation is electromagnetic radiation which is generated by the 
acceleration of charged particles moving in circular orbits at relativistic speeds. In 
storage rings, synchrotron radiation is produced by fast moving electrons, and they are 
accelerated by the bending magnets and by insertion device (wiggler or undulator). The 
emitted photons are directed along the tangent of the electron orbit where the electron 
beam is bent. This radiation is collected in beam-lines which use focusing mirrors and 
various types of monochromators. Synchrotron radiation source is superior to other light 
sources, due to its unique properties of wide spectral range, high brilliance (high 
intensity of photons) and high collimation of the light beam [18]. The results presented 
in paper IV and V were performed at I311 beam-line at MAX-lab, LUND which is a 
beam line utilizing radiation from an undulator. The design of the beam-line is 
described elsewhere [20]. A schematic top and side view of I311 beam-line is shown in 
Fig. 2.11. M1 is the cylindrical pre-mirror where the light from the undulator is focused. 
The plane mirror M2 moves synchronously with monochromator grating (G) and is then 
followed by a spherical mirror (M3). This arrangement keeps the image of the virtual 
source (S’) fixed on the exit slit (S1). 
 

 
Figure 2.11. Schematics of I311 beam line top view and side view shown in the upper and lower panels 
respectively [20] 
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2.3.4 Core level spectroscopy 
Core level spectroscopy is used to probe the electrons close to the nuclei. The atomic 
orbitals are more localized and thus give information about the properties of individual 
atoms. The core level electrons are not directly participating in chemical bonding, but 
yet this may affect the binding energy of the specific electron due to the chemical 
environment. Changes in local charge and potential of an atom due to chemical 
environment cause shifts in the core level binding energies [21]. The consequence of 
this is a difference in binding energy, called chemical shift. These shifts were 
unambiguously observed by Hagström et.al for the first time [22].  
 
 

(a)  Pd3d5/2 

  
 
Figure 2.12. (a) Pd3d5/2 core level spectra of thin PdAg membrane exposed in pure oxygen (see paper II 
for details) (b) Pd3d5/2 high resolution core level spectra for clean Pd(110 (see paper IV for details) 
 

 
As an example, fully developed PdO with a chemical shift ~1.9 eV on the surface of 
PdAg membrane surface is shown above in Fig. 2.12 (a). The peak B belongs to the 
bulk Pd component and there is another peak with BE shift ~1.9 eV, due to the surface 
palladium oxide (PdO) formed on the surface. Due to the strong electronegativity of 
oxygen, it attracts an additional electronic charge from Pd valence electrons and leaving 
less electronic charge for Pd. The potential at the Pd sites is lowered and the 
photoelectrons with lower kinetic energy, i.e. at higher binding energy. In addition, 
other type of core level shift may occur, for example surface core level shift. The SCLS 
is the difference in the energy that it takes to remove the core electron from a surface 
atom and from a bulk atom respectively. SCLS is expected to be larger for more open 
surfaces due to the deviation from bulk coordination is larger than for a close packed 
surface. Surface core level shifts from 4d metal single crystal surfaces found 
experimentally and theoretically are reviewed in [23]. One example of a SCLS from our 
work is shown in Fig. 2.12 (b), where the Pd3d5/2 spectrum of clean Pd(110) is 
presented.  The SCLS is found to be -0.51, eV in this case paper IV. 
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2.3.5 Vibrational fine structure 
During the photoemission process, an electronic transition takes place, which leads to 
the redistribution of electronic charge in the nuclei thus changing the coloumbic 
interactions. This process can lead to vibrations of the molecule and may result in 
characteristic vibrational contributions in the photoemission spectrum. Several studies 
of alkanes and alkenes have shown that the C-H normal vibrational stretching mode is 
found at about 400 meV, irrespective of the number of C-H bonds [24-26]. For the gas 
phase methanol, the first C-H stretch vibrational mode is about 392 ± 6 meV with an 
intensity ratio of 33 ± 3% compared to the adiabatic component shown in Fig. 2.13. [27, 
28]. A slight change in intensity ratio and the binding energy difference for the C-H 
stretch vibrational component have been found compared to the adiabatic peak are 381 
± 15 meV and 39 ± 2% for methoxy adsorbed on Cu(100) surface [28]. 

Relative binding energy (eV) 

Methanol  
gas phase 

In
te

ns
ity

 (a
rb

. u
ni

ts
) 

 
       

Figure 2.13. C1s core level spectra for CH3OH gas phase [28]. 
 
 

2.3.6 Valence band region 
The spectrum in the valence region consists of many levels close to each other giving 
rise to a band structure of the material. The electrons in the valence levels have low 
binding energies and are close to the Fermi level. The electronic states in valence levels 
are weakly bound and less localized than the core levels and thus the valence spectrum 
is strongly influenced by the molecular orbital bonding [29]. An example of valence 
band spectra is shown in Fig. 2.14. The upper spectrum in the figure is recorded after 
methanol decomposed into CO at 250K (see paper IV). These peaks are related to the 
outer filled orbitals of adsorbed molecules. The adsorbate induced new spectral features 
at 8 eV and 11 eV are assigned to the 5σ and 4σ states respectively [30]. The shape of 
the spectra are often complex and may also vary when the photon energy changes.  
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Figure 2.14. Valence band spectra measured for clean Pd(110) (lower spectra) and 0.5L CH3OH 
deposited on Pd(110) (upper spectra) 
 
 

2.4 Auger electron spectroscopy  
The Auger effect was discovered independently by both Lise Meitner and Pierre Auger 
in the 1920’s [31, 32]. The Auger electron spectroscopy technique can be used for 
chemical analysis, in a way similar to X-ray photoelectron spectroscopy. The basic 
principle of AES is shown in Fig. 2.15. When a core level electron is ejected from the 
material through excitations by electrons or photons, a core hole is formed. This is an 
unstable state; hence the core hole can be filled by an outer electron. During the 
transition of outer electron to the core hole, there is a release of energy equal to the 
difference in orbital energy. This transition energy may be transferred to a second 
orbital electron which will be ejected to vacuum when the transfer energy is higher than 
the new orbital binding energy.  An Auger emitted electron will have a kinetic energy of   
 
                                      Ekin = E1 - E2 - E3                                                         (2.3) 
 
where E1, E2, and E3 are the energies of the core level, first outer shell and second outer 
shell as measured from the vacuum level. The kinetic energy of the emitted electron 
depends only on the energy levels of the atom; and the distribution of kinetic energies 
provides a finger-print for the various elements in the sample.  
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Figure 2.15. Schematics of the principle of AES 
 
 
A schematic illustration of an AES instrument is shown in Fig. 2.16.  An electron gun is 
used as the excitation source and an energy analyzer detects the Auger electrons. The 
sample is inclined at 30˚ to maximize the signal yield that can be seen vertically by the 
analyzer. Auger transitions are seen in XPS measurements too as shown in Fig. 2.10. In 
order to avoid the large background of secondary electrons, the first derivative of Auger 
signal intensities is often used. As the detected signals from the AES spectra are from 
the outermost atomic layers, the depth profile of the chemical composition can be 
performed by removing layer by layer by using Ar-ion bombardment in conjunction 
with measuring AES spectra. 
 
 

                        Figure 2.16. Schematic for the AES instrumentation 
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In this thesis, the depth profile of PdAg thin membranes exposed to pure oxygen at 
300˚C (as will be described in chapter 3), was performed. An example of the change in 
the amount of Pd, Ag and O are plotted in Fig. 2.17 as a function of depth. On the 
surface, an oxide is formed, and as can be seen in the Fig. 2.17 the amount of Ag is 
reduced on the surface and after ~2 nm, the oxide disappears and the Ag intensity 
increases. Quantitative analysis of the Auger spectra after depth profiling was 
performed with CASAXPS [33]. The relative sensitivity factors for Pd, Ag and O for 
the JEOL instruments were included for the representative peaks before analyses [34]. 
These results are discussed in paper II. 
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Figure 2.17. AES depth profile for the PdAg thin membranes exposed in pure oxygen. Empty circles 
refer to Pd, empty squares refer to Ag and empty triangles refer to O on the surface. 
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2.5 Density Functional Theory 
Density functional theory has in the present thesis been used for studying adsorption 
geometries of adsorbates, interactions between adsorbates and substrates for 
determining core level shifts.  The main advantage of first principle DFT is that no 
experimental input is needed for performing the calculations. The details of the first 
principle DFT calculations are not the focus of this thesis, as it is a complementary 
approach to the experimental work in paper IV and V. A more detailed description of 
DFT can be found in ref. [35].  
 
 
To describe the quantum mechanical behaviour of electrons in solids, it is necessary to 
calculate ground state energy of the system. The energy may be computed by solution 
of Schrodinger equation, as follows. 
 
   HΨ(r1, r2, …..rN) = EΨ(r1, r2, …..rN)     (2.4) 
 
The Hamiltonian operator H consists of three terms; the kinetic energy (Ek), the 
interaction with an external potential (Vext) and the electron-electron interactions (Vee). 
  
   HΨ = (Ek + Vext + Vee )Ψ      (2.5) 

 
The equation (2.5) is valid for Born-Oppenheimer approximation, i.e nuclear and 
electronic motions are largely to be separated due to the faster motion of electrons 
compared to nuclei.  
 
To determine the ground state energy of any system, it is necessary to calculate the total 
wave function of the system. In principle, this can be done by solving the Schrodinger 
equation. Due to the electron-electron interactions (Vee), the Schrodinger equation is not 
separable which makes it very difficult to solve.  
 
Density functional theory (DFT) is a successful approach for determining the ground 
state properties of an electronic system. The Hohenberg-Kohn theorem says that the 
ground state is uniquely defined by the electron density [36].  
                                                     
According to the Kohn-Sham theorem [37], the real system can be replaced by a 
fictitious system of non-interacting particles moving in an effective potential so that the 
true charge density is maintained. The Kohn-Sham equation is an exact mapping of the 
many body Schrodinger equation on to a set of one-electron equations: 
  

    
2

2

2 eff i i i
h V
m

ϕ εϕ
⎛ ⎞− ⎟⎜ ⎟∇ + =⎜ ⎟⎜ ⎟⎜⎝ ⎠

    (2.6) 

                   (2.7) eff H ext xcV V V V= + +
                                               
Where ϕ  is an electron density, VH is the Hartree potential, Vext is the external potential 
and Vxc is the exchange-correlation potential. In equation (2.7) all contributions can be 
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calculated except Vxc which has to be approximated. The many-electron interactions are 
contained in Vxc 
 
The electron density can be expressed as   

    ( )i n rϕ 2| ⏐ =∑                         (2.8) 

As the potentials are a function of electron density the Kohn-Sham equation (2.6 and 
2.7) is solved iteratively until self-consistency is obtained. 
 

2.6 Core level analysis  
High resolution core level spectra give information about behavior of atoms in different 
chemical environments, for example as shown in Fig. 2.11. In order to extract the 
information available in the photoemission spectra, one has to decompose the spectra 
into several contributions based on the knowledge of chemical interactions. The 
parameters included in the decomposition are binding energies, intensities and line 
shapes of atomic spectra in different chemical environments.   
 
The line shape of any photoemission spectrum depends upon the following parameters. 
 

1. Life time of the core-hole 
2. Electron-hole pair excitations 
3. Vibrational excitations 
4. Electronic shake-up and shake-off contributions 
5. Instrumental broadening 

2.6.1 Lorentzian function 
In the photoemission process, when an electron is excited from a core-level, system is 
different from the ground state energy. The life time of the excited state is short and the 
deexcitation proceeds through an exponential decay where the relation between the 
intensity and life time may be written as 
 
                                                    0( ) exp( )I t I t= −Γ         (2.9) 
 
where t is the excited state life time.  
 
Due to Heisenberg’s uncertainty principle, the decay of the excited state induces 
uncertainty in the binding energy. The Fourier transform of the above equation with 
respect to energy yields a Lorentzian contribution to the line shape as 
 

                                            
2

0
2

0

( / 2)( )
( ) ( / 2L

II E
E E

Γ=
− + Γ 2)

    (2.10) 

 
where I0 is the intensity of the peak at E = E0 and Γ is the Lorentzian FWHM [38]. 
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2.6.2 Asymmetry function 
The photoemission process is often accompanied by other processes such as excitation 
of electrons. This will affect the energy of the emitted electron. As an example, if the 
excitation occurs into bound states so-called shake-up satellites may appear and if the 
excitation is into the continuum, shake-off satellites appear at the high energy side of 
the lines in the spectrum. Electron excitations from valence states close to the Fermi 
level in metals create electron-hole pairs affecting the line shape of the photoemission 
spectrum.  
 
The asymmetry line shape α is described by a singularity function which can be written 
as 
 

                                                      1
2 2

0

1( )
[( ) ]

I E
E E

α α−∝
−

    (2.11) 

 
When E = E0, ( )I Eα  becomes infinite which does not have any physical meaning. But 
combining this asymmetry with a Lorentzian line shape removes the singularity and the 
resulting line shape is known as the Doniach-Sunjic line shape [39].  
 

2.6.3 Gaussian contribution 
There is another excitation in the photoemission process that may also affect the 
photoemission spectrum, which is creation of vibrations or phonons. Within the 
harmonic oscillator approximation, assuming one vibrational mode the energy 
separation of the vibrational levels and the resulting binding energy shift is proportional 
to the number of phonons created. The probability of creating n phonons is given by the 
Poisson distribution, 
 

                                                   ( )
!

n SS eP n
n

−

=      (2.12) 

 
where S = P(1)/P(0) is the ratio of the probability of creating 1 and 0 phonons, 
respectively.  
 
The Gaussian broadening of the photoemission peak is given by 
 

                                                   
2

0
2

ln 2( )
/ 4

0( )
E E

GI E I e σ
−−

=     (2.13) 
 
where σ is the Gaussian FWHM.  
 
Instrumental broadening due to finite energy resolution is often assumed to be Gaussian. 
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2.6.4 The fitting procedure 
The final line shape is determined by a convolution of the above three different 
contributions. With several components present in the spectrum the total line shape of 
the spectrum is a sum of the line shapes of each component. The fitting procedure in 
this thesis was performed with the software entitled FitXPS [40]. The input parameters 
entering into the fitting procedure are binding energy (E0), intensity (I0) asymmetry 
index (α), Lorentzian (L) and Gaussian (G) functions. These parameters will 
automatically be varied in a search for a total line shape as close to the measured 
spectrum as possible. The fitting results have to be checked if they make physical 
meaning, for example the same peak in two successive spectra representing any 
particular chemical contribution has to have the same fitting parameters. If needed 
additional constraints have to be applied in the fitting.   
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3 Experimental 
 
This chapter describes mounting and preparing membrane set-up configuration for 
hydrogen permeation. In addition to this, the procedures for the different heat treatments 
performed for hydrogen permeation in our work are presented.  
 

(c) (b) (a) 

Figure 3.1. Silicon single crystal wafer (a) from the carousel (b) after depositing thin PdAg film growth 
side is facing opposite to the wafer (c) free standing PdAg film. 
 

3.1 PdAg membranes 
As we stated in the previous chapter, PdAg films were prepared by magnetron 
sputtering. The Fig. 3.1 shows the carousel on the sputtering unit, where the silicon 
single crystal wafers are mounted for sputtering PdAg thin films. The sputtering 
procedures and conditions are not the main focus of this thesis and we discuss only the 
steps from lifting film off the silicon wafer and mounting them on the membrane set-up. 
The sputtering target is Pd alloys with 23 wt% of Ag which found to be an optimum 
alloy for membrane materials due to its high hydrogen permeability [1]. As we can see 
in the Fig. 3.1 (a), at the same sputter run, twelve silicon wafers can be used. Fig. 3.1 (b) 
shows the membrane ready to be lifting off from the wafer while Fig. 3.1 (c) shows the 
free standing PdAg thin film.  
 

3.2 Mounting of PdAg thin film in membrane set-up 
Fig. 3.2 shows the parts of the membrane set-up schematically. The membrane set-up 
consists of two tubular stands one with a set of supporting rods. In the membrane set-up 
the thin film was mounted on a metal plate shown the right side in Fig. 3.2. The metal 
plates were polished and cleaned in ultrasonic bath with acetone before mounting the 
thin film. The two membrane set-up stands (shown in left) were also cleaned in an 
ultrasonic bath. The sample mounting was always performed in the clean room to avoid 
contaminations on the surfaces of the membranes.  
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Figure 3.2. Schematic drawing of the membrane set-up parts (left) and the metal plate (right). 
 
 
The pulled off thin film (Fig. 3.1 (c)) was then mounted on the metal plate, with a few 
drops of distilled water to enhance the adhesion of the membrane with the plate. A 
second plate was then mounted on top of the first plate with the PdAg film.  These 
plates together were then placed on the supporting rods of the (bottom) membrane set-
up stand. The second piece of the membrane set-up stand (top) was mounted on top and 
the system was screwed together. The effective area of the film used for hydrogen 
permeation measurements was 2.0 cm2.  

3.3 Hydrogen permeation measurement 
The membrane set-up after the preparation step (Fig. 3.2) was mounted in the hydrogen 
permeation set-up, a schematics shown schematically in Fig. 3.3. The growth side of the 
film from sputtering (Fig. 3.1(c)) was always facing the feed side of the system. A 
thermocouple was connected to the membrane set-up to monitor the temperature of the 
membrane. The set-up was then covered by furnace housing.  The variations in 
temperature recorded were within ± 2°C.  
 
As can seen in Fig. 3.3, two gas lines were connected to the feed side of the membrane 
set-up for N2 and H2 flow and Ar flow was connected to a third gas line at the permeate 
side. A mass flow controller (MFC) mounted in the gas lines were used to determine the 
amount of gas flow in the reactor. A slight overpressure was always maintained at the 
feed side, and there was no sweep gas used during the pure hydrogen measurements. 
The permeate side pressure was set equal to the atmospheric pressure. The absolute 
pressure on the feed side and the differential pressure between feed and permeate sides 
were recorded. The differential pressure across the membrane was adjusted with a 
pressure valve. The applied differential pressure limitation was varied depending on 
membrane thickness. 
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Figure 3.3. Schematics for the hydrogen permeation set-up. MFC refers the mass flow controller that 
measures the amount of gas flow in the system. BF refers the bubble flow meter used for hydrogen flow 
measurements. 
 
 
The permeate side output was connected to a bubble flow (BF) meter. The pure 
hydrogen flow (will be discussed in chapter 3.3.) was recorded by measuring soap 
bubble flow in BF. Leakage tests were performed before and after each measurements 
using H2 at a flow rate up to 100 ml/min at the maximum differential pressure.  

3.4 Heat treatment procedures  
Different heat treatment procedures of the Pd-Ag 23 wt% membranes in different 
gaseous atmospheres were performed. These are presented in Fig. 3.4.  
 
 

 
Figure 3.4. Schematics of different heat treatment procedures. Mi300, Mi400, Mi450 and Ma300 refer to 
the thermal treatments performed (see text for details). The gas exposures are marked as N2/Ar or Air. 
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The flow of each gas was calibrated (N2, Ar, H2, He) by measuring the flow in the 
bubble flow meter. Calibration of feed gases was performed by directing the gas outlet 
at the feed side to the bubble flow meter.  The sample code (Mi300, Mi400, Mi450 and 
Ma300) shown in the Fig. 3.4 are as follows. M refers to the selected membrane, the ‘i’ 
in the prefix denotes the thermal treatment in the presumed inert gases nitrogen and 
argon (will be denoted as N2/Ar in the following chapters at feed and permeate sides) 
followed by the corresponding temperature of the treatment. Similarly ‘a’ represents 
thermal treatment in air. In addition to this, the other treatment (not shown) will be 
described below.   

3.4.1 Pre-treatment/hydrogen stabilization 
The heat treatment procedures included the following steps: The membrane set-up was 
initially heated to 300°C with N2 (50 Nml/min, N refers the normal ml/min) at the feed 
side and Ar (50 Nml/min) at the permeate side. The temperature was ramped at a 
heating rate of 4°C/min (marked as ‘Ramp’ in the Fig. 3.2.). At the membrane set-up 
temperature of 300°C, hydrogen was mixed with the feed gas and the flow of hydrogen 
through the PdAg membrane was allowed to stabilize. The time required to reach stable 
hydrogen flow was ~24 hrs. This procedure is called pre-treatment or hydrogen 
stabilization marked as A in Fig. 3.2. After the pre-treatment N2 and Ar at the feed and 
permeate sides respectively were removed slowly. At this step, pure hydrogen flow 
measurements by monitoring the bubble flow meter were performed marked as an 
empty circle in Fig. 3.2. The amount of pure H2 at the feed side was 200 Nml/min for 
this measurement.  As mentioned in chapter 3.2. a range of differential pressures across 
the membranes was chosen for different thickness membranes  (see paper II). At each 
differential pressure, pure hydrogen flow measurements were carried out. After this 
step, the flow of hydrogen was decreased slowly and N2/Ar was reintroduced at the  
feed/permeate sides to flush out the hydrogen from the system. The duration of the 
flushing was at least 30 mins. This procedure including pretreatment (A) and hydrogen 
permeation measurements (called before treatment in papers I and II) was followed by 
the thermal treatments with different gas exposures as marked in Fig. 3.2.   

3.4.2 Air-treatment  
The procedure for the air-treatment at 300°C included the following steps. After 
flushing out hydrogen from the system as described above both feed and permeate sides 
were exposed to air (either ambient or dry air from a gas bottle). Air exposure at 300°C 
was maintained for 3.5 to 4 days as indicated in Fig. 3.2. The air at both sides of the 
membrane was flushed out by slowly introducing N2 and Ar after the exposure period. 
This was then followed by pure hydrogen permeation measurements (marked as solid 
circle and a vertical line) using a bubble flow meter to monitor the flow (after treatment) 
at selected differential pressures across the membrane. The temperature during 
permeation measurements was 300°C. After monitoring the flow of pure hydrogen, this 
gas was flushed out from the system using N2/Ar. Then the temperature of the set-up 
was reduced slowly to room temperature at a similar rate (4°C/min) as during initial 
ramping to elevated temperature. 
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3.4.3 N2/Ar thermal treatments 
An alternative heat treatment was performed with N2 at the feed side and Ar at the 
permeate side of the membrane. N2/Ar at feed/permeate sides were used for flushing out 
the hydrogen after permeation measurements as described in chapter 3.4.1. The gas 
exposure was maintained for 3.5 – 4 days at selected temperatures (300°C, 400°C and 
450°C). To reach temperatures above 300°C a heating rate of 4°C/min was applied.   
After the treatment, N2/Ar were removed from the system and pure hydrogen was 
introduced to the feed side. The pure hydrogen flow measurements were always 
performed at 300°C after all thermal treatments. The temperature was decreased to 
room temperature with the same cooling rate after permeation measurements (4°C/min).  

3.4.4 Oxygen treatment 
In addition to the above thermal treatments, another heat treatment was performed with 
pure oxygen flow on both the feed and permeate sides (50 Nml/min) of the membrane. 
The pre-treatment (A) and the follow up procedures were similar to the air-treatment, 
but the gas exposure was with pure oxygen. The pure hydrogen measurements after the 
thermal treatment were not carried out for this membrane. The membrane was cooled 
down to room temperature with N2/Ar exposure at the feed/permeate sides. The purpose 
of this experiment was to determine the effect of treatment in oxygen at elevated 
temperature (300°C) on the membrane surface topography and chemical composition 
(paper II).  

3.4.5 Pre-treatment and cooling in hydrogen 
To address the influence of hydrogen on the surface chemical composition two 2 µm 
membranes were taken through the pre-treatment procedure (A) and subsequent 
hydrogen permeation measurements. Afterward the membranes were cooled down to 
room temperature in hydrogen atmosphere. One of them was cooled down immediately 
to room temperature by opening the housing surrounding the membrane set-up. The 
other membrane was cooled down in hydrogen with cooling rate 4°C/min after the pre-
treatment (A). (see paper II) The surface segregation analysis was performed on these 
films and the results are presented in paper II. 
 
The hydrogen flux measurements from these different treatments on different thickness 
PdAg membranes are reported [2, 3]. Further detailed study of surface (paper II) and 
bulk microstructure [4] characterization were performed and reported. 
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4 Summary of papers 
 
This chapter summarizes the papers presented in the second part of this thesis. Paper I-
III are results from the work based on PdAg membranes. Paper IV and V present the 
investigation performed on Pd(110) based model systems. 
 
 
Paper I Hydrogen permeation of thin, free-standing Pd/Ag23% membranes 
before and after heat treatment in air.  
 
Thin free standing Pd/Ag23wt% membranes with five thicknesses ranging from ~1.3 to 
~5.0 μm were prepared by magnetron sputtering and thermally treated in air at 300°C. 
The hydrogen permeation measurements were performed before and after a thermal 
treatment. For all membranes studied, the thermal treatment resulted in enhanced 
permeation, and for some membranes, the hydrogen flux more than doubled. A 
permeance of 1.7 x 10-2 mol/m2 s Pa0.5 was observed for ~1.3 μm thick membranes, 
which is one of the highest reported. Bulk diffusion was found to be the main rate-
limiting step after thermal treatment in air. The permeability was quite similar for all 
membranes studied after this treatment, with a mean value of 2.1 x 10-8 ± 5 x 10-10 

mol/m2 s Pa0.5. Surface topography studies by atomic force microscopy showed increase 
in surface area and surface grains for the samples thermally treated in air compared to 
the as-grown membranes. An alternative thermal treatment in N2 and Ar in feed and 
permeate sides (N2/Ar) at 400°C on one membrane (1.5 µm) found similar hydrogen 
permeation after thermal treatment in air. Investigations on topography analysis on this 
sample were also found increase in surface roughness and surface area compared to the 
as-grown membrane.  
 
 
Paper II Surface characterization of thin Pd/Ag 23 wt% membranes after different 
thermal treatments. 
 
The investigations from paper I on thin membranes (1.5 µm) resulting similar flux in N2 
and Ar presumed inert gas atmospheres motivated the study of the alternative N2/Ar 
treatment in detail. To gain further insight of this treatment we chose three different 
treatment temperatures (300°C, 400°C, 450°C). For a 2 µm membranes the thermal 
treatments in N2/Ar at all selected temperatures enhanced the hydrogen flux. Differently 
the same treatments for the thicker membranes caused a decrease in hydrogen flux, 
except for the 5µm membrane thermally treated at 450˚C. Accompanying changes in the 
surface topography and chemical composition were subsequently investigated by atomic 
force microscopy (AFM), X-ray photoelectron spectroscopy (XPS) and Auger Electron 
Spectroscopy (AES) depth profiling. For a 2 µm thick membranes the surface roughness 
and area increase for all N2/Ar annealing temperatures applied, while a temperature of 
450°C was required for an increase in roughness of both membrane surfaces to occur 
for a 5 µm membrane. The thickest membrane, of 10 µm, showed change in the surface 
roughness and area on one side of the membrane only and a slight decrease in hydrogen 
permeance after all heat treatments in N2/Ar. XPS investigations performed after 
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treatment and subsequent permeation measurements reveal segregation of silver to the 
membrane surfaces for all annealing temperatures applied.  For all selected membranes, 
heat treatment at 300°C in air gave higher hydrogen permeance accompanied by 
increasing surface roughness and area as well as different segregation behavior at the 
membrane surfaces. The available data point at bulk limited hydrogen permeation for 
Pd/Ag membranes after heat treatment in air at 300°C for thicknesses down to 1.5-2.0 
µm. A transition from surface to bulk control upon treatment is feasible, at least for the 
thinner membranes, but the changes in permeance can not be fully accounted for by the 
observed changes in surface structure and composition. 
 
 
Paper III Thin Pd-23%Ag/stainless steel composite membranes: Long-term  
stability, life-time estimation and post-process characterisation. 
 
Thin 2.6 µm thick PdAg membrane was mounted on a 4 cm long tubular macroporous 
stainless steel substrate. The long-term stability of the selected membrane has been 
examined in H2/N2 mixtures as a function of both temperature and feed pressure. During 
continuous operation, the membrane showed a good stability at 400°C while the N2 
leakage increased very slowly at a temperature of 450°C (Pfeed = 10bar). After 100 days 
of operation (Pfeed = 5-20bar, T=350-450°C), the N2 permeance was 7.0 x 10-9 mol m-2s-

1Pa-1, which indicates that the H2/N2 permselectivity still lies around 500, based on a H2 
permeance equal to 3.0 x 10-6 mol m-2s-1Pa-1. Despite the generation of small pinholes, a 
membrane life-time of several (2-3) years (T≤425°C) was estimated for the 
experimental conditions employed based on long-term stability tests over 100 days. 
Post-process characterization showed a considerable grain growth and micro-strain 
relaxation in the Pd-23%Ag membrane after the prolonged permeation experiment. 
Changes in surface area were relatively small. In addition, segregation of Ag to the 
membrane surfaces was observed. The formation of pinholes is identified as the main 
source of the increased N2 leakage during testing at higher temperature.   
   
 
Paper IV    Methanol Adsorption on Pd(110) and Ag/Pd(110) studied by High 
Resolution Photoelectron Spectroscopy 
 
As an example of the complex issue in real membranes, PdAg membranes exposed on 
methanol steam reforming conditions were found to be decrease in hydrogen flux [see 
refs 17 and 71 in chapter 1]. Possible causes suggested were carbonaceous species and 
unconverted methanol on the membrane surface. For this reason, it is important to 
understand the adsorption behaviour of Pd/Ag alloys. We addressed this issue in the 
present paper by studying the adsorption behaviour of methanol on Pd(110) and 
Ag/Pd(110) by high resolution photoelectron spectroscopy. On Pd(110) two different 
methanol species were observed upon adsorption at 100K and subsequent heating up on 
200K. The species with lowest C1s core level binding energy was remaining at the 
surface for low methanol coverage. The adsorption and decomposition behavior of 
methanol on a Ag/Pd(110) surface alloy formed by depositing Ag on Pd(110) at 
elevated temperature was similar to that of the pure Pd(110) surface, a finding showing 
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that the amount of Ag present in the surface in this study did not affect the 
decomposition behavior of methanol as compare to pure Pd(110).  
 
Paper V Adsorption and decomposition of methylamine on Pd(110) studied by 
high resolution photoelectron spectroscopy and DFT calculations 
 
As a different application, amines were found to be promising candidates for CO2 
capturing. We performed adsorption and decomposition of methylamine on Pd(110) by 
high resolution photoelectron spectroscopy. Methylamine was observed to adsorb 
molecularly at the Pd(110) surface at low temperatures (120 K). In the temperature 
range 300-350 K CN species were observed formed at the surface and methylamine 
desorbing from the surface. CN remains on the surface up to an annealing temperature 
of 800 K. The theoretical calculations predict a methylamine on-top adsorption site on 
Pd(110) with an adsorption energy of 0.40 eV. As seen for other systems methylamine 
is found to bind to the surface via a lone pair on the N atom. The CN molecule is lying 
down on surface with the C–N axis along the [001] direction above a second layer Pd 
atom. The adsorption structure found for CN is in agreement with quantitative structural 
determinations performed by another group. The binding energy shift between 
methylamine and cyanide in the C 1s and N 1s states are also calculated. These values 
are in good agreement with the experimental findings.     
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5 Suggestions for further work 
 
Some suggestions for further work related to the research work presented in this thesis 
are described here.  
 
From the hydrogen permeation behaviour on PdAg membranes after different gaseous 
exposures, the segregation was found to be an interesting feature that may be of 
importance hydrogen permeation behaviour of a membrane (see paper IV). For 2 and 5 
µm membranes after air-treatment at 300˚C segregation of Pd to the surface. In addition, 
there is a strong Pd enrichment for the 2 µm PdAg membrane exposed in pure oxygen at 
300˚C. The segregation behaviour in PdAg membrane system is not fully understood 
from the present work. A systematic investigation of segregation behaviour at different 
temperatures and in various atmospheres both for thin membranes as well as PdAg 
model systems is suggested.   
 
Also hydrogen induced segregation is of interest for PdAg membranes due to stronger 
adsorption of hydrogen on palladium. There are a few experiment and theoretical 
studies of segregation due to hydrogen [1, 2]. Interestingly DFT calculations showed 
reverse segregation on the Pd-Ag alloy surfaces [2]. In our experimental results after the 
hydrogen stabilization (see paper II) the membrane were cooled down in hydrogen. Two 
different cooling rates were chosen (see paper II). Both procedures result Ag enriched 
on the surface. Therefore, it would also be interesting to get deeper insight on hydrogen 
induced enrichments on Pd-Ag bimetallic systems. 
 
The adsorption and decomposition of methanol interactions on Pd(110) and Ag/Pd(110) 
studies (paper IV) showed the intermediate species formed during the dehydrogenation 
reactions. The formation of methoxy intermediate species is not clear from the present 
work. Studying the co-adsorption behaviour of methanol reforming gases or water gas 
shift gases on PdAg model systems may give furthermore informations of the 
intermediates and their reactions with Pd and Ag. PdCu membranes are also of interest 
in hydrogen permeation due to its high sulfur resistant behaviour. Systematic studies of 
different gas atmospheres on PdCu model systems would also provide information on 
segregation behaviour. 
 
The alloying of Ag/Pd is another interesting factor that needs more quantified structural 
analysis. The STM study for deposition of different Ag coverage on Pd(110) surface 
would give some basic idea of surface structures of Ag at different temperatures.  
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bstract

Free-standing Pd/Ag23 wt% membranes with five different thicknesses ranging from ∼1.3 to ∼5.0 �m were prepared by magnetron sputtering.
he hydrogen permeation was determined before and after a thermal treatment in air at 300 ◦C. For all membranes studied, the thermal treatment

esulted in enhanced permeation, and for some membranes, the hydrogen flux more than doubled. A permeance of 1.7 × 10−2 mol/m2 s Pa0.5

as observed for ∼1.3 �m thick membranes, which is one of the highest reported. Bulk diffusion was found to be the main rate-limiting

tep after thermal treatment in air. The permeability was quite similar for all membranes studied after this treatment, with a mean value of
.1 × 10−8 ± 5 × 10−10 mol m/m2 s Pa0.5. Topography studies by atomic force microscopy showed that the samples thermally treated in air had
igher surface roughness, larger surface area and larger surface grains than samples not heat-treated in air.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Hydrogen is one of the most important chemical com-
odities and is used in many industry sectors. The demand

or hydrogen in petrochemical industry and in power genera-
ion is expected to grow. Sustainable large-scale production of
ydrogen from fossil sources will require technology for car-
on dioxide capture. Membranes, particularly palladium-based
embranes, are investigated for this application along with a

umber of other small-scale applications for production and
urification of hydrogen. Palladium has high hydrogen perme-
bility, and is essentially non-permeable to other gases, making
he material suitable for hydrogen separation membranes. A

roblem, however, is the high material costs, which neces-
itate development of composite membranes consisting of a
hin palladium or palladium alloy membrane layer on a cheap,
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echanically strong support. Thin membranes are also advanta-
eous in terms of hydrogen flux, which contributes importantly
o the total cost reduction for the membrane process.

The hydrogen permeability has been found to increase when
alladium is alloyed with silver [1,2], and a maximum in perme-
bility is found for silver contents around 23% [1]. Additionally,
alladium–silver alloys exhibit improved mechanical properties
s compared to pure palladium [1,3–5].

A general expression for the hydrogen flux (mol/m2 s)
hrough a membrane, J, may be written [6,7]:

= P

t
(pn

1 − pn
2) (1)

here P is the permeability, t is the membrane thickness and p1
nd p2 are the hydrogen partial pressures in the gas phase on
he high and low pressure sides of the membrane, respectively.
he value P/t is termed the membrane permeance and is often
eported when membrane thickness cannot be given with suffi-
ient accuracy. The n-value depends on the rate-limiting steps
n the permeation process. As long as bulk diffusion is the rate-
imiting step, the n-value will be approximately equal to 0.5

mailto:astridm@chemeng.ntnu.no
dx.doi.org/10.1016/j.memsci.2007.09.024
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6–9]. At sufficiently reduced thicknesses, other processes may
ontrol the hydrogen permeation, which typically results in the
bserved n-value approaching 1 [6–9]. In the latter case, surface
eaction rates or gas phase diffusion may be rate-controlling pro-
esses. Additionally, for thin membranes an n-value even higher
han 1 has been reported [6].

A modelling study has concluded that bulk diffusion is
xpected to be the main rate-controlling step for pure palla-
ium membrane thicknesses down to 1 �m for temperatures
bove ∼300 ◦C, provided that external mass transfer resistance
s absent [10]. Experimentally, with hydrogen only used as feed
as, bulk diffusion has been reported as rate-limiting for 1 �m
hick composite palladium membranes [8]. Other researchers
ave, however, reported that surface reaction rate limitation
ecomes important already at higher thicknesses, up to several
icrometers [7,11]. The membranes investigated in the present
ork are between 1 and 5 �m, and thus in a thickness range
here previous reports on composite membranes are inconsis-

ent concerning the nature of the rate-limiting step.
Thermal treatment in air, where the membrane is oxidized

nd subsequently reduced, has shown to be beneficial, resulting
n higher hydrogen flux [12–14]. Several researchers have used
hermal treatment in air on fresh membranes to remove poison-
ng species [2,15], but also to recover deactivated membranes
fter operation [14,15]. Increased surface roughness, and thus an
ncreased number of active sites for hydrogen dissociation, has
een observed after thermal treatment in air [14,16,17]. How-
ver, it has been suggested that increased surface area alone
s insufficient to explain the increase in hydrogen permeation
14]. It has also been shown that oxidation time and temperature
an influence the permeation improvement and extent of defect

ormation following the oxygen treatment [13].

Composite membranes are typically made by deposition of
he metal layer directly onto a porous support by various depo-
ition techniques [18]. The pore size and distribution in the

s
s
i
c

Fig. 1. The flux meas
ane Science 307 (2008) 96–104 97

upport surface determine the required metal layer thickness for
btaining a flawless membrane. A ratio LP = (separation layer
hickness)/(support layer pore size) may be defined, and this is
ypically of the order 100 or higher [19]. In general, low LP is
dvantageous for the hydrogen permeation. Free-standing mem-
ranes, corresponding to LP = 0, have been fabricated by several
esearchers [6,20–22] and such membranes provide an excellent
pportunity to investigate the membrane properties without hav-
ng to take into account additional effects due to the presence
f a mechanical support. A novel method enables fabrication of
hin free-standing membranes by the magnetron sputtering tech-
ique [23]. The membranes are sputtered on, and subsequently
ifted off, polished silicon wafers, a technique which provides
ighly homogenous films. These free-standing membranes may
lso be used to fabricate composite membranes in a two stage
rocess, giving LP < 1 [24], a value much less than typically
chieved by conventional preparation methods. In the present
ork, the hydrogen permeation properties of thin free-standing
embranes are studied. Particularly, we have investigated the

ffect of heat treatment in air at 300 ◦C on 1–5 �m thick foils
ith composition Pd/Ag23 wt%.

. Experimental

Palladium–silver membranes were produced by dc mag-
etron sputtering (CVC 601 sputtering apparatus) using argon
s the sputter gas (purity 99.999%). The membranes were sput-
ered from a Pd/Ag23% target onto polished silicon single crystal
ubstrates. Sputtering was performed from 80 to 360 min, with
puttering rates ranging from ∼0.014 to ∼0.017 �m/min. A pre-
puttering procedure was performed in order to achieve stable

puttering conditions, and also to clean the target surface. During
puttering, the silicon wafers were placed on a carousel, rotat-
ng with constant speed, so that nearly equal growth rate and
omposition are expected for membranes produced in the same

urement setup.
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Table 2
Feed and sweep gas compositions used during the different treatments (step 4)

Treatment Temperature
(◦C)

Period
(days)

Flow (ml/min)

Feed Permeate

H2 N2 Air Ar Air

In air 300 3.5–4 – – × – ×
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Fig. 2. Applied temperatures as a function of time.

puttering run, i.e. for membranes in the same thickness cate-
ory in the present study. After sputtering, the final membrane
hickness was determined by scanning electron microscopy or
hite light interferometry. Based on thickness measurements

t various positions on the silicon wafer, we have estimated the
hickness variations to be approximately ±0.1 �m among mem-
ranes from the same sputtering run or thickness category. The
esting was carried out on 5 different membrane thicknesses,

1.3 �m (thickness category A), ∼1.7 �m (thickness category
), ∼2.2 �m (thickness category C), ∼5.0 �m (thickness cate-
ory D) and ∼1.5 �m (thickness category E).

The free-standing membrane was mounted between two
tainless steel plates with a circular hole with area 2.4 cm2,
hich corresponds to the active membrane surface area during

he permeation measurements. The plates with the fixed mem-
rane were placed in a stainless steel housing connected to the
as system. Sealing was achieved by placing copper gaskets
etween the steel plates and the housing. A schematic drawing
f the flow measurement setup is shown in Fig. 1.

In Fig. 2, a summary of the applied temperatures as a func-
ion of time during testing is illustrated. The different feed and
weep gas compositions are summarized in Table 1. Steps 1, 2
nd 3 are equal for all experiments. The membrane was ramped
o 300 ◦C, flushing with nitrogen (purity 99.999%) on the feed
ide and argon (purity 99.999%) on the permeate side (step 1).
fter ramping to 300 ◦C, a pre-treatment was carried out by
ixing hydrogen into the feed gas and leaving the hydrogen

ermeation to steadily increase and then stabilize; a process tak-

ng ∼24 h. The hydrogen permeation measurements (steps 3 and
) were performed at 300 ◦C before and after a treatment period.
uring permeation measurements, the feed gas was hydrogen

able 1
eed and sweep gas compositions used during the different testing steps

tep Flow (ml/min)

Feed Permeate

H2 N2 Ar

, 6, 7 – 100 100
100 100 100

, 5 200 – –
Treatment period

t
i
c
6

a
m
A
p
s
n
e
m
h
h

n H2 300 3.5–4 100 100 – 100 –
n N2/Ar 400 3.5–4 – 100 – 100 –

nly (purity 99.995%). A flow meter (HORIBA group, model
F-2) was used to determine the hydrogen flow through the
embrane. The hydrogen flow was measured as a function of

he hydrogen differential pressure across the membrane, which
as varied from ∼20 kPa down to ∼6 kPa. The permeate side
as kept at atmospheric pressure.
All membranes were leak checked with helium before ramp-

ng to 300 ◦C, and with nitrogen, added to the hydrogen in
he feed gas, in between measurements with hydrogen only.
he helium and nitrogen leakages were measured with a gas
hromatograph (Agilent Technologies, model Quad Series:
icro GC). For all membranes investigated, the separation

actor, αH2/N2 , was found to be >500 throughout the exper-
ments, where the separation factor is defined as αH2/N2 =
yH2/yN2 )/(xH2/xN2 ), and the y’s and x’s are the concentrations
n the permeate and feed side, respectively.

Step 4 represents the treatment period. The feed and sweep
as compositions during different treatments are summarized in
able 2. The procedure of thermal treatment in air was carried
ut as follows: The system was flushed with nitrogen and argon,
efore all gases were turned off. The thermocouples at both
ides of the reactor were removed to allow air into the system.
he system was kept like this, at 300 ◦C, for 3.5–4 days. The

hermocouples were then reinstalled, the system was flushed
ith nitrogen and argon and an “after heat treatment in air”
easurement series was carried out.
In addition, two other treatments were also carried out on

he category E membranes. One membrane was exposed to a
ydrogen mixture at 300 ◦C for the treatment period. In the other
reatment, the temperature was raised to 400 ◦C, and the mem-
rane was left in nitrogen and argon for the same period of
ime. After treatment, all membranes were permeation tested
n hydrogen only at 300 ◦C (step 5), and the system was then
ooled down to room temperature in nitrogen and argon (step
).

To study how the different steps in the testing procedure
ffected the surface topography of the membranes, some of the
embranes were examined by atomic force microscopy (AFM).
MultiMode SPM from Digital Instruments was used in Tap-

ing Mode, and analysing tools provided by the instrument
oftware were used to estimate the root mean square rough-
ess, surface areas and grain sizes. As-grown samples were

xamined after they were lifted off the silicon wafer. Further-
ore, a set of membranes was prepared, which was exposed to

ydrogen until stabilization and tested in hydrogen only, but not
eat-treated further (henceforth denoted “tested but not further
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reated”). This means that the testing procedure went directly
rom step 3 to step 7 in Fig. 2. Finally, heat-treated samples
ere investigated. All thickness categories were included in the

tudy, and several different areas (about 10) were investigated
n each sample.

. Results and discussion

Fig. 3 shows the hydrogen flux as a function of the dif-
erence in the square root of the pressures, measured before
Fig. 3a) and after (Fig. 3b) heat treatment in air (steps 3 and
in Fig. 2, respectively). A plot using n = 1/2 rather than n = 1

s chosen, because bulk diffusion is believed to be the most
ominant step, at least after heat treatment in air, as will be

iscussed below. Before thermal treatment in air, the flux at
p

1/2
1 − p

1/2
2 ) ∼ 30 kPa, ranges from ∼0.084 mol/m2 s (thick-

ess ∼5.0 �m) to ∼0.27 mol/m2 s (thickness ∼1.7 �m), with
ncreasing rate for decreasing membrane thickness as a gen-

ig. 3. Hydrogen flux through the membranes as a function of the difference in
he square root of the hydrogen partial pressures, (a) before and (b) after heat
reatment in air. Straight lines are guidance for the eye.
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ral tendency. For all membranes studied, the thermal treatment
n air results in enhanced permeation, with the flux ranging
rom ∼0.12 mol/m2 s (thickness ∼5.0 �m) to ∼0.53 mol/m2 s
thickness ∼1.3 �m) at (p1/2

1 − p
1/2
2 ) ∼ 30 kPa.

Before heat treatment in air, some variation in hydrogen
ux within a given thickness category is found, and further-
ore, different categories overlap to some extent. As can be

een from Fig. 3a, one of the ∼1.7 �m thick membranes shows
igher flux than the ∼1.3 �m thick membranes, while the other
wo are close to the values observed for two of the ∼2.2 �m
hick membranes. Also noteworthy, despite the relatively large
hickness difference, the ∼5.0 �m thick membranes and one of
he ∼2.2 �m thick membranes show fairly similar permeation.
hese variations are far too large to be explained exclusively by

he uncertainty in the thickness estimations. The thermal treat-
ent in air results both in enhanced hydrogen permeation and
ore distinct separation between the different thickness cate-

ories. It should be noted that the membranes prior to testing
ere stored for different lengths of time after fabrication, which
ay have affected the surface cleanliness and the correspond-

ng permeation results within the same thickness categories. As
ave been reported by others, thermal treatment in air has been
sed to remove poisoning species from fresh membranes [2,15].
owever, no correlation is observed between length of storage

nd flux value.
A question arising is whether or not the enhanced permeation

s solely a result of the membrane being left at high temper-

ture over an extended period of time, or if the increase can
ctually be attributed to the exposure to air. In an attempt to
hed light on these aspects, the category E membranes were
iven different heat treatments. As shown in Fig. 4, heat treat-

ig. 4. Hydrogen flux through the membranes as a function of the difference
n the square root of the hydrogen partial pressures for different treatments of
ategory E membranes. (©) The membrane which was heat-treated in air at
00 ◦C, (�) the membrane which was heat-treated in nitrogen and argon at
00 ◦C and (♦) the membrane which was exposed to hydrogen at 300 ◦C for
n extended period of time. The straight lines are guidance for the eye. Solid
ines indicate the results before the treatments, while the dashed lines indicate
he results after the treatments.
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Fig. 5. Permeance versus the inverse membrane thickness. (©) Results before
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hermal treatment in air and (�) after treatment. Also plotted are regression
ines fitted to all data, solid for before thermal treatment and dashed for after
reatment.

ent in air at 300 ◦C results in significantly enhanced hydrogen
ermeation. On the other hand, the membrane, which was heat-
reated in hydrogen at 300 ◦C over the same period of time
3.5–4 days), shows a slight decrease in hydrogen flux dur-
ng testing. The heat treatment in nitrogen and argon at 400 ◦C,
owever, gives an almost identical result to the heat treatment
n air at 300 ◦C. These results show that the enhancement in
ux is critically dependent on both temperature and ambient
tmosphere.

To gain further insight, we have analysed our data to elucidate
he type of the rate-limiting step. The most common way to
etermine the rate-controlling steps is to estimate the n-value,
rom fitting the experimental data J versus (pn

1 − pn
2) in Eq.

1). However, for the small pressure range applied in this study,
uch an analysis does not give an unambiguous value of n. Nearly
traight lines are observed, both with n = 1/2 and with n = 1. Even

hough the burst pressure of the thinner membranes is as high
s ∼80 kPa, some plastic deformation occurs already at lower
ressures. To avoid significant interpretation problems related to
hange in membrane area and thickness, we have restricted our

p
r
m
t

able 3
alculated permeances and permeabilities, before and after heat treatment in air for s

hickness (�m) Sample (category) Before

Permeance
(mol/m2 s Pa0.5)

Perme
(mol m

∼1.3 1 (A) 8.1 × 10−3 1.1 ×
∼1.3 2 (A) 8.2 × 10−3 1.1 ×
∼1.7 1 (B) 4.7 × 10−3 8.0 ×
∼1.7 3 (B) 8.5 × 10−3 1.4 ×
∼2.2 1 (C) 3.5 × 10−3 7.7 ×
∼2.2 3 (C) 4.7 × 10−3 1.0 ×
∼5.0 1 (D) 3.1 × 10−3 1.6 ×
∼5.0 2 (D) 2.7 × 10−3 1.4 ×
20 Refs. [2,25] ∼1.5 ×
ane Science 307 (2008) 96–104

easurements to differential pressures up to ∼20 kPa, and are
herefore not able to determine the n-value directly from these
xperiments.

For membranes of equal composition and with equal
icrostructure, the permeability should be a material constant
hich is independent of thickness. As long as bulk diffusion is

he rate-limiting step, a linear relationship is expected between
he permeance and the inverse membrane thickness. In Fig. 5,
he permeance versus the inverse membrane thickness is plot-
ed, together with a regression line fitted to all data. The results
efore thermal treatment in air appear to have a weak tendency
f increasing permeance with decreasing thickness. After heat
reatment in air the measurements are closer to a fitted regres-
ion line. Even though the n-values cannot be determined, these
lots indicate that bulk diffusion is the main rate-limiting step
or the membranes after heat treatment in air, while also other
rocesses influence the permeation rate more importantly prior
o the treatment.

Permeance and permeability values calculated from our
xperimental data may give further understanding of the lim-
ting factors discussed above. The values for the most and
east permeable samples in thickness categories A–D are
isted in Table 3. As already mentioned, the permeability
hould be independent of thickness, as long as bulk diffu-
ion is rate controlling. The thermal treatment in air clearly
esults in reduced scatter in permeability, giving a mean value
.1 × 10−8 ± 5 × 10−10 mol m/m2 s Pa0.5. This finding thus sup-
orts that bulk diffusion is the main rate-controlling step after
he treatment, and furthermore, that the material transport
roperties are fairly similar and independent of the mem-
rane thickness. A decrease in the permeability value will be
xpected when other processes than bulk diffusion become more
ominant. From Table 3, it is seen that the permeability val-
es for thickness categories A–C are clearly lower than for
ategory D before thermal treatment in air, with one excep-
ion (sample 3(B)). A possible explanation to this is that the
–C categories membranes are more limited by surface pro-

esses than the thicker ones. Furthermore, it is seen that the

ermeability clearly varies within the B and C categories, cor-
esponding to variation in hydrogen flux, and that the thinner
embranes not necessarily have the lowest value. This varia-

ion in permeation property could indicate that the membranes

elected membranes

After Improvement

ability
/m2 s Pa0.5)

Permeance
(mol/m2 s Pa0.5)

Permeability
(mol m/m2 s Pa0.5)

10−8 1.7 × 10−2 2.2 × 10−8 2.1
10−8 1.7 × 10−2 2.2 × 10−8 2.1
10−9 1.1 × 10−2 1.9 × 10−8 2.3
10−8 1.4 × 10−2 2.4 × 10−8 1.6
10−9 8.6 × 10−3 1.9 × 10−8 2.5
10−8 9.2 × 10−3 2.0 × 10−8 2.0
10−8 4.0 × 10−3 2.0 × 10−8 1.3
10−8 3.9 × 10−3 2.0 × 10−8 1.4
10−8
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re limited by other factors than bulk diffusion to different
xtents.

In the bottom row of Table 3, the bulk permeability values
or two thick membranes are listed for comparison. Both Itoh
t al. [2] and Yang et al. [25] have reported a permeability of
1.5 × 10−8 mol m/m2 s Pa0.5 for a 100 �m thick Pd/Ag23 wt%
embrane and a 20 �m thick Pd/Ag20 wt% membrane, respec-

ively. For these membranes, where only hydrogen was used
s feed gas during the permeability tests, bulk diffusion was
ound to be the rate-determining step. The permeability values
re fairly consistent with the ones obtained for our category D
embranes, suggesting that the category D membranes are more

imilar to bulk materials before the treatment than the thinner
nes. After heat treatment in air, all membranes in the present
tudy have permeability values, which exceed those reported
or the bulk membranes. One may thus speculate whether the
eat treatment in air procedure changes the microstructure and
omposition of the films, creating membranes with higher per-
eability.
In the last column of Table 3, the enhancement achieved

y thermal treatment in air is given. For the thickness cat-
gories A–C, approximately a doubling in the hydrogen
ermeance/permeability is observed. A permeance reaching
1.7 × 10−2 mol/m2 s Pa0.5 is found for category A membranes.
ince the separation factor, αH2/N2 is higher than 500 for all
embranes studied, this value represents one of the highest

ermeance values reported for a highly selective membrane.
or the category D membranes, the enhancement is smaller
30–40%), which demonstrates that the effect of the thermal
reatment depends on membrane thickness.

It should be noted that the high permeance values found in this
ork are partly due to the elimination of a supporting structure.
e have elsewhere reported measurements on similar thin mem-

rane foils, supported on porous stainless steel with 2 �m pore
ize [26]. A comparison with these studies shows that even with
< 1, the support imposes a noticeable resistance to the hydro-

en flux. As mentioned previously, free-standing membranes
ave been fabricated by several researchers [6,20–22]. However,
n the permeation studies reported, hydrogen has been used in

mixture with other gases [6,20,22]. Because of differences
n both feed gas composition and temperature range, a direct
omparison of our results with studies on other free-standing
embranes is difficult. In a separate study, using a mixture of

ydrogen and nitrogen on the feed side, we have observed a sig-
ificant reduction in hydrogen permeation, which is larger than
hat would be expected from the reduction in bulk gas hydrogen

oncentration alone [27]. We suggest that the large reduction is
ue to a concentration polarization effect, resulting in nitrogen
nrichment adjacent to the membrane surface at the feed side
nd thus a lowering of the hydrogen differential pressure across
he membrane. In the present study, all permeation tests were
erformed with only hydrogen in the system, providing results,
hich are not influenced by a mechanical support or possible
oncentration polarization effects.
In order to study how the different treatments affected the

urface topography, some of the membranes were examined by
FM. In Fig. 6, representative AFM images for ∼1.3 �m thick

r
m
4
c
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embranes are shown, both an as-grown sample, a sample,
hich was tested but not further treated, and a sample heat-

reated in air. The topographical values are listed in Table 4.
alculations of these values are based on a series of AFM

mages, taken from about 10 different locations on each sample.
he rms value is a measure of surface roughness. Also given
re the area of the surfaces imaged, the average grain diame-
er and the density of grains in the image. Both sides of the

embranes were examined, that is, both the surface facing the
igh-pressure side and the surface facing the low-pressure side.
or the as-grown membranes, the side, which was facing the
ilicon substrate during membrane growth, was too smooth to
e imaged. This side was facing the low-pressure side during
ermeation testing for all samples investigated by AFM. As can
e seen, especially the differences between the surfaces facing
he low-pressure side are large.

The samples which were tested but not further treated, have
ougher surfaces, larger surface areas and larger and fewer grains
han the as-grown samples. Furthermore, the samples which
ere heat-treated in air, have significantly rougher surface, larger

urface area and larger and fewer surface grains than the sam-
les which were not exposed to this treatment. The same trend is
ound for all thickness categories. Furthermore, the membrane
ides facing towards the plasma during sputtering are rougher
or the thicker membranes.

The topography investigations may enable us to explain at
east parts of the improvement achieved by heat treatment in air.

e find it plausible that the categories A–C membranes, and pos-
ibly also the category D membranes, are to some extent limited
y surface processes before the treatment, and that the treatment
lters the membrane surface in a favourable way. Higher surface
rea may give an increased number of active sites for hydrogen
issociation, and thus higher permeation, as has been observed
y others [14,16,17]. This explanation is consistent with Fig. 5
nd Table 3, which showed that the membranes are most likely
ulk diffusion limited after the heat treatment in air, but proba-
ly also limited by other processes before the treatment. It was
urther argued that the category D membranes most likely are
ore limited by bulk diffusion than the thinner ones (A–C). If

his is indeed the case, the category D membranes are expected
o show a smaller increase in the permeance due to surface alter-
tions. From Table 3, it is clear that these membranes show
maller enhancements by heat treatment in air than the thinner
nes.

An additional correlation between surface topography and
ermeation is found when comparing the AFM images of as-
rown samples and samples, which were tested but not further
reated. After the initial exposure to hydrogen at 300 ◦C the

embrane flux increases until stabilization, and as already
tated, the samples examined after this point have higher
urface area, roughness and grain size than the as-grown sam-
les.

Investigation of the category E membranes further verifies a

elationship between permeation and surface topography. The
embrane, which was heat-treated in nitrogen and argon at

00 ◦C has higher surface area, roughness and grain size as
ompared to the membrane which was tested but not further
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Fig. 6. AFM images of ∼1.3 �m thick membranes, (a) as-grown sample, (b) sample which was tested but not further treated, (c) sample heat-treated in air. The
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embrane surfaces facing the high-pressure side are shown to the left, while the
re 1 �m × 1 �m, and the height range is 40 nm from dark to light.

reated, and the hydrogen permeation is significantly higher. It
hould be noted that the membrane heat-treated in air has even
igher surface roughness, area and grain size than the membrane
eat-treated in nitrogen and argon at 400 ◦C, despite similar per-
eation results. However, it could be that further improvement in

ermeation cannot be achieved after a certain change in surface

opography is reached. If bulk diffusion limitation then starts to
ominate, further alternation of the surface will not influence the
ydrogen flux to any noticeable degree. In agreement with the
rend observed, the membrane, which was exposed to hydro-

r
[
b
d

brane surfaces facing the low-pressure side are shown to the right. Image sizes

en for an extended period of time and the membrane, which
as tested but not further treated, have both similar surface

opography and similar permeation rates.
We observe larger surface grains on the samples which have

een heat-treated in air at 300 ◦C or heat-treated in nitrogen and
rgon at 400 ◦C. Grain growth in the membrane bulk has been

eported to hamper the hydrogen flux by several researchers
28–30]. This has been attributed to a reduction in the grain
oundary volume fraction, and thus a reduction in the hydrogen
iffusion along the grain boundaries, and also to an increased
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Table 4
Topographical values for ∼1.3 �m thick membranes

Condition rms Values
(nm)

Area
(nm2) × 1000

Diameter
(nm)

Density
(1/�m2)

1a 3.0 ± 0.2 3.4 ± 0.4 34.1 ± 1.2 144 ± 9
2a 4.4 ± 0.1 6.0 ± 0.4 49.3 ± 1.6 84 ± 4
3a 7.5 ± 0.2 12.5 ± 2.3 73.8 ± 8.7 50 ± 7
2b 3.0 ± 0.1 2.7 ± 0.5 37.1 ± 3.0 150 ± 13
3b 6.4 ± 0.4 9.4 ± 0.7 62.2 ± 4.0 53 ± 4

Condition 1 refers to the as-grown samples, condition 2 to the membranes, which
were tested but not further treated and condition 3 to the membranes heat-treated
in air at 300 ◦C. The calculations are based on images of size 1 �m × 1 �m, and
are averages of several images taken at different positions on each sample. Also
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iven are the standard deviations.
a The membrane surface facing the high-pressure side.
b The membrane surface facing the low-pressure side.

embrane surface resistance. However, other researchers have
ound that grain growth in industrial membranes, as opposed
o pure samples, does not influence the permeation rate to a
igh degree [31]. This was attributed to an opposing effect of
mpurities in the grain boundaries. Moreover, it has also been
eported that hydrogen permeance appears to increase by grain
rowth [32]. It is unclear how the surface grain growth observed
n this study, influences the permeation, but there is at least no
ndication that the growth significantly reduces the hydrogen
ux of the membranes studied, rather the opposite tendency was
ound.

. Conclusions

Free-standing Pd/Ag23 wt% membranes with thicknesses
anging from ∼1.3 to ∼5.0 �m were produced by magnetron
puttering. Thermal treatment in air at 300 ◦C significantly
nhanced the hydrogen flux for all membranes, and a perme-
nce reaching 1.7 × 10−2 mol/m2 s Pa0.5 was observed for the
1.3 �m membranes. Before heat treatment in air, the perme-

bility values were found to vary, but they became fairly similar
fter the thermal treatment, indicating that the treatment resulted
n mainly bulk diffusion limited hydrogen flux. The effect of
hermal treatment on permeation was also found to depend on
he membrane thickness, with less enhancement for the ∼5.0 �m
hick membranes. AFM studies revealed that increased hydro-
en permeation coincided with higher surface roughness, larger
urface area and larger and fewer surface grains.
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Abstract 
 
Pd/Ag23wt% membranes with thickness of 1.5-10 µm were prepared by magnetron 

sputtering and mounted in a self-supported configuration. Hydrogen permeation 

measurements before and after thermal treatments in the temperature range 300°C-

450°C in N2(feed side) and Ar (permeate side) were performed. Accompanying changes 

in the surface topography and chemical composition were subsequently investigated by 

atomic force microscopy (AFM), X-ray photoelectron spectroscopy (XPS) and Auger 

Electron Spectroscopy (AES) depth profiling. For a 2 µm thick membrane the surface 

roughness and area increase for all N2/Ar annealing temperatures applied, while a 

temperature of 450°C was required for an increase in roughness of both membrane 

surfaces to occur for a 5 µm membrane. The thickest membrane, of 10 µm, showed 

change in the surface roughness and area on one side of the membrane only and a slight 

decrease in hydrogen permeance after all heat treatments in N2/Ar. XPS investigations 

performed after treatment and subsequent permeation measurements reveal segregation 

of silver to the membrane surfaces for all annealing temperatures applied.  In 

comparison, heat treatment at 300°C in air gave higher hydrogen permeance 

accompanied by increasing surface roughness and area as well as different segregation 

behavior at the membrane surfaces. The available data point at bulk limited hydrogen 

permeation for Pd/Ag23wt% membranes after heat treatment in air at 300°C for 

thicknesses down to 1.5-2.0 µm. A transition from surface to bulk control upon 

1 



treatment is feasible, at least for the thinner membranes, but the changes in permeance 

can not be fully accounted for by changes in surface structure and composition. 

 

Key words: PdAg membranes, hydrogen permeation, topography, segregation. 
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1. Introduction 

Hydrogen has many applications in industry and is one of the energy carriers that have 

recently attracted interest due to its potential as a zero emission fuel [1-3]. Hydrogen 

can be produced from renewable biomass as well as fossil fuels, in addition to the 

energy intensive electrolysis of water [4-6]. A potentially efficient technology for 

hydrogen production and purification is the use of inorganic hydrogen separation 

membranes. Palladium (Pd) is both highly soluble and permeable to hydrogen, thus a 

potential candidate membrane material. To prevent embrittlement occurring in pure Pd 

due to hydride phases formation [7, 8],  Pd alloys suppressing the phase transition are 

often used. Silver (Ag) has been identified as a favorable alloying element, giving 

membranes with even higher hydrogen permeation than pure Pd. Alloying of Pd with 

23wt% Ag has been found to be an optimum composition for the hydrogen permeability 

[9]. The hydrogen flux generally being inversely proportional to the membrane 

thickness and the high material costs of Pd, have motivated research to develop thin 

supported membranes (composite membranes). PdAg films can be prepared by different 

methods [9-13], but our approach is based on the SINTEF method [14] where 

magnetron sputtering onto highly polished silicon single crystal wafers is combined 

with a lift-off technique [14]. These films can further be used in various membrane 

support and reactor configurations [15, 16], of which a flat, self-supported membrane 

has proved particularly useful for investigations using advanced characterization 

techniques. 

 

The hydrogen permeation process through Pd based membranes involves dissociative 

adsorption of hydrogen at the membrane high pressure, feed side, bulk diffusion of 

atomic hydrogen and subsequent recombinative desorption at the low pressure, 

permeate side membrane surface [17, 18]. In addition, gas phase transport phenomena 

may influence the permeation under certain conditions and configurations. It is 

commonly reported that the bulk diffusion is the rate-limiting step for thicker 

membranes [19]. The hydrogen flux in such cases is assumed proportional to the 

difference in the square root of the pressure at the feed side and at the permeate side of 

the membrane. Deviations from a linear dependence on the difference of square root 
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pressures suggest that the surface processes as well as other effects could be dominating 

the hydrogen permeation process [20].  

 

The hydrogen transport properties of Pd-based membranes depend on the combined 

history of temperature and gaseous exposure, in addition to the thickness and the as-

prepared material properties. Gaseous species other than H2 are either components of 

the separation mixture or the sweep gas, or they are introduced during various 

treatments that are applied to enhance the membrane properties. Species such as N2 and 

Ar are normally considered inert, at least when present in mixture with hydrogen [15, 

21], but some studies report negative effects of N2, [22-24]. Species that have received 

attention because they are often part of separation mixtures include O2/air [25-27], H2O 

[28-32] , CO [24-26, 28, 29, 31, 33-35], CO2 [24, 28, 32, 35], CH4 [24, 28], methanol 

[25, 27, 29] and H2S [36-38], of which e.g. CO and H2S may strongly affect permeation 

even when present in low concentrations [35, 38, 39]. An inhibitive effect of O2 was 

reported when present in mixture with H2, over a pure Pd membrane as well as 

formation of H2O (by catalytic combustion over the Pd membrane surface) [26], while 

addition of Ag to the surface was found to suppress this effect [27]. Several authors, 

including our group, report on enhanced hydrogen flux through Pd-based alloy 

membranes after thermal treatment in air at temperatures of 300˚C or higher [22, 38, 40-

42], but a clear understanding of the effect of air/oxygen is not established. Removal of 

carbonaceous and other poisonous species has been suggested as an explanation for the 

increase in flux, and it was shown that air can be used to regenerate poisoned 

membranes [41]. Roa and Way [42] found, however, that the cleaning-only hypothesis 

was insufficient in explaining the improvements in hydrogen flux. In our previous study 

we suggested roughening and increase of surface area to be part of the explanation for 

PdAg membranes in the 1-5 µm thickness range [40]. We furthermore found that an 

alternative heat treatment at 400°C in an atmosphere consisting of N2 at the feed side 

and Ar at the permeate side of a 1.5 µm thick Pd/Ag23wt% membrane gave enhanced 

hydrogen flux similar to that observed after heating in air at 300°C [40]. The N2/Ar 

atmosphere was presumed inert, i.e. to have no effect on the membrane except the 

temperature during exposure. 
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It is also important to mention that surface segregation effects between Pd and Ag under 

various atmospheres have been both predicted and reported for PdAg alloys. Shu et al. 

[43] reported segregation of both Pd (to feed surface) and Ag (to permeate surface) 

under pure hydrogen, and furthermore predicted segregation of Ag to the surface as a 

result of N2 exposure, based on findings on catalysts/single crystal surfaces. First-

principles band-structure calculations also indicated hydrogen adsorption induced 

segregation of Pd to the surface [44]. 

 

 

The effects of N2/Ar treatment have been investigated in more detail in the present 

work, and the influence of treatment temperature and membrane thickness have been 

addressed. The hydrogen permeation results based on these experiments is the topic of a 

separate publication [45]. An investigation of the resulting membrane bulk 

microstructure is also reported separately [46]. The current paper focuses on the surface 

topography changes observed after the treatment procedures and subsequent hydrogen 

flux measurements and the accompanying segregation effects at the membrane surfaces. 

These findings are compared to corresponding measurements performed on membranes 

with similar thicknesses heated in air at 300°C. 

 

2. Experimental 

Pd/Ag (23 wt %) thin films were prepared by dc magnetron sputtering (CVC 601 

sputtering apparatus) using high purity argon (99.999%) as the sputter gas. The films 

were sputtered from a Pd/Ag23wt% target onto polished silicon single crystal 

substrates. The detailed description of the PdAg thin film preparation technique has 

been published earlier [14]. During sputtering, the silicon wafers were placed on a 

carousel, rotating at constant speed, so that nearly equal growth rate and composition 

are expected for membranes produced in the same sputtering run. Films in three 

thickness categories, i.e. 2 µm, 5 µm and 10 µm, were prepared. The 5µm and 10µm 

films were prepared using the same sputtering target. After sputtering the film 

thicknesses were determined by white light interferometry (WYKOT NT-2000, Veeco 
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Instruments, USA). The thicknesses of the membranes investigated in the present study 

were determined at 1.9 µm ± 0.1 µm, 5.4 µm ± 0.4 µm and 10.0 µm ± 1.0 µm. The thin 

membrane exposed to air at 300°C was prepared separately and was measured at a 

thickness of 1.5 µm [40, 46]. After sputtering the films were carefully lifted off the 

silicon substrate and mounted in the self-supported configuration. The procedure for 

preparing and mounting the membrane set-up for hydrogen permeation measurements 

has been described in earlier work [40]. The growth side of the as-grown film was 

always facing the feed side and the surface in contact with the silicon wafer during film 

deposition was facing the permeate side during treatment and permeation 

measurements. The effective area of the membrane used for the hydrogen permeation 

measurements was ~2.0 cm2. 

 

The different heat treatment procedures performed for the PdAg membranes are listed in 

Table 1. All membranes were initially heated to 300°C in N2 and Ar. At this 

temperature, the N2 feed gas was mixed with an equal flow of H2 and each membrane 

was left for ~24 hrs to reach a stable hydrogen flux. This was followed by permeance 

measurements under pure hydrogen at the feed side (200 Nml/min) and without sweep 

gas at the permeate side. The differential pressure across the membrane was varied from 

~5 kPa to ~25 kPa for the 1.5 and 2 µm membranes during hydrogen permeation 

measurements.  The upper limit of the differential pressure across the membrane was 

extended up to 43 kPa and 52 kPa for the 5 and 10 µm membranes respectively. 

Membranes from each thickness category were then subjected to thermal treatment in 

N2 (feed side) and Ar (permeate side) at 300°C, 400°C and 450°C or in air at 300˚C. 

The thermal treatments had duration of 3.5 to 4 days. Permeance measurements in pure 

hydrogen were then performed in the same way as before heat treatment. Additionally, 

to investigate the temperature dependence of the permeation, the H2 flux through the 10 

µm membrane heated in N2/Ar at 450°C was measured at 375 and 450°C  [45]. Leakage 

tests were performed before and after each measurement using He at a flow rate up to 

100 ml/min at the maximum differential pressure applied. In addition to this 

measurement series, a 2 µm membrane was treated in pure oxygen at 300°C after the 

hydrogen stabilization and without performing the subsequent hydrogen permeation 

measurements. Finally, two 2 µm membranes were cooled down in hydrogen after the 
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first hydrogen permeance measurements (see table 1). Two different cooling rates were 

chosen, one at 4°C/min as for cooling down in in N2/Ar (see table 1), and the other 

through rapid cool-down by opening the furnace surrounding the membrane set-up. 

 

The samples are labelled with membrane thickness, gas exposure and the temperature of 

the treatment, for example 2Mi300 where 2 refers the thickness of the membrane being 

2 µm, ‘i’ represents the inert (N2/Ar) atmosphere and 300 denotes the temperature 

during the treatment. Pure oxygen treatment is denoted by “o”, while exposure to air at 

300°C for the selected membranes is represented by ‘a’. High purity (99.999%) gases 

N2, Ar and O2 were used.    

 

Table 1.  

 

The surface topography of both the feed and permeate sides of the heat treated 

membranes were examined by Atomic Force Microscopy (AFM). A Multimode SPM 

from Digital Instruments was used in tapping mode, and the instrument software was 

used to determine the root mean square surface roughness and the surface area of both 

membrane surfaces. For comparison, as-grown samples, denoted AG, were examined 

after they were lifted off the silicon wafer. All images were flattened using a first order 

polynomial. 

 

The surface chemical composition was determined by X-ray photoelectron spectroscopy 

(XPS) with a KRATOS AXIS ULTRADLD spectrometer using monochromatic Al K  

radiation (hν =1486.6 eV). The pass energy for the wide scan and the element scan was 

160eV and 20 eV, respectively, the latter yielding an overall energy resolution of 330 

meV. Depth profile analysis of the elemental composition was performed by Auger 

Electron Spectroscopy (AES) using a JEOL JAMP 9500F Field Emission Auger 

Microprobe. The spectral energy resolution for the AES measurements was 0.6% of the 

kinetic energy. The electron beam voltage and current during AES measurement were 

10 keV and 2.73x10-9 A, respectively. An ion energy of 500 eV was used during depth 
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profile sputtering, which was performed in steps of 15 s. The sputtering rate was 

calibrated with the as-grown PdAg membranes and determined to 2 nm/min.  

3. Results  

3.1 Hydrogen permeation   

Fig. 1 shows the hydrogen flux results obtained before and after thermal treatment in 

N2/Ar at 300°C (a), 400°C (b) and 450°C (c) as well as before and after heat treatment 

in air at 300°C (d).  The hydrogen flux is plotted as a function of difference between the 

square root of the feed and permeate side partial pressures. The power dependency of 

the differential pressure is chosen as 0.5 so that the present results can be compared to 

previously reported data [38, 39, 45-47]. 

 

(Figure 1) 

 

As can be seen from Fig. 1a thermal treatments in N2/Ar at 300°C give increased 

hydrogen flux as compared to the flux measured before the thermal treatment for the 2 

µm membrane while the flux decreases for the two other membrane thicknesses, more 

pronounced for the 10 µm membrane. Turning to the corresponding N2/Ar heat 

treatment at 400°C, the flux behavior is similar (Fig. 1b). At the highest N2/Ar treatment 

temperature, 450°C, the flux is increasing for both the 2 µm and 5 µm membranes while 

this is not observed for the 10 µm membranes. Heat treatment in air at 300°C results in 

increased flux for all membrane thicknesses as shown in Fig. 1d. It should be noted that 

the flux measured for the 10 µm membrane before treatment in air was lower than 

observed for the other 10 µm membranes investigated in the present work. The 

calculated hydrogen permeance values for all investigated samples before and after the 

abovementioned treatments are summarized in Table 2. A more detailed presentation of 

the hydrogen permeation results is given elsewhere [45]. 

 

(Table 2) 

 

3.2 AFM investigations 

The surface topography as measured by AFM after heat treatments in N2/Ar and air at 

the selected temperatures as well as for the as-grown Pd/Ag23wt% films is shown in 
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Fig. 2 for the 2 μm membrane, in Fig. 3 for the 5 μm membrane and in Fig. 4 for the 10 

μm membrane. Representative images for both the feed (images to the left) and 

permeate side (images to the right) membrane surfaces are presented except for the as-

grown membranes where the surface facing the silicon substrate during sputter 

deposition was too smooth to be imaged by AFM, as also observed earlier [40]. AFM 

images after heat treatment in dry air at 300°C for the 5 μm thick membrane could not 

be obtained due to formation of large protrusions formed at the membrane surfaces after 

this procedure [46]. The scan size of the images for 2 μm (Fig 2) and 5 μm (Fig 3) 

membranes is (1x1) μm2. Due to the large grains present in the 10 μm thick membrane, 

images with scan size (5x5) μm2 are shown in Fig. 4. As seen from Fig. 2, the surface 

roughness at the feed side of the 2 μm thick membrane is increasing slightly after heat 

treatment at 300°C and 400°C, a tendency strongly enhanced after heating to 450°C. 

The change is more pronounced for the permeate side surface which was initially much 

smoother. After heat treatment in air at 300°C, both the feed and permeate surfaces 

topographies appear similar to the observations for the membrane heated in N2/Ar  at 

450°C. In the case of the 5 μm membrane (Fig. 3) the topographic changes at the feed 

side are pronounced after heating to 450°C but not after heating to 300°C or 400°C, 

while the surface roughness appears to increase with temperature for the permeate side. 

Finally, for the 10 μm membrane (Fig. 4) no significant changes in the surface 

topography are observed for the feed side, while the permeate side also in this case 

shows increasing surface roughness for higher heat treatment temperatures as found for 

the smaller thicknesses. For this membrane the surface topography is similar at both the 

feed and permeate sides after heating at 400°C (10Mi400) when compared to the 

membrane heat-treated in air (10Ma300) at 300°C. 

 

(Figure 2-4) 

 

As a quantitative measure of the surface roughness the root mean square (rms) value of 

the roughness together with the corresponding standard deviation have been calculated 

from the recorded AFM images. The resulting rms roughness as determined from AFM 

images taken at ten different locations on each sample is listed in Table 3. The 

corresponding calculated surface areas are also presented in the table. The roughness 
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analysis of the 2 μm and 5 μm thick membranes was based on (1x1) μm2 AFM images 

[40], while (5x5) μm2 images were used for the 10 μm membrane due to the larger 

roughness observed initially for this membrane. As a result, the data for the 2 µm and 5 

µm thick samples cannot be directly compared to the data for the 10 µm thick samples. 

Comparisons made for different image sizes indicate that the roughness values are 

generally slightly higher for larger images. The estimated surface area cannot be 

compared both because of different image sizes and the method of area determination 

[48]. Figure 5 illustrates the trends in the quantitative changes in the rms roughness 

(listed in Table 3) before and after the different thermal treatments for the three 

membrane thickness categories (vertical axis to the left) together with the corresponding 

permeability data (vertical axis to the right) taken from Table 2. 

 

(Table 3) 

 

(Figure 5) 

 

3.3 Surface composition 

The chemical composition of the feed side membrane surfaces, both for the as-grown 

samples and thermally treated samples was investigated using XPS in order to reveal 

possible changes in chemical composition due to the different heat treatments. Only two 

5 µm membranes were investigated, as scattered particles iron containing particles were 

observed on the surface of samples 5Mi300, 5Mi400 by scanning electron microscopy 

and energy dispersive x-ray analysis. Wide scan XPS spectra (not shown) revealed that 

in addition to palladium and silver traces of carbon and oxygen were present at all 

membrane surfaces. Due to some exposure to the ambient during transfer between the 

membrane set-up and the XPS system slight oxidation as well as carbon contamination 

are expected in all cases. However, the carbon level does not change significantly 

between the different treatments. If carbon was present in the bulk of the membrane 

segregation to the surface upon heat treatment would be expected [49, 50]. Moreover, in 

the case of heating in oxygen/air surface carbon should be removed in the presence of 

oxygen while heating in N2/Ar should not give this effect. Our observations therefore 

suggest that the main source of the carbon is exposure to ambient CO2 during sample 
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transfer. Other contaminants were not observed. In particular, nitrogen was not detected 

for any of the samples within the XPS detection limit.  

 

The relative amount of Pd and Ag in the surface after the different heat treatments as 

compared to the as-grown Pd/23%Ag films has been determined from the relative 

intensities of the Pd3d and Ag3d core levels. This is illustrated in Fig. 6 for the 2 μm 

thick membranes. A spectrum is also shown for a membrane, entitled 2Mo300, which 

was cooled down to room temperature without subsequent hydrogen permeation 

measurements after the oxygen treatment at 300°C. As can be seen by comparing the 

different panels in Fig. 6, the relative intensity of the Ag3d peaks is higher after heating 

in N2/Ar at the selected temperatures. Similar behavior is found for the other membrane 

thicknesses. A very strong reduction in the silver signal is observed for the 2Mo300 

sample.  

 

(Figure 6) 

 

A quantitative comparison for all three membrane thicknesses based on measuring the 

relative intensities of the Ag3d5/2 and Pd3d5/2 core level peaks of the heat treated 

membranes as compared to the as-grown films is summarized in Table 4. It is found that 

surface segregation of silver occurs upon heating the 2 μm membranes in N2/Ar, with 

the amount of Ag in the surface region increasing with heating temperature. In 

comparison, a 1.5 µm membrane heat treated in air at 300°C (1.5Ma300) shows 

palladium segregation to the surface. The two 5 μm membranes measured by XPS 

follow the same trend. Also for the 10 μm membrane silver segregation occurs upon 

heating in N2/Ar also for the 10 µm membrane. For this membrane thickness, however, 

silver segregation is even found after heat treatment in air at 300°C (10Ma300). 

 

(Table 4) 

 

A more detailed analysis of the Pd3d spectra of the as-grown and thermally treated 

membranes was undertaken. The Pd3d5/2 core level spectrum of the as-grown 2 µm film 

(2AG) is shown in the lower panel in Figure 7, together with the same spectral region 
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for the 2 µm membranes heat treated at 300°C (2Mi300 and 2Mo300). The dashed lines 

are fitted curves for the spectra obtained through fitting the different contributions by 

Doniach-Sunjic line shapes [51] convoluted with a Gaussian function. The vertical line 

indicates the binding energy position of the Pd bulk component. For the as-grown film 

some initial oxide formation is observed, with a binding energy shift ~0.61 ± 0.03 eV 

relative to the bulk contribution. This sub-oxide (PdOx with x < 1) is, as already stated, 

attributed to the exposure to air during transfer between the membrane reactor chamber 

and the XPS system. This spectrum is quite similar to those observed after the different 

heat treatments, illustrated by the spectrum for 2Mi300, followed by the hydrogen 

permeation measurements. In comparison, the Pd3d5/2 spectrum obtained for membrane 

2Mo300, where no hydrogen permeation measurements have been performed after the 

oxygen treatment, shows a strong palladium oxide (PdO) contribution with a chemical 

shift of 1.9 eV compared to bulk Pd. The corresponding O1s spectrum (not shown) 

reveals a strong oxygen contribution. This oxide formation is accompanied by a strong 

Pd segregation to the surface as evident from the relative Ag/Pd intensity ratio listed for 

this sample in Table 3. The thickness of this oxide layer was determined by Auger 

electron spectroscopy combined with sputtering. The resulting depth profiles measured 

for Pd, Ag and O are displayed in Fig. 8, and show that the oxide is about 2 nm thick. 

Corresponding measurements at the permeate side of this membrane gave an oxide 

thickness of 3 nm. The relative amount of Pd and Ag cannot be deduced from the AES 

data as the sputter yield is higher for silver than palladium.  

 

(Figure 7) 

 

(Figure 8) 

 

4. Discussion 

The hydrogen permeation behavior of free-standing Pd/Ag23wt% membranes is 

discussed in detail in other publications [15, 40, 45] and will in the present work be 

viewed in relation to the surface characterization results. From the AFM studies it 

should be noted that the surface roughness of the permeate side surfaces increases for all 

three membrane thicknesses with a larger roughness for the higher annealing 
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temperatures for the heat treatment in N2/Ar. These changes are reflecting the 

underlying grain structures and are hence a result of grain growth within the 

polycrystalline membrane itself, which can be understood from the Gibbs-Thompson 

relation and is discussed in more detail elsewhere [46]. Due to the high density of 

smaller grains, as well as presence of micro-strains, near the surface facing the substrate 

of the as-grown film [46] more pronounced grain growth is expected at the 

permeate/substrate side of membrane surfaces as compared to the feed side, irrespective 

of the membrane thickness. This is also in agreement with our AFM measurements. 

Moreover, the surface roughness at the permeate side of the air treated 1.5 µm and 10 

µm membranes is larger than for the corresponding membranes treated in N2/Ar at 

300˚C. This difference may in part be understood by the fact that a palladium oxide is 

formed at the surface upon air exposure, as illustrated through our XPS and Auger data 

for the 2Mo300 sample. This oxide formation causes morphological and compositional 

changes in the surface and near surface layers. The following reduction during the 

hydrogen permeation measurements results in further composition changes as can been 

seen from comparing the Ag/Pd intensity ratios for the samples 1.5Ma300 and 2Mo300. 

Morphological changes of Pd surfaces exposed to air at elevated temperatures have been 

reported by several researchers [42, 52]. Aggarwal et.al [52] reported self-assembly of 

micrometer scale hillocks of conducting palladium oxide upon heating in oxygen at 

900°C, accompanied by 38% volume change due to the structural differences between 

Pd and palladium oxide. The origin of hillock formation was further studied by Roa and 

Way [42] in order to relate these structures to the air-purging effect on hydrogen 

permeation for Pd-Cu composite membranes. They also found hillock formation after 

the membranes were exposed to air at 900°C for 1 hour, with heights of the order ~0.2 

µm. Due to the much higher temperature these results are not directly comparable, but 

we mention them as they could have relevance to our observations. 

 

The changes in surface topography observed for the 1.5 µm membrane after air 

treatment (sample 1.5Ma300) is not a replica of the surface oxide formed since the size 

of the features responsible for the roughness far exceeds the thickness of the oxide, 

which is only a few nm. The surface roughness observed for the 1.5Ma300 sample (24 ± 

3 nm) is considerably higher than previously reported for similar membranes after the 
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same thermal treatment [40]. TEM cross sectional studies of the 1.5Ma300 sample 

showed void formation within the first 200 nm below the surface [35]. Some of these 

penetrate the surface appearing as pits which contribute to the observed roughness. In 

comparison, we find a surface roughness of 5.8 ± 0.3 nm for the feed side surface and 

5.1 ± 0.9 nm for the permeate side surface of sample 2Mo300, which for the feed side 

surface is the same as that observed for the as-grown film (2AG). This finding may 

suggest that also the reduction and hydrogen permeation measurement stage after the 

thermal treatment contributes to the changes in surface topography. 

 

The topographical changes at the feed side membrane surfaces depend on the film 

thickness. For the 2 µm membrane the surface roughness and surface area increase for 

treatment in N2/Ar at all selected temperatures, where very high values are obtained 

after heating in N2/Ar at 450˚C, as also observed after the treatment in air for the 1.5 µm 

membrane. The annealing temperature has to reach 450˚C before the surface topography 

changes for the feed side surface of the 5 µm membranes, while no quantitative changes 

are observed for the 10 µm membranes.  

As seen from the XPS data presented in Table 4, the changes in surface topography are 

accompanied by compositional changes in the outer surface region. Enrichment of silver 

in the surface due to the heat treatment in inert atmosphere is observed for all thickness 

categories in the present work. This segregation effect can be understood from the fact 

that silver has a lower surface energy than palladium [53, 54]. Dissociation of H2 is an 

important initial step in the hydrogen permeation process. As is well known from 

literature, H2 is readily dissociating on Pd, while the adsorption of H2 on silver is weak 

[55, 56]. As a result of silver segregation the number of active sites for H2 dissociation 

at the membrane surfaces may be reduced, which in turn may affect hydrogen 

permeation.  

Hydrogen induced Pd segregation to the very first surface layer of Pd-Ag alloys has 

recently been predicted by theoretical calculations [44]. To address the effect of the 

hydrogen permeation on the composition in the surface region, two thin 2 µm PdAg 

membranes were cooled down in hydrogen at two different cooling rates (2Mh300F and 
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2Mh300S), after the initial stabilization in H2:N2 and first hydrogen permeance 

measurements at 300°C (permeance 1 in Table 1). XPS analysis of the resulting surface 

composition shows Ag surface segregation. Our result cannot exclude that Pd 

segregation to the outermost surface layer may occur, but they clearly indicate silver 

enrichment in the surface region during the hydrogen permeation measurements. Also 

contaminants such as carbon may segregate to the surface upon annealing, but 

differences in surface carbon concentration could not be established between the 

samples. However, due to the exposures to atmosphere prior to XPS measurements, we 

cannot draw an explicit conclusion on this point.  

 

The effect of the air treatment at 300°C on the membrane surface composition is clearly 

illustrated by the XPS results for the 2Mo300 sample, where the amount of silver is 

decreased by 70% relative to the amount for the as-grown film within the XPS probing 

depth. The oxide formation induces strong segregation of palladium towards the surface 

and an accompanying depletion of silver. As a result, initially after air treatment and 

reduction in H2, a higher number of palladium sites are available for the H2 dissociation 

as compared to that for the treatments in N2/Ar. During the continued hydrogen 

permeation measurements, the amount of silver in the outermost surface layers may 

again increase. As seen from our XPS results for the 2 and 5 µm membranes heat-

treated in air, Pd enrichment is still observed after permeation measurements. 

Segregation of Pd has also previously been reported after hydrogen permeation 

measurements for the Pd-Ag/ceramic composite membranes treated in air at 400°C [38, 

41], and was also in this case attributed to diffusion of Pd towards the surface during the 

air treatment. Combinations of heat treatment in air with reduction in hydrogen 

followed by flux measurements of thicker membranes have yielded both palladium 

segregation (high pressure side) and silver segregation (low pressure side), and 

hydrogen chemisorption induced Pd segregation was suggested in this case [43]. In the 

present work, the amount of silver at the feed side surface of membrane 10Ma300 is 

higher than for the as-grown film and only slightly lower than for the N2/Ar heat-treated 

membranes. The reason for this deviating experimental result is not known, and further 

systematic studies are required to fully understand the segregation behavior of the PdAg 

membrane system.  
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An important issue for the performance of hydrogen permeable membranes is the 

transport limiting step. To unambiguously determine whether the hydrogen permeation 

is limited by the surface or the bulk, the hydrogen permeance should be plotted versus 

inverse membrane thickness, as in our previous paper [40]. Fig. 9 shows a plot of 

permeance vs inverse thickness, including all data obtained in our group on sputtered 

Pd/23wt%Ag membranes that were heat treated in air at 300°C and investigated in 

different configurations [40, 45], including the present work. The regression line fitted 

to all permeance data after treatment suggests a linear relationship between hydrogen 

permeance and inverse membrane thickness. These data therefore further support the 

conclusion on bulk transport limitation for 300°C air treated membranes of thickness 

1.5-2.0 µm and higher. The possibility of a transition to surface limitation in the 

thickness range 1-1.5 µm can, however, not be excluded without investigating 

membranes below this thickness. .It is also possible that the transport could be surface 

limited before the treatment, at least for the lower thicknesses, possibly by the smooth, 

relatively low surface area permeate surface. Permeance data obtained before any 

treatment generally show larger deviations in permeance vs inverse thickness linear 

regression plots (not shown), and appear somewhat dependent on sputtering parameters 

such as batch and target, which makes it more difficult to conclude on transport limiting 

steps. 

(Figure 9) 

 

For the N2/Ar treatment the number of membranes investigated in each thickness 

category and at the different annealing temperatures is more limited, but the permeance-

inverse thickness relation appears to hold at least for thicknesses of 10 µm and higher 

[45]. In Fig. 5 the surface roughness data measured after the different thermal 

treatments are compared to the hydrogen permeability before and after treatment. For 

the thin 2 µm membranes increased hydrogen permeability after thermal treated in 

N2/Ar at all three temperatures is observed along with increasing surface roughness and 

area. These observations could indicate that the hydrogen flux through the 2 µm 

membranes may be affected by surface limitations prior to thermal treatment and also 

after thermal treatments in N2/Ar, The behavior is the quite different for the 5 µm and 
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10 µm membranes, where the permeability is lower after heating in N2/Ar at 300°C and 

400°C as compared to before treatment. At the same time the permeate side surface 

roughness is increasing, while no changes are seen in the surface topography at the feed 

side surfaces, indicating that available surface area for dissociative adsorption of 

hydrogen at the feed side and recombinative hydrogen desorption at the permeate side is 

not limiting the hydrogen permeation. One may therefore suggest that these membranes 

are bulk limited before heat treatment, though the permeability is higher after treatment 

in air at 300°C. For both these membrane thicknesses the permeability improves after 

annealing in N2/Ar at 450°C, most significantly for the 5 µm membrane which is 

exceeding the value before treatment. Also an increased surface roughness at the feed 

side surface is observed for this membrane. 

 

For all treatment conditions applied, the permeance generally decreases with increasing 

thickness (see table 2). But differently from air treatment, for a thickness-temperature 

treatment window an actual decrease in permeance is observed compared to before 

treatment in N2/Ar. One may speculate if surface segregation effects change 

permeability differently depending on thickness. The ratio between silver and palladium 

atoms in the outermost surface layer may affect the number of available sites for H2 

dissociation. Moreover, permeability is determined by the hydrogen solubility and 

diffusivity [57], both parameters depending on composition. For Pd-Au alloys bulk 

hydrogen occupancy sites were found to change by the concentration of Au as 

determined from neutron diffraction and thermal desorption experiments [58]. Also 

inelastic incoherent neutron scattering studies for the atomically ordered phase of 

palladium-silver hydrides showed a large difference between Pd-H and Ag-H 

interactions in the hydrides [59]. Our observed surface segregation may be in line of 

such arguments reflecting variations in permeability for thin membrane materials.  

 

As compared to treatment in N2/Ar, treatment in air should also facilitate removal of 

possible carbonaceous contaminants from the membrane surfaces, as previously 

discussed for Pd-Ag/ceramic composite membranes [41]. As shown above, however, we 

were not able to establish any trend in contamination levels for the different treatments.  
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5. Conclusions 

Hydrogen permeation measurements before and after thermal treatment in the 

temperature range 300°C-450°C in N2/Ar for Pd/Ag23wt% membranes of different 

thicknesses have been compared to observed changes in the surface topography and 

chemical composition. For a 2 µm thick membrane the surface roughness and area 

increase for all annealing temperatures applied, while a temperature of 450°C was 

required for an increase in roughness of both membrane surfaces to occur for a 5 µm 

membrane. The thickest membrane, of 10 µm, showed change in the surface roughness 

and area on one side of the membrane only and a slight decrease in hydrogen permeance 

after all heat treatments in N2/Ar. XPS investigations performed after treatment and 

subsequent permeation measurements reveal segregation of silver to the membrane 

surfaces for all annealing temperatures applied.  In comparison, heat treatment at 300°C 

in air gave higher hydrogen permeance accompanied by increasing surface roughness 

and area as well as different segregation behavior at the membrane surfaces. The 

available data material points at bulk limited hydrogen permeation for Pd/Ag23wt% 

membranes after heat treatment in air at 300°C for thicknesses down to 1.5-2.0 µm. A 

transition from surface to bulk control upon treatment is feasible, at least for the thinner 

membranes, but the changes in permeance can not be fully accounted for by changes in 

surface structure and composition. 
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Figure captions 

 
Figure 1. Hydrogen flux through the Pd/Ag23wt% membranes as a function of difference 
in square root of the hydrogen partial pressures at the feed and permeate side before and 
after heat treatment in (a) N2/Ar at 300°C (b) N2/Ar at 400°C (c) N2/Ar at 450°C and (d) 
air at 300°C. The dashed/solid lines in each figure with empty/solid symbols represent the 
hydrogen flux before/after treatments. Triangles refer to samples with thickness 10 μm, 
squares to 5 μm membranes and circles to 2 μm membranes. The dashed/solid circles 
with empty/solid circles for (d) refer to 1.5 µm membranes. 
 
Figure 2. AFM images of 2 μm membrane surfaces for the as-grown (2AG) growth 
surface, after treatment in N2/Ar at 300°C (2Mi300), at 400°C (2Mi400), at 450°C 
(2Mi450) and after air exposure at 300°C (1.5Ma300). The membrane surfaces facing the 
feed side in the membrane reactor are shown to the left, while the membrane surfaces 
facing the permeate side are shown to the right. Image scan sizes are 1 µm x 1 µm, and 
the height scale is 20 nm from dark to bright. The respective heat treatments of the 
membranes are indicated at the bottom of each image. All images have been flattened 
using a first order polynomial. 
 
 
 Figure 3. AFM images of 5 μm membrane surfaces for the as-grown (5AG) growth 
surface, after treatment in N2/Ar at 300°C (5Mi300), at 400°C (5Mi400), at 450°C 
(5Mi450). The membrane surfaces facing the feed side in the membrane reactor are 
shown to the left, while the membrane surfaces facing the permeate side are shown to the 
right. Image scan sizes are 1 µm x 1 µm, and the height scale is 20 nm from dark to 
bright. The respective heat treatments of the membranes are indicated at the bottom of 
each image. All images have been flattened using a first order polynomial. 
 
 
Figure 4. AFM images of 10 μm membrane surfaces for the as-grown (10AG) growth 
surface, after treatment in N2/Ar at 300°C (10Mi300), at 400°C (10Mi400), at 450°C 
(10Mi450) and after air-exposure at 300°C (10Ma300). The membrane surfaces facing 
the feed side in the membrane reactor are shown to the left, while the membrane surfaces 
facing the permeate side are shown to the right. Image scan sizes are 1 µm x 1 µm, and 
the height scale is 20 nm from dark to bright. The respective heat treatments of the 
membranes are indicated at the bottom of each image. All images have been flattened 
using a first order polynomial. 
 
Fig 5. Diagram comparing the surface roughness for the feed and permeate sides and 
permeability of the samples subjected to different thermal treatments, as grouped by 
thickness category. As permeability for the as-grown membranes was used the average 
for the corresponding membranes of the same thickness before treatment.  
 
Figure 6. The spectral region covering the Pd3d, Ag3d and C1s core levels for the 2 μm 
as-grown sample (2AG), the 2 μm membranes thermal treated in N2/Ar at 300°C, 400°C 
and 450°C, and the 2Mo300 membrane (bottom to top). 
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Figure 7. Pd3d5/2 core-level spectra for the 2 μm as-grown sample (lower panel), after 
heat treatment in N2/Ar at 300°C (mid panel) and for the 2Mo300 membrane (upper 
panel). 
 
Figure 8. Auger electron spectroscopy depth profile for the 2 µm thin film exposed to 
pure oxygen at 300°C, with no further hydrogen permeation tested (2Mo300). The 
elements monitored are Pd (empty circles), Ag (empty squares) and O (empty inverted 
triangles). 
 
Figure 9. Permeance vs inverse thickness of Pd/Ag 23 wt.% membranes exposed to air at 
300˚C in the present work and from References 40 and 45. 
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Table captions 
 

Table 1   Hydrogen permeation procedures and the gas flow conditions including 
operating temperature and duration. The samples exposed to the different treatments are 
listed in the last column.  
 
Table 2   Calculated permeance and permeability before and after thermal treatment in 
N2/Ar and air for the 2 μm, 5 μm and 10 μm membranes. 
 
Table 3 Surface roughness and area, for the 2 μm, 5 μm and 10 μm as-grown and tested 
membranes as determined from AFM measurements. 
 
Table 4   The relative intensities between the Ag3d and Pd3d core level peaks for the 
different treatments and membrane thicknesses as compared to the Ag/Pd intensity ratio 
measured for the corresponding as-grown membranes. 
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Feed flow  
[Nml/in] 

Permeate flow  
[Nml/in] 

T  
[°C] 

ΔP 
[kPa] Time 

Procedure 
H2 N2 Air O2 H2 Ar Air O2    

Samples 

Heating  50 
100 

   50 
50 

  20-300 (*) 70min. All 2 µm 
All 5µm and 10µm 

H2 stabilization 50 
100 

50 
100 

   50   300 (*) 24 h All 2 µm 
All 5µm and 10µm 

Permeance I 200 
200 
200 

        5-25
5-43
5-52 

 All 2 µm  
All 5µm  
All 10µm  

Cooling in H2 50    50    300-20   2Mh300F(***) 
2Mh300S(***) 

N2/Ar HT (i)  50    50   300 
 

400 
 

450 

(*) 3.5 - 4 
days 

2Mi300, M5i300, 
10Mi300 
2Mi400, 5Mi400, 
10Mi400 
2Mi450, 5Mi450, 
10Mi450 

Air HT (a)   Atm 
40 
50 

   Atm 
40 
50 

  (**) 3.5- 4 
days 

1.5Ma300,  
5Ma300 
10Ma300 

O2 HT (o)    50    50  (*) 3.5- 4 
days 

2Mo300 

Permeance II 200 
 

200 
200 

        5-25 
 

5-43
5-52 

 2Mi300, 2Mi400, 
2Mi450 
All 5µm  
All 10µm  

Cooling in 
N2/Ar 

 50 
 

100 

   50 
 

50 

  300-20 (*) 70min. 2Mi300, 2Mi400, 
2Mi450 
All 5µm  
All 10µm 

 
 
(*) A slight overpressure (<1.0 kPa) was maintained on the feed side during flow 
procedures (see text for details). 
(**) Heat treatment in air was performed either by introduction of equal flows of dry air 
from gas bottles (5 and 10 µm membranes), or by opening the feed and permeate gas 
lines to the ambient (marked as Atm.) after flushing by N2/Ar. 
(***) After H2 stabilization and permeance I measurements, two of the 2µm membranes 
were cooled down in hydrogen. F represents the immediate cooling down by opening 
the housing covered the membrane set-up. S refers the same cooling rate as in N2/Ar 
(see text for details). 
 

Table 1 
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Permeance (mol/m2s Pa0.5)  x10-3 Permeability (mol.m/m2s Pa0.5)  x10-8 

Before treatment After treatment Before treatment After treatment 
Sample 
Code 

2 µm 5 µm 10 µm 2 µm 5 µm 10 µm 2 µm 5 µm 10 µm 2 µm 5 µm 10 µm 

Mi300 3.02 4.58 2.06 7.75 3.07 0.73 0.58 2.75 2.06 1.47 1.84 0.74 

Mi400 4.47 4.40 2.46 10.81 3.11 1.60 0.85 2.86 2.88 2.05 2.02 1.88 

Mi450 3.31 3.89 2.38 12.21 5.12 2.23 0.63 2.14 2.33 2.32 2.82 2.17 

Ma300 8.07(*) 4.48 1.75 15.0 5.07 3.49 1.21 2.76 1.78 2.25 3.19 3.54 

 
 
 (*) The thickness of this sample is 1.5 µm (see text for details). 

 
 
 

Table 2 
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Roughness  (nm) Surface area x 103 (nm2) Samples 

    Feed /              
growth Permeate/ substrate Feed/growth Permeate/ substrate 

2AG 5.9 ± 0.3 - 5.0 ± 1.0 - 
2Mi300 6.3 ± 0.7 3.2 ± 0.1 8.3 ± 3.0 4.3 ± 0.7 
2Mi400 7.1 ± 0.6 10.3 ± 0.5 13 ± 4 11± 3 
2Mi450 20 ± 4 25 ± 4 36 ± 23 26 ± 16 

1.5Ma300 24 ± 3 34 ± 3 24± 14 50 ± 32 
5AG 9.6 ± 1.4 - 12 ± 3 - 

5Mi300 9.5 ± 1.4 3.6 ± 0.4 12 ± 2 4.0 ± 2.0 
5Mi400 9.9± 1.5 6.4 ± 1.4 18 ± 9 6.7 ± 2.2 
5Mi450 18 ± 8 9.1 ± 2.4 24 ± 11 12 ± 4 
10AG 24± 1 - 95± 24 - 

10Mi300 22± 1 2.4 ± 0.4 96± 32 3.4 ± 0.8 
10Mi400 25 ± 1 3.3 ± 0.7 96± 33 5.3 ± 2.0 
10Mi450 25 ± 3 14.8± 0.5 114.± 31 41 ± 15 
10Ma300 21 ± 2 4.0 ± 0.4 158 ± 33 14 ± 5 

 
 

Table 3 
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I(Ag)/I(Pd) 

Samples 
2 µm 5 µm 10 µm 

Mi300 1.08 - 1.22 
Mi400 1.34 - 1.33 
Mi450 1.45 1.44 1.34 
Ma300 0.89(*) 0.85 1.17 
Mo300  0.30 - - 

 
 (*) The thickness of this sample is 1.5 µm (see text for details). 

 
                                                                
                                                                  Table 4 
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a b s t r a c t

The long-term stability of Pd–23%Ag/stainless steel composite membranes has been examined in H2/N2

mixtures as a function of both temperature and feed pressure. During continuous operation, the membrane
shows a good stability at 400 ◦C while the N2 leakage increases very slowly at a temperature of 450 ◦C
(Pfeed = 10 bar). After 100 days of operation (Pfeed = 5–20 bar, T = 350–450 ◦C), the N2 permeance equals
7.0 × 10−9 mol m−2 s−1 Pa−1, which indicates that the H2/N2 permselectivity still lies around 500, based on
a H2 permeance equal to 3.0 × 10−6 mol m−2 s−1 Pa−1. Despite the generation of small pinholes, a mem-
brane life-time of several (2–3) years (T ≤ 425 ◦C) is estimated for the experimental conditions employed
agnetron sputtering
ydrogen flux
embrane stability

ife-time
ydrogen selective membrane
icrostructure

based on long-term stability tests over 100 days. Post-process characterisation shows a considerable grain
growth and micro-strain relaxation in the Pd–23%Ag membrane after the prolonged permeation experi-
ment. Changes in surface area are relatively small. In addition, segregation of Ag to the membrane surfaces
is observed. The formation of pinholes is identified as the main source for the increased N2 leakage during
testing at higher temperature.

© 2008 Elsevier B.V. All rights reserved.
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. Introduction

Hydrogen selective membranes are interesting candidates to be
pplied in water gas shift (WGS) membrane reactors to achieve
O2 capture by the so-called pre-combustion decarbonisation in

arge-scale power generation or hydrogen production. Commer-
ial membranes are available in the form of tubes or foils, which
re relatively thick (15–20 �m). The hydrogen flux, being inversely
roportional to the thickness of the membrane, is thus too low

or sufficient cost efficiency in most applications. For most prac-
ical use, it is therefore necessary to develop membranes with
educed thickness of the Pd layer. In the last decade, a substan-
ial research effort has been carried out to achieve higher fluxes by
epositing thin layers of Pd or Pd alloys on porous supports, like

eramics or stainless steel. The most common methods to fabri-
ate these composite membranes include electroless plating [1,2],
hemical vapour deposition [3,4], physical vapour deposition [5],
nd sputtering [6–9]. In most cases, the thin Pd or Pd alloy layer is

∗ Corresponding author.
E-mail address: Rune.Bredesen@sintef.no (R. Bredesen).
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repared directly on the surface or inside the pores of the support
3,10]. Depending on the method, a lower thickness limit exists for
hich a dense layer can be obtained. This thickness limit increases
ith increasing surface roughness and pore size in the support’s

op layer [6,11]. Differently from previous efforts we are using a
wo-step process where a defect free Pd-alloy membrane is first
repared by sputtering deposition onto the ‘perfect surface’ of a sili-
on wafer [12,13]. In the second step the membrane is removed from
he wafer and transferred to a porous stainless steel support. This
llows the preparation of very thin (∼2 �m) membranes supported
n macroporous substrates. Moreover, the magnetron sputtering
echnique allows for the preparation of homogeneous films using

ulti-component targets, where thickness and composition con-
rol using electroless plating is more cumbersome [8].

The reduced membrane thickness, however, challenges mem-
rane stability. Possible causes of stability problems are poor
atching of thermal and chemical expansion coefficients between
he support material and membrane layer, possible inter-metal
iffusion between the support and membrane layer, microstruc-
ural changes due to grain growth, segregation, or reaction with
omponents in the gas mixture [14,15]. Whereas, ceramic supports,
uch as, e.g. pure alumina, are not believed to cause significant

http://www.sciencedirect.com/science/journal/03767388
http://www.elsevier.com/locate/memsci
mailto:Rune.Bredesen@sintef.no
dx.doi.org/10.1016/j.memsci.2008.10.053


mbran

i
i
m
i
u
c
o
a
b
[
F
p
s
t
e
e
c
o
u

t
[
t
a
h
a
p
6
c
t
h
b
f
o
b
f
c
t
(
t
t
b

2

2

i
w
c
∼
U
o

2

f
m
P
r
s
s
b

p
p
T
a
d
P
D
i

2

u
m
i
f
fl
t
r
T
r
T
b
f
(
p
g
t
e

2

m
a
T
w
i
i
D
m
s
f
t
s
u
t
e
(
a
a
S
c
g
f
S
t
a
e
t

T.A. Peters et al. / Journal of Me

nter-diffusion problems, stress generated due to the poor match-
ng of the thermal expansion coefficients between Pd and alumina

ay cause loss of attachment, flaking-off and cracking [14]. Less
nterfacial stress is generated for thinner Pd layers [16,17], partic-
larly on porous steel supports which have a thermal expansion
oefficient close to that of palladium [17]. However, inter-diffusion
f metals between membrane and porous metal support occurring
t high temperature deteriorates the performance of the mem-
rane. To reduce the problem, barrier layers of TiN [18], oxides
19–21] or porous Pd–Ag [22,23] are coated on the metal support.
or example, membranes with a porous Pd–Ag composite layer
repared by consecutive deposition of Pd and Ag layers have been
table under hydrogen permeation conditions for over 1400 h at
emperatures exceeding 500 ◦C [24]. The many stress generating
ffects, as well as the reactive components the membrane is
xposed to, probably cause frequently observed microstructural
hanges in thin Pd-based membranes [25]. Further optimisation
f the performance of thin composite membranes requires better
nderstanding of these features.

In a recent article, we have reported the preparation and
ransport properties of tubular supported Pd–23%Ag membranes
13]. The effects on the hydrogen flux caused by hydrogen dilu-
ion, concentration polarization due to mass transfer limitations,
nd adsorption effects, were particularly addressed. For these
ighly selective ∼2 �m thick Pd–23%Ag composite membranes,
H2 flux reaching ∼1223 mL cm−2 min−1 at 25 bar differential

ressure was achieved [13]. This corresponds to a permeance of
.4 × 10−3 mol m−2 s−1 Pa−0.5. The permeance in mixtures and WGS
onditions, however, was considerably reduced due to concentra-
ion polarisation and CO surface poisoning. In the present work, we
ave investigated the long-term stability of the supported mem-
ranes as a function of temperature and pressure over a period
or 100 days. An intermetal diffusion barrier was applied on top
f the membrane support. Thorough material characterisation has
een performed employing different techniques, including atomic

orce microscopy (AFM), scanning electron microscopy (SEM),
onventional transmission electron microscopy (TEM), scanning
ransmission electron microscopy/energy dispersive spectroscopy
STEM/EDS), X-ray diffraction (XRD), X-ray photoelectron spec-
roscopy (XPS), and Auger electron spectroscopy (AES). In addition,
he life-time of the supported membranes has been estimated
ased on the long-term test over 100 days.

. Experimental

.1. Pd–23%Ag film preparation

Unsupported palladium alloy films were prepared by sputter-
ng using a CVC 601 magnetron sputtering apparatus. The films

ere sputtered from a Pd–23%Ag target onto polished silicon single
rystal substrates [12]. The vacuum chamber was pumped down to
10−6 T before introducing the Ar sputtering gas into the system.
sing a sputtering time of around 2 h a final nominal film thickness
f ∼2.6 �m was obtained.

.2. Membrane preparation

After sputtering, the palladium film was removed manually
rom the silicon substrate and transferred to a 4 cm long tubular

acroporous stainless steel substrate. During the application, the

d–23%Ag film was wrapped along the stainless tube. An overlap
egion provided sealing between subsequent films. The Pd film–Si
ubstrate interface side of the as-grown film served as the feed
ide and the Pd film growth side as the permeate side of the mem-
rane during testing. Sealing was obtained by clamping. The tubular

P
a
w
A
a
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orous 316 L stainless steel (PSS®) AccusepTM support was sup-
lied by PALL Corporation, USA. It has an average pore size of 2 �m.
he outer diameter and wall thickness of the support were 11.85
nd 0.48 mm, respectively. An intermetallic diffusion barrier was
eposited on the porous stainless steel prior to application of the
d film. The effective surface area of the membrane was ca. 6.8 cm2.
ue to confidentiality we are unfortunately not able to reveal more

nformation concerning the properties of the membrane support.

.3. Hydrogen permeation measurements

The tubular-supported palladium membrane was tested in a
nit designed and constructed for high-pressure membrane per-
eability testing. The supported palladium membrane was placed

nside a 316 L stainless steel module (inside diameter 19 mm). The
eed and permeate gas flows were controlled by automated mass
ow controllers (Bronkhorst High-Tech). The long-term stability of
he membranes was investigated at low feed flow rates, i.e. high H2
ecovery, in order to prevent consumption of large quantities of gas.
he membrane was heated from room temperature to 300 ◦C at a
ate of 2 ◦C/min in a N2/Ar atmosphere before H2 was introduced.
he pressure at the feed side of the membrane was controlled by a
ack pressure controller (Bronkhorst High-Tech). The gases at the

eed and permeate side were analysed by a gas chromatograph (GC)
Varian Inc., CP-4900). Fluxes were calculated from the measured
ermeate H2 concentration and the calibrated flow of Ar sweep
as. A counter-current sweep was applied. The permeate side of
he membrane was kept at atmospheric pressure during the whole
xperiment.

.4. Membrane characterization

After the permeation experiments, pieces of the Pd–23%Ag
embrane were removed from the tubular support, and made

vailable for microstructure, composition and other investigations.
he surface topography on larger length scales was characterized
ith an optical microscope, OLYMPUS BX60, while detailed changes

n the surface topography of the exposed membranes were exam-
ned by atomic force microscopy (AFM). A Multimode SPM from
igital Instruments was used in Tapping mode, and the instru-
ent software was used to estimate the surface roughness and

urface area of both the feed and permeate side membrane sur-
aces. For comparison, as-grown samples were examined after
hey were pulled off from the silicon wafer. A field emission
canning electron microscope (SEM), Hitachi S-43000 SE, was
sed to study morphology of the surfaces. Transmission elec-
ron microscopy (TEM) (Philips CM 30) and scanning transmission
lectron microscopy/energy dispersive spectroscopy (STEM/EDS)
JEOL 2010F) were used for bulk microstructure and composition
nalysis, respectively. Both TEMs were operated at 200 kV volt-
ge. X-ray diffraction (XRD) experiments were performed at the
wiss-Norwegian Beamline, station B (SNBL B) of the European Syn-
hrotron Radiation Facility (ESRF) in Grenoble, France. Since the
rain structures of the membranes are different across the two sur-
aces, the samples were scanned from both surfaces, one at a time.
ize and strain broadening effects were extracted from the diffrac-
ion peak profile, assuming Lorentzian line shape for the former
nd a Gaussian component for the later [26]. Details of the XRD
xperiment and the microstructure analysis will be described in
he forthcoming paper on the microstructure of thin, freestanding

d–23%Ag membranes [27]. The surface chemical compositional
nalysis was performed by X-ray photoelectron spectroscopy (XPS)
ith a KRATOS AXIS ULTRADLD spectrometer using monochromatic
l K� radiation (h� = 1486.6 eV). The pass energy for the wide scan
nd the element scan was 160 and 20 eV, respectively, the latter
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ielding an overall energy resolution of 330 meV. Depth profiling
f the chemical composition of the membrane was performed by
uger electron spectroscopy (AES) with a JEOL instrumental unit,

AMP 9500F, field emission Auger microprobe. The spectral energy
esolution for the AES measurement was 0.6% of the kinetic energy.
he electron beam voltage and current during AES measurement
ere 10 keV and 2.73 × 10−9 A, respectively. An ion energy of 500 eV
as used during sputtering, which was performed in steps of 15 s.

he sputtering rate was calibrated with the as-grown Pd–Ag mem-
ranes and found to be 2 nm/min.

. Results and discussion

.1. Long-term stability

The long-term stability of the supported Pd–23%Ag membranes
as monitored over a period of 100 days using a feed gas mix-

ure of 50% H2 + 50% N2. The H2 and N2 fluxes were measured while
he temperature and pressure were systematically varied between
50 and 450 ◦C and 5–20 bar, respectively. The observed fluxes of
2 and N2 as a function of process time under different operating

onditions are given in Fig. 1.
Initially, a stable membrane performance was obtained by

pplying a feed pressure up to 10 bar and temperature up to 400 ◦C
uring more than 1 month, as shown in Fig. 1. However, after the
ubsequent increase in operation temperature to 450 ◦C, the nitro-
en leakage flux increases drastically. The decrease in operating
emperature to 400 ◦C did not stabilize the N2 leakage. Similarly,
he rate of N2 leakage was increased by increasing the feed pressure
rom 10 to 20 bar. By subsequently decreasing the pressure down to
bar and temperature down to 375 ◦C, the nitrogen leakage flux sta-
ilises again. Most surprisingly, however, the nitrogen leakage flux

s found to increase fairly linear as a function of time at constant
emperature and pressure. Similar observations were reported by
uazzone and Ma for helium leakage through Pd composite mem-
ranes [28]. Based on experimental results, they identified pinhole
ormation mechanisms. They found that the formation and growth
f pinholes started at about 400–450 ◦C. According to this investi-
ation, the formation of new and small pinholes can increase the
eak rate as a function of time at a given temperature (450 ◦C and
bove). The membrane in this work showed similar leak behaviour
Fig. 1) in the same temperature range as observed by Guazzone
nd Ma. They propose that leak formation and growth are related
o inhomogeneous sintering and that pinhole formation is more
ikely at temperatures above 400 ◦C.
After operating the membrane for 100 days at T = 350–450 ◦C
nd Pfeed = 5–20 bar, the N2 permeance had increased from its
nitial value of 4 × 10−10 mol m−2 s−1 Pa−1 to a maximum of
× 10−9 mol m−2 s−1 Pa−1, which shows that the membrane

s still highly selective towards H2. The H2/N2 permselectiv-

w
b
t
p
m

able 1
ncrease in N2 leakage flux and life-time estimate as a function of temperature. Feed mixt

emperature [◦C] dN2 flux [mL cm−2 min−1 week−1] Pure H2 flux [mL

50 0.083 1400
25 0.056 1200
00 0.019 1000

able 2
ncrease in N2 leakage flux and life-time estimate as a function of feed pressure. Feed mix

eed pressure [bar] dN2 flux [mL cm−2 min−1 week−1] Pure H2 flux [m

0 0.061 2000
10 0.028 1200

5 0.015 700
ig. 1. Long-term stability showing the H2 and N2 fluxes through the membrane as
function of time, temperature and pressure. Feed mixture: 50% H2 + 50% N2. Note

he large difference in scale of H2 and N2 flux.

ty still lies around 500, based on a H2 permeance equal to
.0 × 10−6 mol m−2 s−1 Pa−1. To our knowledge this is the first time
hat the stability of thin (<5 �m) supported Pd-alloy membranes is
xamined over a prolonged period (100 days) at a relative high feed
ressure (10 bar). Recent data reported by Matzakos show stable
peration under actual steam-reforming conditions for 6000 h
sing a composite porous stainless steel palladium membrane
29,30]. However, no information on the membrane thickness and
perating pressure was given. Recently, Tosti et al., have published
tability data obtained over a period of 12 months using thin wall
ermeator tubes produced by diffusion welding of Pd–Ag foils [31].
lthough these rolled membranes are relatively thick (125 �m) for
ractical use, they showed complete hydrogen selectivity for the
hole period. The applied feed pressure, however, was only up to
bar.

.2. Life-time estimation

For deployment of these Pd membranes in CO2 capture pro-
esses, to achieve pre-combustion decarbonisation in large-scale
ower generation or hydrogen production, preliminary process cal-
ulations have suggested a needed H2/CO2 separation factor of 100
32]. In terms of H2 to N2 permselectivity, this would correspond
o a value of around 400 due to the absence of mass transfer and
urface effects on the hydrogen flux while measuring in pure gases,

hich causes the H2 flux to drop with a factor of around 4 [13]. Thus,

ased on the results obtained in this work, and the assumption
hat the membranes are maintained in operation until the H2/N2
ermselectivity drops below a value of 400, one may estimate the
embrane operating life-time. In Tables 1 and 2 we have estimated

ure: 50% H2 + 50% N2; Feed pressure = 10 bar.

cm−2 min−1] Max. N2 flux [mL cm−2 min−1] Life-time [years]

3.5 0.8
3 1.0
2.5 2.5

ture: 50% H2 + 50% N2; T = 400 ◦C.

L cm−2 min−1] Max. N2 flux [mL cm−2 min−1] Life-time [years]

5 1.6
3 2.1
1.75 2.2
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he time period to reach H2/N2 permselectivity of 400 based on the
bserved linear increase in N2 permeance.

From Table 1 it can be seen that a membrane life-time of
.5 years is estimated if the membrane is operated at 400 ◦C,
ven after the initial onset of nitrogen flux increase caused dur-
ng membrane operation at 450 ◦C. This value matches very well

ith the life-time of commercially available low/medium temper-
ture WGS catalysts. Operating the membrane at temperatures
igher than 400 ◦C, however, gives a rapid decrease in mem-
rane life-time. Therefore, thicker Pd–23%Ag membranes (>2 �m),
r alternatively other Pd-alloy compositions, for which tempera-
ure stability is enhanced, are needed above 400 ◦C. Although the
ncrease in nitrogen flux is enhanced at increasing pressure, this
oes not have a dramatic influence on the expected life-time of
he membrane as the hydrogen flux is also increased due to the
arger hydrogen partial pressure difference over the membrane.
t 400 ◦C a membrane life-time of 1.6 and 2.2 years is estimated
t operating pressures of 20 and 5 bar, respectively. The results in
ables 1 and 2 suggest that thermal activation is more important
han mechanical stress in the temperature–pressure region inves-
igated. As negative effects due to coking, carbon intrusion, and
dsorption have been observed employing Pd-based membranes
perating in carbon containing atmospheres [15], stability experi-
ents need to be performed in WGS mixtures as well. Such work
s in progress.
For the composite Pd–23%Ag membrane, unselective N2 trans-

ort is caused by one or several of the following reasons:

(i) Leakage through the Pd–23%Ag film overlap region.

3

t
r
a

ig. 2. Optical and SEM images of the feed surface of the tested membrane: (a) optical ima
EM image of one of the bulged site shown in (b), and (d)–(f) show SEM images of pinhol
e Science 326 (2009) 572–581 575

(ii) Leakage through the sealing of the membrane, or module.
iii) Leakage through pinholes present in the Pd–23%Ag film.

Initially, a minor leakage is present in the membrane (nitrogen
ermeance equals 4 × 10−10 mol m−2 s−1 Pa−1), which is probably
aused by a slight leakage in either the overlap or the sealing region.
his conclusion is based on the fact that the as-grown Pd–23%Ag
lm is free from pinholes and microcracks as determined by hydro-
en permeation measurements and material characterization of
umerous self-standing Pd–23%Ag membranes [33]. As addressed

n the following, a plausible explanation for the increase in N2 flux
n our case is therefore pinhole formation during operation. Leak
ppearance through the sealing, however, cannot be excluded.

.3. Post-process characterisation

In order to investigate the membrane material stability and
he sources of leakage, a thorough material characterization was
erformed after removing the Pd–23%Ag membrane from the PSS
upport. The microstructure of the membrane, changes in surface
opography, chemical composition, both at the surface and in the
ulk, and mechanical defects as possible sources of leakage were
tudied.
.3.1. SEM and optical investigations
Optical and SEM micrographs of the feed and permeate surface

opography of the tested membrane are shown in Figs. 2 and 3,
espectively. The topography of the feed surface shown in Fig. 2(a)
nd (b) contains some bulged areas which are almost uniformly

ge of the surface topography (b) SEM image of the surface topography (c) magnified
es at different magnifications.
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ig. 3. Optical and SEM image of the permeate surface of the tested membrane: (a)
d) show magnified SEM images of the imprints shown in part (a) and (b).

pread throughout the membrane. These bulged areas have been
ormed on the membrane surface due to a high and uneven stress
istribution, while following the surface topography of the porous
upport during the high-pressure operation. These bulged areas on
he membrane surface are seemingly prone to pinhole formation
ince the observed pinholes appeared at such sites. A magnified
mage from one of these areas is shown in Fig. 2(c). Fig. 2(d)
isplays an example of nano-sized pinholes, whereas, Fig. 2(e)
isplays a micro-sized pinhole. A magnified image of Fig. 2(e) is
hown in Fig. 2(f). This pinhole has a diameter of about 5 �m. Pin-
oles at this size were very rarely found in the membrane. It is

ikely that an inhomogeneous stress distribution, originating from
ydrogen dissolution, mismatch in thermal expansion coefficient,
nd mechanical pressure, causes some areas to reach above their
ocal critical mechanical strength. The elevated operation temper-
ture allows the material to release the excess energy through, e.g.,
rocesses as plastic deformation, grain sliding and creep, which
ubsequently leads to microstructural changes and pinhole forma-
ion [25].

Imprints originating from the contact with the support are iden-
ified on the permeate surface, see Fig. 3. Fig. 3(c) and (d) show finer
etails of some of these imprints, identified as scratches or microc-
acks. These defects are believed to occur when the foil was pressed
gainst the surface of the porous support during the high-pressure
peration. By comparing Figs. 2(a) and 3(a), it should be noted that
here is a much larger number of imprints at the permeate side
s compared to pits observed at the feed side of the membrane,
onfirming that only a few �m-size pinholes were present in the
embrane. Additionally, some material arising from the intermetal

iffusion barrier is observed; see Fig. 3(c). According to the TEM
nvestigation, no evidence has been found that these imprints are
enetrating throughout the entire thickness of the membrane.

.3.2. TEM investigations
TEM samples in cross-section geometry were used to examine
he changes in microstructure of the tested membrane in relation to
he as-grown film. The micrographs in Figs. 4 and 5 show the growth
nd permeate surfaces of as-grown and tested samples, respec-
ively. The grains are columnar near the growth surface, in contrast
o the more spherical grains observed at the substrate surface in the

c
l
o
f
s

l image of the surface topography (b) SEM image of the surface topography. (c) and

s-grown film, as seen in Figs. 4(a) and 5(a). In Figs. 4(b) and 5(b)
t is clearly shown that the tested membrane developed significant
rain growth relative to the as-grown sample. This is in agreement
ith previous observations of similar free-standing membranes

25].
An example of grain development from very fine to much big-

er grains than before heat treatment is given by the dark field TEM
mages shown in Fig. 5(a) and (b). The dark field images in Fig. 5 are
ormed by electrons scattered into a section of a diffraction ring
rom the polycrystalline membrane. Different grains show bright
ontrast according to how close their orientation is to a strong
iffraction condition. Contrast variations in the grain are due to
train and the presence of defects such as dislocations. In Fig. 5(a),
ndividual fine grains close to the original membrane/wafer inter-
ace can be seen, whereas Fig. 5(b) shows a higher magnification of
he much coarser-gained region in the tested membrane. The grain

arked “G” is close to a diffraction condition. Other grains in the
eld of view are not showing strong diffraction contrast. The grain
arked ‘G’ in Fig. 5(b) has a diameter of 200 nm as compared to

he tiny grains of the as-grown sample with an average grain size
f ∼10–20 nm near the surface shown in Fig. 5(a). This substantial
rain growth is most likely attributed to the effects of temperature.
he measured thickness, grain size and microstrain from TEM and
RD are given in Table 3. It is shown that the on-average grain size
f the tested membrane is larger than that of the as-grown by a
actor of ∼2.

The TEM image in Fig. 6 shows an overlap region between
wo Pd–23%Ag films, which were wrapped one over the other
uring membrane preparation. The interface is formed by the
ubstrate–interface surface of the upper foil and the growth surface
f the lower foil. It contains a completely bonded region as well as
non-bonded or weak bonded region. The results indicate that the
verlap regions most probably are sealed immediately, and that
ossible leakage would decrease rather than increase with time.
ince adhesive substances were not used, the bond formation pro-

ess may be related to high temperature and pressure during the
ong-term stability test. The high temperature promotes diffusion
f atoms at the interface of the two films forming a permanent dif-
usion bond. As shown in Fig. 6, the lower foil has columnar grain
tructure with high density of twin lamellas, similar to the as-grown
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Fig. 4. TEM images showing microstructure near/at the (a) growth surface of as-grown and (b) permeate surface of tested samples. The surfaces are the left edges in the
images.
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ig. 5. TEM dark field images showing microstructure near/at the silicon wafer sur
he right edges in the images.

embrane, whereas the grains of the upper foil near the interface
ave shown considerable size changes as compared to the grains
efore the test. On the other hand, the Pd–23%Ag film did not form
ermanent bonds with the tubular support surface. This may be
ttributed to the role of the intermetallic diffusion barrier applied
etween the foil and the porous support. Evidently, after the long-
erm stability test, pieces of the foils were easily removed without
ny resistance. Furthermore, the chemical composition of the mem-

rane was analysed by mapping with STEM/EDS at several sites near
nd at the permeate (interface between Pd and the PSS support),
eed surfaces and in the bulk for assurance. None of the elements
rom the tubular PSS support (Fe, Cr, Ni, . . .) were detected in the
ulk or close to the surface of the Pd–23%Ag film by EDS. Similarly,

f
t
o
t
w

able 3
embrane thickness and grain sizes of the as-grown and tested membrane as determine

ample Thickness (�m) Grain size (nm) TEM Gra

Substrate/feed Growth/permeate Sub

s-grown 2.76 19 89 35
ested 2.6 145 137 89
f (a) as-grown sample, and (b) feed surface of the tested sample. The surfaces are

RD did not show any satellite peaks attributed to any additional
hase.

.3.3. XRD analysis
X-ray diffractograms from the as-grown and tested membranes

re shown in Fig. 7. The diffractograms of both samples indicate the
resence of all the allowed low index peaks of the fcc Pd–23%Ag
hase in the measured 2�-region. The 1 1 1 peak is relatively strong
or both as-grown and tested membranes, showing that 〈1 1 1〉 is
he preferred orientation of the crystallites normal to the surfaces
f the films. The absence of shoulders on the main reflections shows
hat the magnetron sputtered Pd–23%Ag alloy formed a membrane
ith homogenous composition.

d from TEM and XRD.

in size (nm) XRD Micro-strains ε (10−4) XRD

strate/feed Growth/permeate Substrate/feed Growth/permeate

64 18.2 17.8
63 3.18 0.35
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ig. 6. TEM images of overlapped foils in the tested sample showing the interface b
n the top. The white arrows in (a) show non-bonded regions, while the dashed cu
f the bottom foil and a substrate–interface surface of a foil on the top.

The grain size and microstrain estimated from X-ray lines
roadening are shown in Table 3. Grain growth may occur dur-

ng deposition and/or membrane operation of the Pd–23%Ag film.
he inset in Fig. 7 shows the details of the 220 line profiles. The
eak of the as-grown sample is broader than the tested membrane,

mplying changes in grain size and/or in microstrains of the tested
embrane. For example, the microstrain of the tested sample is less

han the as-grown sample by more than one order of magnitude
ith an apparent large difference between the feed and permeate

ide. Similarly, the grain sizes increased by a factor of more than 1.5
or the substrate/feed surfaces, but were nearly unchanged for the
rowth/permeate side. The significant difference shown in the grain
ize obtained from TEM and XRD measurements are mainly due to
ifferences in the sampling depth/method used by the two tech-
iques. TEM measured grain sizes encompass domains very close
o the surface (50–150 nm from the surface) and are from about
00 grains, whereas the XRD data was collected from a larger vol-
me (as deep as 1 �m) that contains larger number of grains. This

ndicates that the grain size decreases somewhat inwards into the

d–23%Ag film.

.3.4. AFM investigations
The detailed surface topography was examined by AFM for

he as-grown and tested membranes. Representative AFM images,

ig. 7. XRD diffractograms of as-grown and tested samples scanned from sub-
trate/feed surfaces. The dashed-line peaks are for the tested membrane (feed
urface on top when scanned). The inset shows a magnified 220 peaks of both
amples.

F
o
d
s
s
t
t
s
o
T
v
t
s
s
a
s

T
T
a
l

S
A
T
T

en the growth surface of the bottom foil and a substrate–interface surface of a foil
ine in the magnified image in (b) shows the interface between the growth surface

ith scan sizes 1 �m × 1 �m (left), 5 �m × 5 �m (middle) and
0 �m × 10 �m (right), for the Pd–23%Ag films are shown in Fig. 8.
ig. 8(a) shows an AFM image of the as-grown growth surface facing
acuum during sputtering. The surface facing the silicon substrate
uring growth was too smooth to give contrast by AFM, as reported
arlier for membranes of various thicknesses [33]. In Fig. 8(b) post-
rocess images from the feed side surface are displayed. Fig. 8(c)
nd (d) show corresponding images of the permeate side surface
ithout and with the observed bulged areas/imprints, respectively,

s observed with optical microscopy and SEM. The images are
attened using second order polynomial functions. Topographical
arameters have been determined from the AFM images and are
ummarized in Table 4. The determination of these values is based
n a series of AFM images taken from more than ten different loca-
ions on the membranes. A scan size of 1 �m × 1 �m was used for
he analysis, which has been found to be adequate for surface topog-
aphy determination [34] and in the present case not affected by
he observed bulging of the membrane, which is apparent from
arger scale height variations in the 10 �m × 10 �m size images in
ig. 8(b–d) for the tested membrane. The root mean square value
f the surface roughness together with the corresponding standard
eviation is listed in Table 4. The calculated surface area is also pre-
ented in the table. Data are not included for images of the permeate
ide surfaces containing imprints, as these macroscopic features on
he membrane surface strongly affect the topographical data. For
he ∼2.6 �m thick as-grown membranes, the growth surface has a
urface roughness of 8.0 ± 0.6 nm, which is about twice the value
bserved earlier for a membrane of slightly smaller thickness [34].
he reason for this difference is not fully clear, but may be related to
arying conditions during sputtering. As can be seen from Fig. 8(b)
he topography of the feed side membrane surface has changed

ignificantly after the long-term stability test. The rms value of the
urface roughness is determined to 3.6 ± 0.8 nm, and the surface
rea is (3.0 ± 1.2) × 103 nm2. For comparison, the Pd film–Si sub-
trate interface side of the as-grown film, which served as the feed

able 4
opographical data extracted from the AFM investigations of the growth side of the
s-grown membrane, the feed side and the permeate side of the membrane after
ong-term stability testing.

urface Roughness (nm) Surface area (×103nm2)
s-grown, growth/permeate side 8.0 ± 0.6 8.1 ± 3.8
ested, growth/permeate side 6.5 ± 0.7 10.8 ± 4.7
ested, substrate/feed side 3.6 ± 0.8 3.0 ± 1.2
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ig. 8. AFM images of the investigated membranes. (a) As-grown, growth surface. (
ested membrane, permeate side with defects. The leftmost images have scan size 1
re 10 �m × 10 �m. The height scales for all images are 20 nm from dark to bright, ex
cale covers 50 nm.

ide of the membrane, was too smooth to give contrast by AFM.
rom the data provided in Table 4 it should be noted that the rms
oughness of the membrane permeate surface does not change sig-
ificantly upon testing, it rather shows a small decrease. At the

ame time the surface area has increased slightly. The fact that this
urface has been in contact with the intermetallic coating covered
tainless steel support, suggests that the development of surface
oughness perpendicular to the surface may have been constrained
ue to the support. Thermal treatment has earlier been shown to

t
e
s
s

ted membrane, feed side. (c) Tested membrane, permeate side without defects. (d)
1 �m. The middle images cover an area of 5 �m × 5 �m and the rightmost images

or the 5 �m × 5 �m and 10 �m × 10 �m images including defects where the height

ncrease the surface roughness of both the feed and permeate side
f freestanding membranes [33].

.3.5. XPS results

The chemical composition of the membrane surface was inves-

igated using XPS in order to reveal possible surface segregation
ffects and oxide formation during operation. Wide energy range
urvey scans (between 0 and 1300 eV) of the permeate and feed
ides of the tested membrane are shown in Fig. 9. The only elements
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ig. 9. Wide scan XPS spectra of the feed (lower curve) and permeate (upper curve)
ide surfaces of the tested membrane.

resent besides palladium and silver, are oxygen and carbon, in
ddition to some chlorine found at the feed side of the film. The ori-
in of the chlorine contamination is unknown. From the C 1s spectra
not shown), some carbon contamination is observed at both sur-
aces, with a slightly higher (∼13%) amount at the permeate side.
ontamination can be the cause for this. No elements associated
ith the intermetallic diffusion barrier or the tubular PSS support
ere detected, which is in agreement with the STEM/EDS results.
ur results generally reveal that the application of the intermetal
iffusion barrier effectively prevented diffusion of metal elements

rom the PSS support to the Pd–23%Ag membrane layer while oper-
ting the membrane at a temperature reaching 450 ◦C.

Fig. 10 shows the Pd 3d5/2 core level spectra of the tested mem-
rane surfaces. Doniach-Sunjic line shapes were used for fitting the
pectra. The same fitting parameters are used for all spectral con-
ributions. The decomposition of the Pd spectra for both the feed
nd permeate sides show oxide formation in both cases. Peak B
s due to the Pd bulk contribution at 334.68 eV while peak C, at

.52 eV higher binding energy, originates from PdOx formation at
he surfaces. This is similar to earlier observations for membranes
xposed to different thermal treatments followed by hydrogen per-
eation measurements [35]. In comparison, thermal treatment in

ir has been reported to give a contribution due to PdO with a bind-

t
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Fig. 11. AES depth profile for the feed (a) and permeate (b) surfaces of the tested mem
ig. 10. Pd 3d5/2 core level spectra for the tested membrane: feed side (lower curve)
nd permeate side (upper curve).

ng energy shift ∼2.0 eV relative to the Pd 3d5/2 bulk contribution
or Pd–Ag/ceramic composite membranes [36,37]. In the present

ork the oxide contribution is minor relative to the Pd bulk con-
ribution, roughly estimated at about 10%. In both cases, influence
y exposure to air during sample transfer to the XPS system on the
xide formation cannot be ruled out. The Ag spectra only shows
single spectral component. The intensity ratio of I(Ag)/I(Pd), as

etermined from the integral intensity of the Ag 3d5/2 and Pd 3d5/2
ore level spectra, is equal for both the feed and permeate side sur-
aces of the membrane after testing indicating the same Pd and Ag
ontent of the two surfaces. The Ag/Pd intensity ratio for the tested
embrane surfaces is about 32% higher than the corresponding

atio for the as-grown membrane.

.3.6. AES depth profiling
The chemical composition, as determined by AES, of the feed

nd permeate sides of the tested membrane prior to the depth pro-
ling, was in agreement with the XPS observations. The data from
he AES depth profiling of the tested membrane is presented in
ig. 11, where (a) and (b) show the depth profile of Pd and Ag at
he feed and permeate side surfaces, respectively. During the depth
rofiling the spectral regions of S, O, and N were also monitored,
ut no traces of these elements were observed. In addition, Cl was

brane. The elements monitored are Pd (empty circle) and Ag (empty square).



mbran

o
s
A
c

d
∼
g
w
w
e
d
m
l
w
b
f
o
f
[
a
s
w
t
h
p
b

4

m
o
o
t
(
4
w
b

i
p
d
a
t
o
m
w
D
o
e
d

A

t
t
(

1
(
p
X
i

R

[
[
[
[

[
[
[

[

[
[
[
[

[

[

[

[

[

[

[
[

[

[

[

[

[
[

[

[

T.A. Peters et al. / Journal of Me

bserved at the feed side, but was removed immediately after 15 s
puttering, which indicates that Cl was a surface contaminant only.
s the carbon AES peaks are overlapping with the Pd region, the
arbon spectrum was not measured.

For both surfaces, the Pd intensity increases and the Ag intensity
ecreases for the first sputtering cycles. After a sputtering depth of
3 nm, the Pd and Ag levels are stable. The data shows Ag segre-
ation at both the feed and permeate surfaces. The amount of Ag
as reduced to ∼70% of the value before depth profiling, a number
hich should not be taken as a quantitative measure due to differ-

nt sputtering yields for Ag and Pd. Both the XPS results and AES
epth profiling data give evidence for segregation of silver to the
embrane surfaces. This segregation may be a consequence of the

ower surface energy of Ag compared to Pd and it can be activated
hen the membrane is kept at elevated temperatures. It should

e noted that the surface composition of these membrane sur-
aces both depends on the membrane thermal treatment, but also
n exposure to different gaseous atmospheres, as has been shown
or freestanding membranes [35]. Recent theoretical investigations
38,39] indicate segregation of palladium to the surface for Pd–Ag
lloys in the presence of hydrogen. An earlier experimental study
upports this finding [40]. In the present work, the surface analysis
as performed post-long-term testing. After the long-term testing

he membrane was cooled down in N2/Ar atmosphere to prevent
ydrogen-induced embrittlement of the membrane at lower tem-
eratures. The observed palladium–silver surface composition may
e affected by this procedure.

. Conclusions

The long-term stability of Pd–23%Ag/stainless steel composite
embranes has been examined in H2/N2 mixtures as a function

f both temperature and feed gas pressure. During continuous
peration, the membrane shows a good stability at 400 ◦C while
he N2 leakage increases very slowly at a temperature of 450 ◦C
Pfeed = 10 bar). After 100 days of operation (Pfeed = 5–20 bar, T = 350-
50 ◦C), the N2 permeance equals 7.0 × 10−9 mol m−2 s−1 Pa−1,
hich indicates that the H2/N2 permselectivity still lies around 500,

ased on a H2 permeance equal to 3.0 × 10−6 mol m−2 s−1 Pa−1.
Grain growth during prolonged operation of the Pd–23%Ag film

s confirmed by TEM and XRD. SEM indicates that the formation of
inholes in the film is the main reason for the increase in N2 leakage
uring testing at temperatures above 400 ◦C. The grain growth is
ccompanied by small increase in surface area and segregation of Ag
o the membrane surfaces. TEM and XPS reveal that the application
f the intermetal diffusion barrier effectively avoids diffusion of
etal elements from the support to the Pd–23%Ag membrane layer
hile operating the membrane to a temperature reaching 450 ◦C.
espite the generation of small pin holes, a membrane life-time
f several (2–3) years (T ≤ 425 ◦C) is estimated for the employed
xperimental conditions based on long-term stability tests over 100
ays.
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Abstract 

 

Adsorption of methanol on clean Pd (110) and on an alloyed Ag/Pd(110) surface has 

been studied by high resolution photoelectron spectroscopy. On Pd(110) two different 

methanol species were observed upon adsorption at 100K and subsequent heating up on 

200K. The species with lowest C1s core level binding energy was remaining at the 

surface for low methanol coverage. The adsorption and decomposition behavior of 

methanol on a Ag/Pd(110) surface alloy formed by depositing Ag on Pd(110) at 

elevated temperature was similar to that of the pure Pd(110) surface, a finding showing 

that the amount of Ag  present in the surface in this study did not affect the 

decomposition behavior of methanol as compare to pure Pd(110). DFT calculations 

show little influence of Ag on the binding of methanol to Pd. 

 

Key words: Methanol, adsorption, Palladium, CO, high resolution photoelectron 

spectroscopy, DFT. 
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Introduction 

Hydrogen has many applications in industry and is one of the energy carriers that have 

recently attracted interest due to its potential as a zero emission fuel [1-3].  It can be 

produced from several sources including methanol, which is an important source for 

hydrogen in fuel cell applications in mobile units [4-7], where hydrogen storage 

imposes an inherent problem. Hydrogen can be produced directly from methanol 

through three different processes, partial oxidation [8-11], thermal decomposition [12-

15] and steam reforming [11, 16-18]. 

 

Palladium has been found to be catalytically active in methanol decomposition to CO 

and H2 [10, 19-21].. However, it is less selective for the steam reforming reaction [10]. 

Moreover, Pd is a potential candidate membrane material for hydrogen purification in 

fuel cell applications due to its high selectivity and permeability to hydrogen [22]. To 

prevent embrittlement occurring in pure Pd due to hydride phases formation [23, 24],  

Pd alloys suppressing the phase transition are often used. Silver (Ag) has in this respect, 

as well as for the hydrogen permeation, been identified as a favorable alloying element 

[25]. Presence of small amounts of methanol in the feed gas has been shown to decrease 

the hydrogen flow through Pd/Ag membranes [26]. Possible causes for deactivation 

were suggested to be build-up of carbonaceous species and unconverted methanol at the 

membrane surface [26]. For this reason it is important to understand how alloying of 

silver into palladium affects the adsorption behavior of methanol on palladium. In the 

present work we have addressed this issue by studying adsorption and decomposition 

upon heating of methanol on clean Pd(110)  and on Ag/Pd(110) using high resolution 

photoelectron spectroscopy. 

 

Due to the importance in gaining understanding of elementary steps in catalytic 

reactions adsorption and decomposition of methanol on transition metal surfaces have 

been extensively investigated [27-35]. Generally, methanol adsorbs molecularly at low 

temperatures, forming multilayers at high exposures. The decomposition of methanol on 

single crystal surfaces upon thermal treatment is strongly dependent on the atomic 

composition and the geometric structure of the surface. Methanol decomposition often 

results in either formation of CO on the surface formed through dehydrogenation or 

2 



scission of the C–O bond. Methanol decomposition on Pd(110) and Pd(111) at 100K 

follows the main trend of molecular adsorption. Methanol decomposes to CO upon 

heating, however, the decomposition pathway leading to CO formation has been 

debated [29, 30, 32, 33, 36-38]. In early electron energy loss spectroscopy (EELS) 

studies [36] a methoxy intermediate was reported. More recent investigations by Pratt et 

al [32] suggest that methoxy is an unstable intermediate on Pd(110). Also desorption of 

chemisorbed methanol above 200K have been reported [32, 33] along with and 

decomposition of methanol to CO and H2 at 250K [33, 39]. No C-O bond scission has 

been reported on Pd(110) and Pd(111) [33], while preadsorbed oxygen on these surfaces 

has been observed to enhance the C-O bond scission [37, 38, 40]. On silver surfaces 

molecular methanol adsorption is observed [41-44]. Upon heating the molecule desorbs 

without forming any decomposition products [41-44].  

 

 In the present study we investigate the adsorption and decomposition upon heating of 

methanol on clean Pd(110)  and on Ag/Pd(110) using high resolution photoelectron 

spectroscopy to address the influence of silver on the methanol decomposition pathway 

for a Pd(110) with Ag as the alloying element. The influence of Ag on the bonding of 

methanol to the Pd(110) surface atoms is addressed through density functional theory 

calculations.  

 
Experimental 

High-resolution photoelectron spectroscopy experiments were performed at beam line 

I311 of the MAX II synchrotron radiation source in Lund, Sweden. This beam line is 

equipped with a modified SX-700 monochromator and a large Scienta type 

hemispherical electron energy analyzer (SCIENTA SES200) [45]. The base pressure in 

the UHV system was ≤ 3x10-10 mbar.   

 

The Pd(110) crystal was cleaned by cycles of sputtering, heating in oxygen and 

subsequent annealing. This procedure gave well-defined, clean surfaces as judged from 

LEED patterns and photoemission measurements of the C1s core level region. Ag was 

evaporated from a tungsten basket with the Pd(110) crystal kept at a temperature of 

3 



500K during deposition. The amount of Ag deposited was determined from the damping 

of the Pd3d5/2 core level intensity.  

 

Liquid methanol (purity 99.8%) from Sigma-Aldrich Chemie GmbH, Germany, was 

cleaned by freeze-pump-thaw cycles prior to exposure. The sample was kept at 

temperature 100K during methanol exposure and subsequently flashed to selected 

temperatures. No ordered methanol induced structures were observed by LEED for 

Pd(110) or Ag/Pd(110). All photoemission spectra were recorded at a sample 

temperature of 100K.  

 

The C1s core level spectra were recorded at photon energy 380 eV and the Pd3d5/2 core 

level at 390 eV. The corresponding experimental resolution was about 80 meV. The 

Ag3d5/2 core level spectra were measured at photon energy 450eV with a spectral 

resolution of 100 meV. The photon energy used for measuring the valence band spectra 

was 120eV, which is close to Pd4d Cooper minimum. All spectra were measured at 

normal emission and the binding energy was calibrated by recording the Fermi edge 

immediately after the core level regions.  

 

All spectra have been normalized to the background on the lower binding energy side of 

the core-level peaks. Linear background subtraction has been applied. Doniach-Sunjic 

line shapes have been used for fitting the spectra [46]. The first vibrational component 

of the C-H stretch vibration in the methyl group in methanol has been included in the 

fitting. As this contribution could not be distinctly resolved in the spectra gas phase 

values [47] for the intensity ratio (0.33) and the energy shift (400 meV) were used.   

 

Computational 

The DFT calculations reported here were performed using the DACAPO code [48]. The 

exchange and correlation effects are taken into account using the Perdew-Burke-

Ernzerhof (PBE) version [49] of the generalised gradient approximation (GGA). The 

ionic cores and their interactions with the valence electrons are described by ultrasoft 

pseudopotentials [50]. A plan-wave basis with a kinetic energy cut off of 340 eV was 

used in all calculations.  
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Several different surface models were employed in this study. The clean Pd(110) and 

Ag(110) surfaces were represented by periodically repeated slabs of five atomic layers 

separated by a ~14 Å vacuum gap. We used a (2x2) surface unit cell with four atoms per 

layer. Three different Pd-Ag model alloys were constructed by replacing one Pd atom in 

the first layer, second layer or third layer by an Ag atom, as shown in Fig. 1.   

 

The minimum-energy adsorption geometries for methanol were determined by placing 

the adsorbate in the high-symmetry sites on these surfaces, and allowing the atoms of 

the adsorbate and three uppermost layers of the slab to relax freely until the residual 

forces on each atom were less than 0.02 eV/Å. An extensive set of different adsorbate 

orientations with respect to the surface were explored. In these calculations we 

employed a Monkhorst-Pack [51] k-point sampling grid of 6x8x1. The artificial electric 

field created by the asymmetry of the adsorption system was compensated by a self-

consistently determined dipole correction applied in the vacuum region [52, 53].   

 

The reported adsorption energies per molecule were calculated from 

 

Eads = - (ESM - ES - EM) 

 

where  ESM is the total energy of the adsorbate-substrate system, ES  is the energy of a 

clean surface slab, and EM is the energy of an isolated molecule. With this definition, a 

positive adsorption energy indicates stabilisation. 

 

Results and discussion 

Methanol adsorption and decomposition on Pd(110) 

C1s spectra recorded after 0.5 L and 5 L methanol exposure of clean Pd(110) at 100K 

followed by subsequent heating to selected temperatures are displayed in Fig. 2. The 

binding energies of the different contributions identified in the spectra are summarized 

in Table 1. Corresponding Pd3d5/2 spectra are shown in Fig. 3 along with the spectra 

recorded for the clean Pd(110) surface (lower panels in Fig. 3a and b). Adsorption of 

0.5 L CH3OH (Fig. 2a) results in less than a monolayer methanol coverage on the 
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Pd(110) (see below). Four different contributions can be dissolved in the C 1s spectra. 

The main contribution, labelled A, has a binding energy of 285.72 eV. The vibrational 

contribution included in the fitting to account for the first vibration component of the C-

H stretch vibration in the methanol methyl group is not labelled. This vibrational 

contribution is needed to obtain a proper fitting to the spectrum, even though it is not 

clearly resolved. A second contribution, C, appears at the high binding energy side (at 

286.03.eV) of contribution A and also for this peak a vibrational contribution (not 

labelled) is included. A third peak (D) is found at the low binding energy side of the 

main contribution at binding energy 285.27 eV. Finally a minor peak F is observed at 

284.51 eV, which is getting sharper upon heating. This contribution remains on the 

surface after annealing to 500K and can be identified as being due to carbonous species 

at the surface. Upon annealing to 170K one major change is observed in the C1s 

spectrum namely the disappearance of contribution C. Further heating to 250K give 

some important changes in the spectrum, even though the observed binding energies of 

the contributions are not significantly different from the values found after heating to 

170K. First, it should be noted that contribution D has disappeared. Moreover, the shape 

of the spectrum has changed, as judged from the change in FWHM from 0.50 eV to 

0.36.eV, indicating that new species have been formed at the surface. Also the spectrum 

can be fitted with one component only. This new contribution is labelled E and has 

binding energy 285.68 eV. The overall spectral intensity at 250K is reduced by about 

65% as compared to the spectrum recorded after heating to 170K, implying a 

combination of methanol desorption and decomposition at this stage. Upon annealing to 

350K, peak E is shifted to slightly lower binding energy (285.63 eV). Finally after 

heating to 500K the only remaining C1s contribution at the surface is peak F. 

 

The main difference in the C1s spectrum upon further deposition of methanol (5 L) is 

the appearance of an additional, broad contribution M at binding energy 286.98 eV in 

the as-deposited spectrum (lower panel of Fig. 2b), which disappears upon heating to 

170K. Due to the broad nature of this peak we have chosen not to include a vibrational 

contribution to the fitting of this spectral feature. The other contribution after 

deposition, marked with (A+C) clearly includes contributions due to peaks A and C 

observed after 0.5L exposure. As contribution M strongly influences the overall 
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spectrum at this stage we have chosen not to fit the (A+C) part with more than one 

component, which for this reason appear at an intermediate binding energy as compare 

to the individual A and C components as indicated in Table 1. After heating to 170K the 

spectral contribution C is significantly stronger as compared to peak A, indicating a 

larger first layer coverage than after 0.5 L exposure at 100K. To understand the 

behaviour of this component in more detail we have a spectrum recorded after heating 

to 200K, which shows that component C is still present at the surface but at lower 

intensity compared to peak A. Contribution D is maintained in the spectrum at this 

point. The spectra recorded after annealing to 250K and 350K are similar to what we 

observed for the lower exposure of methanol and the following annealing at the 

respective temperatures.  

 

Fig. 3 shows the Pd3d5/2 spectra for clean Pd(110) (lower panel) and after the adsorption 

of 0.5L (a) and 5.0 L (b) CH3OH on this surface followed by annealing at the specified 

temperatures. The clean Pd spectra is decomposed into a bulk (B) (at 334.87eV) and a 

surface (S) (at 334.36eV) component giving a surface core level shift (SCLS) of - 

0.51eV, which is in close agreement with previously reported SCLS for Pd(110) at - 

0.55eV [54]. 0.5 L exposure of methanol on Pd(110) causes the surface component to 

disappears and the spectrum to broaden into one, unresolved contribution (FWHM of 

0.90 eV) at binding energy 335.04 eV. Upon heating to 170K and 250K the only change 

in the Pd3d5/2 spectra is a slight increase in the overall intensity accompanied by a 

decrease in FWHM of the spectrum. Annealing at 350K causes the Pd peak to shift to 

334.90 eV, closer to the bulk Pd contribution (B) as well as the surface contribution to 

reappear in the spectrum indicative of reduced adsorbate coverage at this point. After 

exposure to 5.0 L CH3OH, see Fig. 3b, the contribution at high binding energy side in 

the Pd3d5/2 spectrum increases in intensity, showing a higher first layer methanol 

coverage than indicated by the disappearance of the surface contribution after 0.5L 

methanol exposure. In this case the spectrum can be decomposed into a bulk 

contribution as well as a contribution due to the interaction with methanol at binding 

energy 335.26 eV (peak G in Fig. 3b). After flashing to 170K, peak G is reduced in 

spectral weight. Only one broad feature can be seen in the spectrum at 250K as in the 

case of the 0.5L CH3OH exposure. Further heating gives the same behaviour as in the 

7 



0.5L methanol exposure case. At 500K, the surface component and the overall shape of 

the Pd3d5/2 spectra is similar to that of the clean Pd(110) surface. 

 

A series of valence band spectra for 0.5L CH3OH deposited Pd(110) at 100K and 

subsequent annealing at the selected temperatures is displayed in Fig. 4. The spectrum 

for the clean Pd(110) surface is shown in the lower panel of the figure. The energy 

region displayed is where we have the contributions appearing after adsorption of 

methanol, with new peaks at ~25eV (X), ~16eV (Y), ~12 eV (Z), and ~8.4 eV (W). In 

comparison spectral features due to gas phase methanol have been reported at ~23eV, 

~18eV, ~16eV, 13 eV and ~11eV [55]. Moreover, methanol adsorption on Ag(110) 

gives contributions at similar binding energies as observed in the present case [56]. 

Heating to 170K only causes minor changes in the valence band spectra. At 250K, the 

peaks X and Y disappear along with peaks Z and W whereas two new contributions U, 

at ~11 eV, and V, at ~8 eV with a shoulder at 7.2 eV, appear. The latter two 

contributions remain after heating to 350K and disappear upon annealing to 500K. For 

higher methanol exposure the same spectral features (spectra not shown) are observed in 

the valence band region and with the same behavior upon heating. 

 

Molecular methanol has been reported formed on the Pd(110) surface upon deposition 

at temperatures around 100K [32, 33, 36]. A.Barteau et.al [33] reported a desorption 

temperature of multilayer methanol at 147K, shifting to higher temperatures (up to 10K) 

for higher methanol coverages as expected for zeroth order desorption of the multilayer. 

At submonolayer coverages of methanol desorption was observed at about 245K, a 

temperature decreasing to about 225K for monolayer coverage. Contribution A could be 

due to either first layer methanol or methoxy formed upon methanol adsorption. The 

presence of methoxy at the Pd(110) surface has been debated [32, 36]. Also it has been 

reported to appear after heating at 200K. As peak A is the main species at the surface at 

low methanol exposure we propose that this peak is due to first layer methanol on 

Pd(110). Peak M appearing at high coverage of methanol and disappearing after heating 

to 170K is due to methanol multilayer formation. Turning to component C at the high 

binding energy side of contribution A, the intensity of this peak depends on the initial 

methanol exposure and the overall adsorbate coverage on the surfaces. This component 
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dominates the spectrum at high first layer coverage while contribution A remains 

stronger as the coverage decreases. Based on this behaviour we interpret contribution C 

to be due to first layer adsorption of a second methanol species associated with higher 

CH3OH coverage at the surface. The methanol induced contributions to the C1s are 

accompanied by the disappearance of the surface contribution in the Pd3d5/2 spectrum 

and appearance of an adsorbate induced component.  

 

In addition to the two methanol contributions to the C 1s spectra an additional spectral 

feature (D) is observed at binding energy 285.25 eV, which remains after heating to 

200K at similar spectral weight but disappears at 250K. As part of the decomposition 

pathway for methanol, before further decomposition occurs, methoxy is commonly 

observed as an intermediate. As already noted, in the case of Pd(110) the presence of 

methoxy has been debated [32, 36]. In an earlier work we have observed methoxy 

formation upon initial adsorption of methanol on Ni3Al(111) and NiAl(110) [57], at 

lower C 1s binding energies than for methanol at the same surfaces. We therefore 

speculate if peak D may be due to a small amount of methoxy formed at specific sites at 

the Pd(110) upon initial methanol deposition. The disappearance of contributions A and 

C along with the general changes in peak shapes in the C1s spectral upon heating to 

250K are accompanied with the contributions X, Y, Z and W disappearing in the 

valence region at the same time as two new peaks are appearing (U and V). The binding 

energies of contributions U (~11 eV) and V (~8 eV) are in agreement with peaks 

observed at 11 eV and 8eV upon adsorption of CO on Pd(110) [58]. These peaks have 

been interpreted as being due to the 4σ and 5σ orbitals of CO. The shoulder observed at 

7.2 eV was assigned to the CO 1π orbital. The corresponding changes in the Pd3d5/2 

spectra are minor except for indicating lower amount of adsorbate at the surface at this 

stage through higher spectral intensity. Previous studies [33]  have shown that after 

heating to above 225K only CO and H are present at the surface. As noted above the 

shape of the C1s contribution E is distinctively different from the methanol contribution 

A including the corresponding vibrational contribution. CO adsorption on Pd(110) has 

been subject to several high resolution photoemission spectroscopy studies [59-61]. 

Ramsey et. al [61] reported C1s core level contributions due to CO adsorption on 

9 



Pd(110) at 286.0 eV and 286.2 eV for the higher coverage and 284.6-284.9 eV for the 

lower coverage cases, suggesting bridge site and two highly coordinated CO sites 

respectively. Jones et al. [59, 60] observed a C1s energy position at lower CO coverage 

at 285.65 eV, which increased by 0.26 eV after 0.7 L exposure when CO was dosed at 

low temperature (137K). When comparing different results reported for CO adsorption 

on Pd(110) one should keep in mind that several ordered adsorbate structures have been 

reported depending on CO exposure and substrate temperature [59-64]. The binding 

energy found for contribution E in the C1s spectra in the present work is in good 

agreement with those observed by Jones et al [59, 60] indicating that the observed 

spectra are consistent with CO being present on the Pd(110) surface after heating the 

methanol covered surface to 250K. In the literature, there is some discrepancy in 

assigning the adsorption site of CO on Pd(110). An on-top adsorption site was 

suggested by A. Wander [65], while bridge site CO was suggested by others [66-68]. 

Later, A. Locatelli et.al [69] concluded that CO adsorption site after 1L CO/Pd(110) 

system is the short bridge site. As pointed out earlier, Ramsey et.al also suggested that 

the higher binding energy (286.0 eV) peak is due to a bridge site of CO on the basis that 

the higher the coordination of adsorbate, the lower binding energy of the contribution. 

The appearance of peaks U (~11eV) and V (~8eV) are in good agreement observed 

contributions to the valence band region upon CO adsorption on Pd(110) [58] 

supporting the interpretation of the C1s spectra.  

 

Methanol adsorption and decomposition on Ag/Pd(110) 

Ag was deposited on the Pd(110) surface at 500K to ensure alloying of Ag into the 

Pd(110) surface [70, 71]. The amount of silver was estimated at about 0.6 ML from the 

reduction of the Pd3d5/2 peak assuming an Ag overlayer. However, the true amount of 

silver in the surface is higher as the alloying causes Ag to be incorporated into the 

Pd(110) surface. As can be seen from Fig. 5, the Pd3d5/2 spectrum after still has a 

significant surface component, reduced by ~25% as compared to the clean Pd(110) 

surface. The binding energy of the Ag3d5/2 core level after deposition is 367.25 eV, 

which is similar to observed binding energies of thin Ag deposited on Pd at room 

temperature and subsequently annealed to 520K [71]. In alloy systems the core level 

binding energies are expected to depend on the alloy composition. For the AgxPd1-x 
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alloy system Steiner and Hufner [72] reported a linearly decrease in the Ag3d5/2 core 

level binding energy for x varying from one to zero. At a silver content of 25% a 

decrease in the binding energy by 0.75 eV is predicted. An Ag3d5/2 core level binding 

energy of 367.65 eV has been measured for a (100) oriented Pd75Ag25 single crystal 

[73], which may suggest that our Ag composition is more dilute. 

 

C1s spectra recorded after exposing the Ag/Pd(110) surface to 2.5 L methanol at 100K 

followed by subsequent heating to selected temperatures are displayed in Fig. 6. The 

binding energies of the different spectral contributions are summarized in Table 2. This 

exposure yields a multilayer methanol coverage on the surface, as can be seen from the 

lower spectrum in Fig. 6 containing a CH3OH multilayer component M’, which 

disappears upon heating to 170K. Also on this surface the two different species (A’ and 

C’) attributed to first layer methanol are formed along with a small contribution D’ at 

the low binding energy side of peak A’. A small fraction of carbonous species (F’) is 

also observed. In the Pd3d5/2 spectrum, shown in the upper panel in Fig. 5 methanol 

deposition gives a peak (H’) at higher binding energies relative to the bulk contribution 

(B) as well as disappearance of the surface component (S) whilst no changes occur in 

the Ag3d5/2 spectra (not shown). At 170K the amount of species C’ is higher than of 

species A’, as also observed for Pd(110) after heating the multilayer covered surface to 

170K. Further annealing to 200K for CH3OH on Ag/Pd(110) results in only methanol 

species A’ remaining on the surface along with contributions D’ and G’. Even though 

the differences are small, the disappearance of contribution C’ at 200K may suggest a 

lower methanol coverage on the Ag/Pd(110) alloy surface as compared to Pd(110). 

Above 200K the features in the C1s spectra for the Ag/Pd(110) system is following the 

behavior observed for Pd(110). At 250K a shift in the Ag3d5/2 core level binding energy 

by 0.14eV is observed, which may be related to the interaction of the alloy surface with 

CO. Corresponding valence band spectra (not shown) reveal the same adsorbate induced 

contributions as for Pd(110) both upon methanol adsorption and after heating to the 

selected temperatures. In a similar experiment with a smaller amount of silver on 

Pd(110) but a larger surface coverage, as judged by the damping of the Pd3d5/2 surface 

contribution, the overall behaviour upon methanol deposition and subsequent annealing 

was the same. 
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The high-resolution photoelectron spectroscopy results show that the adsorption, 

desorption and decomposition behaviour of methanol is not significantly affected by Ag 

as alloying element in the Pd surface. In comparison, only molecular methanol is 

reported formed on Ag(110) with a first layer desorption temperature of 165K [43]. To 

gain some further insight in this aspect we have determined the bonding geometries of 

methanol on some model Ag/Pd(110) surfaces shown in Fig. 1. For all the considered 

surface models, we found that methanol adsorb with its oxygen atom close to the on top 

site and the C–O axis tilted with respect to the surface normal, see Fig. 7. A similar 

bonding geometry has been found in previous DFT calculations of methanol adsorption 

on Pd(111) [28, 74, 75], Ag(110) [76], and Ag(111) [77]. The O–Pd nearest neighbour 

distance is 2.40Å. In comparison, the corresponding distance for methanol adsorption 

on Pd(111) has been reported to be 2.509 Å [75] and 2.25 Å [74]. The O–Ag nearest 

distance is calculated to be 2.56 Å when methanol is adsorbed on Ag(110) and 2.48 Å 

when adsorbed on the Ag/Pd(110) alloy (model A). This is considerably shorter than a 

previously reported O–Ag bond length of 2.952 Å for methanol on Ag(110) [76]. A 

possible reason for this is a that Sun et al employed a smaller (2x1) surface unit cell. 

The distance between the (periodically repeated) adsorbates is then smaller, giving a 

different adsorbate–adsorbate interaction compared to our case and possibly a different 

bond length. The geometry of the methanol molecule is only little perturbed by the 

adsorption, with changes in bond lengths and angles of less than 2% compared to the 

values for the free molecule. The adsorption induces a small rumpling of the surface 

with the atom below the adsorbate being pulled out by ~0.03 Å compared to the clean 

surface geometry.  The calculated adsorption  energies are listed in Table 3. It is 

immediately clear that methanol binds more weakly to the Ag(110) surface than 

Pd(110), consistent with the experimental findings [32, 33, 36, 43, 44].  

 

 

The effect of alloying is only modest for the models considered in this work. Replacing 

one of the outermost layer Pd atoms by an Ag atom reduces the adsorption energy by 

only 0.01-0.06 eV compared to adsorption on the Pd(110) surface. Interestingly, 

adsorption in the Ag on top site is of comparable strength to adsorption in one of the Pd 

12 



on top sites, and with a larger adsorption energy by 56% compared to the pure Ag(110) 

surface. Replacing a second or third layer Pd atom by Ag has no influence on the 

adsorption energy when compared to adsorption on Pd(110). 

 

Our results fit well with the d-band model of Hammer and Nørskov [77, 78]. The center 

of the 4d states of the Pd(110) surface atoms is higher in energy than the center of the 

4d states  of the Ag(110) surface atoms by 2.3 eV. According to the d-band model, 

methanol should then bind stronger to the Pd(110) surface than the Ag(110) surface, 

which is indeed the case.  Alloying can result in a d-band shift, and thereby a change in 

reactivity. For our model alloys we find that the d-band center of the Pd surface atoms is 

essentially unchanged compared to the pure Pd(110) surface. The d-band center of the 

Ag surface atom (model A) is shifted 0.55 eV up in energy compared to the pure 

Ag(110) surface. Methanol would therefore be expected to bind with the same strength 

to a surface Pd atom compared to adsorption on the pure Pd(110) surface, and stronger 

to a surface Ag atom (model A) compared to the pure Ag(110) surface, which is exactly 

what we found. 

 

We end with a brief discussion on the nature of the methanol-substrate bond. The 

highest occupied orbital of methanol has a lone pair character, mainly localized on the 

O atom and composed of O 2p states perpendicular to the COH molecular plane. Like 

the water molecule, methanol has a static dipole in the COH plane. The bonding 

mechanism for methanol is then either a physical interaction via the static dipole, or  

chemisorption involving the lone pair orbital. A dipole interaction would favour a 

perpendicular orientation of the molecule with the COH plane parallel to the surface 

normal. However, we find a preferred orientation with the COH plane at an angle of 40º 

with the surface normal. This suggests that the lone pair orbital is involved in the 

interaction. Fig. 8 shows the density of states projected onto the 2p states of O and the 

4d states of the surface Pd atoms.  The highest occupied methanol O 2p lone pair orbital 

is broadened as a result of interactions with the substrate states, and there are indications 

of the formation of bonding and anti-bonding states expected from hybridization with 

the Pd 4d states.  In summary, we find a binding mechanism consistent with the 

standard picture of a lone pair interaction via the methanol O atom. 
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Conclusions 

On Pd(110) two different methanol species were identified upon adsorption at 100K and 

subsequent heating up on 200K from high resolution photoelectron spectroscopy 

measurements. The species with lowest C1s core level binding energy was remaining at 

the surface for low methanol coverage. The adsorption and decomposition behavior of 

methanol on a Ag/Pd(110) surface alloy formed by depositing Ag on Pd(110) at 

elevated temperature was similar to that of the pure Pd(110) surface, indicating that 

small amounts of silver in the outermost Pd(110) surface is not significantly influencing 

the behavior of methanol at this surface. DFT calculations on selected surface alloy 

models support this interpretation. 
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Figure captions 

 

Figure 1. Schematic drawings of the three different models (A, B, and C) for alloying 

of Ag into the Pd(110) used for the DFT calculations. The Pd atoms are shown in blue 

and Ag atoms in white. 

 

Figure 2. C1s photoemission spectra after adsorption of a) 0.5 L methanol and b) 5.0 L 

methanol on Pd(110) at 100K, followed by heating to the indicated temperatures. 

 

Figure 3. Pd3d5/2 core level spectra after adsorption of a) 0.5 L methanol and b) 5.0 L 

on Pd(110) at 100K followed by heating to the indicated temperatures. The spectrum 

recorded for clean Pd(110) is included as the lower panel in both a) and b). 

 

Figure 4. Valence band spectra measured after deposition of 0.5L methanol methanol 

on Pd(110) at 100K and after heating to the specified temperatures. The spectrum 

recorded for clean Pd(110) is included as the lower panel in both a) and b). 

 

Figure 5.  Pd3d5/2 core level spectra of clean Pd(110) (lower panel), after deposition of 

> 0.6ML Ag at 500K and after adsorption of 2.5 L methanol (upper panel). 

 

Figure 6. C1s photoemission spectra after adsorption of a) 0.5 L methanol and b) 5.0 L 

methanol >0.6 ML Ag/Pd(110) at 100K followed by heating to the indicated 

temperatures followed by a sequence of spectra from annealing at specified 

temperatures.  

 

Figure 7. The adsorption geometry of methanol on the model B Ag/Pd(110) surface 

(see Fig. 1) in top view to the left and side view to the right. The methanol oxygen atom 

is indicated in red. 

 

Figure 8. Density of states projected onto the 2p states of O (solid line) and the 4d 

states of Pd surface atoms (dashed line). The energies are given relative to the Fermi 

level. 

19 



 

Table captions 

 

Table 1. Binding energies (BE) of the C1s core level contributions for a) 0.5L CH3OH 

and b) 5.0 L CH3OH adsorbed on Pd(110) at 100K and after heating to the indicated 

temperatures. 

 

Table 2. Binding energies (BE) of the C1s core level contributions for 2.5 L CH3OH 

adsorbed on >0.6ML Ag/Pd(110) at 100K and after heating to the indicated 

temperatures.  

 

Table 3. Calculated adsorption energies in units of eV/molecule for methanol 

adsorption on PdAg(110) model alloys shown in Fig. 1 with Ag in the first (surface 

model A), second (B), or third (C) layer as well as on clean Pd(110) (D) and clean 

Ag(110) (E). 

 

20 



 

 

 

 

 

 

 
 

Figure 1 
 

 

 

 

 

21 



 

 

283285287289

F

C

E

D

A

C1s
hv=380eV

100K

500K

350K

250K

170K

Binding energy (eV)

In
te

ns
ity

 (a
rb

.u
ni

ts
)

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 2a 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

22 



 
 

283285287289

(A+C)

C1s
hv=380eV

C

F

D

A

E

M

500K

350K

250K

200K

170K

100K

Binding energy (eV)

In
te

ns
ity

 (a
rb

.u
ni

ts
)

 
 
 

 
 
 

 
 
 
 
 
 
 
 

 
 
 
 
 
 
 

 
 
 

 
Figure 2b 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

23 



 
 

334335336337

S

B

S

B

Pd3d5/2
hv=390eV

350K

250K

170K

Pd(110)

0.5L CH3OH

Binding energy (eV)

In
te

ns
ity

 (a
rb

.u
ni

ts
)

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3a 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

24 



 
 

 

334335336337

G

S
B

S

B

Pd3d5/2
hv=390eV

 Pd(110)

500K

350K

5.0L CH3OH

170K

250K

Binding energy (eV)

In
te

ns
ity

 (a
rb

.u
ni

ts
)

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3b 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

25 



 
 

1015202530

V
U

W
Z

YX

VB
hv = 120 eV

Pd(110)

350K

250K

170K

0.5L CH3OH

Binding energy (eV)

In
te

ns
ity

 (a
rb

.u
ni

ts
)

 
 
 

 
 
 
 
 
 
 
 
 

 
 
 
 
 

 
 
 

Figure 4 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

26 



 
 

334335336337

H'

Pd3d
hv=390eV B

S

>0.6MLAg

Pd(110)

2.5L CH3OH

Binding energy (eV)

In
te

ns
ity

 (a
rb

.u
ni

ts
)

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 5 

 

 

 

 

 

 

 

 

 

 

 

 

27 



 

 

283285287289

(A'+C')

E'

C'

F'

D'
A'

M'

C1s
hv=380eV

500K

350K

250K

200K

170K

100K

Binding energy (eV)

In
te

ns
ity

 (a
rb

.u
ni

ts
)

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

               Figure 6 

 

 

 

 

 

 

 

 

 

 

 

 

 

28 



 
 
 

 
 
 

Figure 7 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 8 

 

29 



 
CH3OH on 

Pd(110) 
 

Temperature A C D E F M 

100K 285.72 286.03 285.25 - 284.55 - 
170K 285.72 - 285.25 - 284.55 - 
250K - - - 285.68 284.56 - 
350K - - - 285.63 284.54 - 

0.5L 

500K - - - - 284.58 - 
100K 285.88* 285.88* 285.20 - 284.42 286.98 
170K 285.76 286.10 285.27 - 284.45 - 
200K 285.75 286.01 285.29 - 284.41 - 
250K - - - 285.68 284.56 - 
350K - - - 285.64 284.55 - 

5.0L 

500K - - - - 284.56 - 
 
* Contributions A and C were not fitted separately at this temperature for this methanol 
exposure. 
 

       Table 1. 

         

CH3OH on 

 

Ag/Pd(110) Temperature A’ C’ D’ E’ F’ M’ 

100K 285.95* 285.95* 285.25 - 284.44 287.08 

170K 285.76 286.17 285.25 - 284.37 - 

200K 285.76 - 285.25 - 284.25 - 

250K - - - 285.71 284.05 - 

350K - - - 285.66 284.56 
284.04 - 

2.5L 

500K - - - - 284.54 
284.08 - 

* Contributions A’ and C’ were not fitted separately at this temperature for this 
methanol exposure. 
 

     Table 2. 
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Surface model Site Eads (eV/molecule) 

A Pd on top 0.33 

A Ag on top 0.28 

B Pd on top 0.34 

C Pd on top 0.34 

D Pd on top 0.34 

E Ag on top 0.14 

 
Table 3. 
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Abstract 
 
 
Methylamine adsorption on Pd(110) and decomposition upon heating to selected temperatures 

have been investigated by high resolution photoelectron spectroscopy and the resulting 

adsorption properties of the main resulting species determined by density functional theory. 

Methylamine is observed to adsorb molecularly at the Pd(110) surface at low temperatures 

(120 K). In the temperature range 300-350 K CN species are observed formed at the surface 

and methylamine desorbed. CN remains on the surface up to an annealing temperature of 800 

K. The theoretical calculations predict a methylamine on-top adsorption site on Pd(110) with 

an adsorption energy of 0.40 eV. As seen for other systems methylamine is found to bind to 

the surface via a lone pair on the N atom. The CN molecule is lying down on surface with the 

C–N axis along the [001] direction above a second layer Pd atom. The adsorption structure 

found for CN is in agreement with quantitative structural determinations performed by 

another group. The binding energy shift between methylamine and cyanide in the C 1s and N 

1s states are also calculated. These values are in good agreement with the experimental 

findings.     

 
 
Key words: Synchrotron radiation photoelectron spectroscopy, methylamine, cyanide 

Pd(110), density functional theory 
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Introduction 

The capture of industrial produced CO2 has attracted a lot of attention lately, due to the threat 

of climate change from the increased levels of green house gases in the atmosphere [1]. The 

majority of the industrial CO2 emission stems from power plants using fossil fuels such as 

coal and natural gases. The development of zero and near zero emission power plant 

technologies is becoming an important issue worldwide [2]. In this aspect amines are 

promising candidates due to their ability for capturing CO2 [3]. Technology utilizing amines 

for CO2 capture are already used in aircraft, submarine and spacecraft technologies [4]. In 

addition, amines find important applications in surface coatings, adhesion, corrosion 

inhibition and catalysis [5].  

 
Methylamine (CH3NH2) is the simplest primary amine, well suited for addressing interaction 

of amine groups with metal surfaces. The adsorption of methylamine have been studied 

experimentally on several transition metal surfaces including Cr(100), Cr(111) [6], Ni(100) 

[7], Ni(111) [8, 9], Cu(110) [10], Ru(001) [11], Rh(111) [12], Pd(111) [13], W(100) [14], and 

Pt(100) [15] and Pt(111) [16, 17]. Methylamine adsorbs molecularly on these surfaces at low 

temperature. It is assumed to bind to metal surfaces through the nitrogen lone pair. A similar 

bonding mechanism is also reported for metal oxide surfaces [18].  Methylamine is found to 

be stable on some surfaces above room temperature before decomposing. On Cu(110), 

however, only desorption of molecular methylamine was observed, indicating that no other 

decomposition products were formed at this surface [10]. Decomposition of methylamine may 

occur through dehydrogenation producing CN at the surface, or via C–N bond scission, 

yielding hydrocarbons, H2 and N2 as the final desorption products. The former reaction 

pathway often results in desorption of H2, HCN and C2N2. The production of gaseous HCN 

and C2N2 indicates that CNads have formed at the surface. At the (111) surfaces of Ni [8,9], Rh 

[12] and Pd [13] as well as on Pt(111) [16] dehydrogenation of methylamine to CN is 

reported to occur. CN remains intact at the surface in certain temperature intervals. Whereas, 

at Cr(100), Cr(111) [6], Ni(100), W(100) [14] and Pt(100) [15]C-N bond breaking has been 

found to dominate. A combination of both decomposition pathways were observed at Ru(001) 

[11]. Contradicting results have been reported for Pt(111), where one study observed mainly 

dehydrogenation to CN [16]  while another observed both decomposition pathways [17]. 

 
Theoretical studies addressing the interaction of methylamine with metal surfaces are scarce. 

Methylamine adsorption has been studied on Ni(111) [19] and transition metal surfaces [20], 
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with a focus on the composition and decomposition reactions on these surfaces.  

 
In the present study we investigate the interaction of methylamine with the Pd(110) surface 

and the decomposition behaviour, using high resolution photoemission spectroscopy (HR-

PES) and density functional theory (DFT). We find that methylamine adsorbs molecularly at 

120 K. Upon heating dehydrogenation is the only reaction involved in the decomposition of 

methylamine on Pd(110), where the production of adsorbed CN mainly occurs in the 

temperature regime 300 K to 350 K. DFT calculations are used to further address the 

interaction and bonding mechanism of methylamine and the decomposition product CN with 

the Pd(110) surface. In addition, calculated binding energy shifts in the C 1s and N 1s core 

levels due to methylamine and CN are compared to the experimental values. 

 
 
Experimental  

High-resolution photoelectron spectroscopy experiments were performed at beam line I311 of 

the MAX II synchrotron radiation source in Lund, Sweden. This beam line is equipped with a 

modified SX-700 monochromator and a large Scienta type hemispherical electron energy 

analyzer (SCIENTA SES200) [21]. The base pressure in the UHV system was ≤ 3x10-10 

mbar.   

 
The Pd(110) crystal was cleaned by cycles of sputtering, heating in oxygen and subsequent 

annealing. This procedure gave well-defined, clean surfaces as judged from LEED patterns 

and photoemission measurements of the C1s core level region. Methylamine (2.0, AGA) was 

used without further purification. As noted by Hwang et al. [12] we experienced how strongly 

CH3NH2 adsorbs on the UHV chamber walls and pumping down after exposure was time 

consuming. The actual exposures are therefore difficult to estimate and we used for this 

reason saturation coverage only. The Pd(110) was exposed to methylamine at 120 K. The 

reaction of methylamine was investigated as function of temperature by flashing the sample  

to higher temperatures.  

 
All PES spectra were recorded at normal emission and with the sample kept at 120 K. The 

C1s core level spectra were recorded at photon energy 380 eV and the Pd3d5/2 core level at 

390 eV. The corresponding experimental resolution was about 110 meV. The N1s core level 

was measured using an photon energy of 500 eV, with an experimental resolution better than 
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150 meV. The binding energy was calibrated by recording the Fermi edge immediately after 

the core level regions. 

 
The spectra were fitted with a Doniach-Šunjić lineshape [22] convoluted with a Gaussian 

distribution. In fitting of C1s and N1s spectra, the Lorentzian lifetime broadening was set to 

100 ± 10meV.  Moreover, the background was represented by a linear function with 

adjustable slope. The fitted binding energy values were allowed to vary ±10 meV. All spectra 

were normalized to the same intensity at the low BE side of the core-level signal except for 

the N1s spectra, where the BE interval was measured too short. For these spectra 

normalization was performed at the high BE side of the signal. 

 
 
Computational 

The DFT calculations reported here were performed using the DACAPO code [23].  

The exchange and correlation effects are taken into account using the Perdew-Burke-

Ernzerhof (PBE) version [24] of the generalised gradient approximation (GGA). The ionic 

cores and their interactions with the valence electrons were described by ultrasoft 

pseudopotentials [25]. To calculate core level shifts, pseudopotentials for core-exited atoms 

were constructed using the same parameters as those used for the corresponding ground state 

atom. The calculations were performed using a plan-wave basis with a kinetic energy cut off 

of 340 eV. Initial calculations to determine the equilibrium bulk structure of Pd using a 

12x12x12 Monkhorst-Pack k-point sampling gave a value of 3.98 Å for the Pd bulk lattice 

constant. This is an overestimate of 2.3% compared to the experimental value, but compares 

well with previously reported theoretical values where the GGA approximation has been used 

[26]. 

 

The Pd(110) surface was represented by periodically repeated slabs constructed using the 

calculated bulk lattice constant. The slabs were separated by a 14 Å vacuum gap. The 

majority of the adsorbate-substrate calculations were performed using a (2x2) supercell and a 

five-layer slab, with a k-point sampling grid of 6x8x1. The minimum-energy adsorption 

geometries were determined by placing the adsorbate in the high-symmetry sites on the 

Pd(110) surface, and allowing the atoms of the adsorbate and three uppermost layers of the 

slab to relax freely until the residual forces on each atom were less than 0.02 eV/Å. An 

extensive set of different orientations of the adsorbate with respect to the surface  

were explored. The artificial electric field created by the asymmetry of the adsorption system 
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was compensated by a self-consistently determined dipole correction applied in the vacuum 

region [27, 28]. 

  

The reported adsorption energies per molecule were calculated from  

 

 Eads = -(ESM - ES - EM),  

 
where  ESM is the total energy of the adsorbate-substrate system, ES  is the energy of a clean 

surface slab, and EM is the energy of an isolated molecule. With this definition, a positive 

adsorption energy indicates stabilisation. The adsorption energies were obtained using the 

RPBE functional [29], as this has been shown to provide an improved description of the 

chemisorption energetics of molecules on transition metal surfaces.  
 
 
Results and discussion 

The C 1s and N 1s spectra measured after exposing the Pd(110) surface to methylamine at 

120 K to saturation coverage and subsequent heating to selected temperatures are shown in 

Figs. 1 and 2, respectively. Binding energies of all observed spectral contributions are 

summarized in Table 1 for the C 1s spectra and Table 2 for the N 1s spectra. The unidentified 

contributions are labelled Cx
species and Ny

species. Upon saturation coverage of methylamine at 

120 K, the intensity of the Pd3d5/2 signal (spectra not shown) decreases by only 27 % 

indicating that no thick layer of CH3NH2 was formed on Pd(110) by the adsorption at this 

temperature. In addition, the Pd3d5/2 surface component disappeared and a broadening to the 

high binding energy side of the Pd bulk contribution was observed.  Adsorption at 120 K 

results in one main contribution in the spectra for both the C 1s (285.97 eV) and N1s (399.39 

eV) core levels, as seen in the lower panels of Figs. 1 and 2. These contributions are assigned 

to molecular methylamine adsorbed on the surface, and their binding energies agree well with 

previous values reported for molecularly adsorbed CH3NH2 on Pd(111) [13]. Two minor 

contributions, shifted 1.61 eV and 2.64 eV to lower binding energies relative to the main 

contribution, are observed in the C 1s spectrum indicating that a small fraction of the 

methylamine molecules decomposes upon adsorption at 120 K. These spectral features remain 

after heating up to 200 K, with a weak increase in the strength of the C 1s contribution at 

284.36 eV. These small peaks disappeared upon heating to 400 K. The spectral range 

recorded for the N1s was increased after heating to 200 K. It cannot be excluded that the weak 
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contribution observed at 397.29 eV after annealing at this temperature already appeared upon 

the initial deposition of methylamine together with the small contributions in the C 1s 

spectrum. Nitrogen containing decomposition products of methylamine are expected to give 

additional peaks in the N 1s spectra [12, 13].  

 
Upon heating to 300 K some molecular CH3NH2 desorbs from the surface judged by the 

reduced intensity in both the C 1s and N 1s spectra. Moreover, the C 1s main contribution has 

shifted ~0.35 eV to lower binding energies. At the same time, the N 1s signal, originally at 

399.39 eV shifts ~0.17 eV to higher binding energies. The origin of these small changes in 

binding energies may either be formation of one or more surface intermediates formed by 

dissociation through removal of one hydrogen atom from the methylamine molecule or 

interaction of methylamine through lower adsorbate coverage and/or with other 

decomposition products formed on the surface. On Pd(111), a fraction of the methylamine 

molecules desorbed upon heating to 275 K [13]. No changes in the binding energies of the 

methylamine C 1s and N 1s components were found. In the case of methanol adsorption 

Ni(100) [30], NiAl(110) and Ni3Al(111) [31] changes in the C1s binding energy have been 

observed with decreasing methanol coverage upon heating. The changes in binding energy of 

the methanol component upon heating were interpreted as being due to adsorbate-adsorbate 

interactions of methanol with the decomposition product H and/or methoxy. In this study, the 

full width at half maximum (FWHM) of the methylamine C 1s contribution observed at 120 K 

is reduced upon heating to 300 K, indicating loss of spectral weight which may be arising 

from the first vibrationally exited state of the C-H stretching mode. Note that the vibrational 

component is unresolved in the spectra and therefore not included. The FWHM of the 

methylamine N 1s contribution observed at 120 K is constant upon heating to 200 K, and 

reduced upon further heating to 300 K. Together with the shift in binding energy, the 

reduction of the FWHM suggests that methylamine undergoes dehydrogenation upon heating.    

 
A significant change in  both the C 1s and N 1s spectra upon heating to 300 K is a new 

contribution at lower binding energies relative to the signals from molecular CH3NH2 

appearing in both the C 1s and N 1s spectra. In the C 1s spectra this contribution is shifted 

1.85 eV related to the methylamine contribution found at 120 K while the corresponding shift 

in the N 1s spectrum is 2.36 eV. Successive heating to 350 K changes the surface adsorbates 

completely. Almost no molecular CH3NH2 or slightly decomposed CH3NH2 are left on the 

surface. Instead the contributions appearing after heating to 300 K have increased in intensity. 
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Formation of CN on Pd(110) upon dissociation of C2N2 has been reported to yield a C 1s 

spectral contribution at 284.20 eV and a N 1s binding energy at 397.15 eV [32]. The binding 

energies of the C 1s (at 284.12 eV) and N 1s ( at 397.03 eV) contributions, originating from 

heating the methylamine covered Pd(110) surface to 300 K, agree well with the values found 

by Baraldi et al. [32], and are thus attributed to CN formation through decomposition of 

methylamine. 

 
As can be seen from the spectra in Figs. 1 and 2 the decomposition of adsorbed CH3NH2 to 

CN on Pd(110) occurs mainly in the temperature range from 300 K to 350 K. In addition, the 

intensity of the Pd3d5/2 signal has increased upon heating to 350 K, the intensity reduction 

relative to the clean surface was only about 4%. The Pd3d5/2 surface contribution was still 

absent and the overall shape of the spectrum was not significantly changed. The C1s and N1s 

spectra in Figs. 1 and 2 do not change significantly upon further heating to 400 K and 500 K 

except for a shoulder being formed at the high binding energy side of the CN contribution in 

the C1s spectra. This shoulder could be due atomic carbon. Atomic carbon formed from 

methanol decomposition on Pd(110) was found at a slightly higher binding energy of 284.56 

eV [33] compared to 284.38 eV found here. This shoulder disappears upon heating to 800 K 

The overall spectral intensity for both the carbon and the nitrogen signals is strongly reduced 

after annealing at this temperature. 

 
The formation of CN from methylamine on Pd(110) is in line with previously reported results 

for Pd(111) [13], where CN was observed in the temperature range 300 K to 425 K. CN was 

found to desorb at 500 K while we in our experiments still see some CN after flashing to 800 

K. On Pd (110), C2N2 was completely transformed into CN upon heating to 220 K [32]. CN 

remained on the Pd(110) surface after heating at temperatures up to 800 K, though at lower 

intensity for the highest annealing temperature. Using angle resolved UV photoemission 

(ARUPS) and temperature programmed desorption (TPD), CN species were found to be 

stable up to about 650 K on Pd(110), where they started recombining to C2N2 with a 

maximum desorption peak at about 800 K [34]. The reduced intensity we observe in the C 1s 

and N 1s spectra after heating to 800 K is consistent with these results. Also on Rh(111) 

methylamine decomposed to CN and was stable on the surface at temperatures up to about 

700 K, where it also desorbed as C2N2 [12].  

 
DFT were used to determine the preferred adsorption site of methylamine and cyanide (CN) 

on Pd(110). Methylamine has a lone pair electron located on the N atom. A molecular 
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adsorption of methylamine is therefore expected to be via the N atom. For this reason we 

limited our search for the optimum adsorption structure to configurations where the N atom is 

close to the surface. A series of geometry optimizations were performed from structures 

where the nitrogen where initially placed on top an outermost Pd layer atom, in the hollow 

site (on top a second layer Pd atom), and in the short and long bridge sites. From this set of 

calculations we found that methylamine adsorbs via its nitrogen atom in the on top site with 

an adsorption energy of 0.40 eV. Figure 3 illustrates the adsorption geometry. The N–Pd 

nearest neighbour distance in this site is 2.23 Å. The N–H bonds are essentially parallel to the 

surface plane, while the CN bond axis is tilted by 27° with respect to the surface normal. 

There are no significant changes in the molecular geometry upon adsorption. The bond 

lengths are unchanged, while the internal angles open up, but by no more than 2%. The 

adsorption induced changes in the surface geometry are also relatively small. The Pd atom 

underneath methylamine is pulled out by 0.05 Å, while the other Pd atoms keep their position 

relative to the clean surface geometry. The adsorption site preference and geometry for 

methylamine is very similar to what has been found in previous DFT studies of methylamine 

on other metal surfaces [19, 20]. 

 
To gain some understanding of the bonding mechanism we have calculated the electron 

density difference. This was obtained by subtracting the electron density of the clean surface 

and free molecule from the electron density of the adsorbate system. The two former electron 

densities were calculated using the geometry of the molecule and the surface as found for the 

adsorbate system. Figure 4 shows a contour plot of the electron density difference in a cross 

section containing the methylamine C and N atom and the Pd atom that methylamine binds to. 

Solid lines indicate a gain in electron density, while dashed lines indicate a loss of electron 

density. The local changes around the N atom and the Pd atom suggests that the lone pair, 

mainly composed of N 2p states, and Pd 4d are involved in the bonding of methylamine to the 

surface. There is a localised accumulation of electron density in the bonding region midway 

between the Pd atom and the N atom suggesting some covalent contribution to the binding. 

This is supported by the site preference found in our calculations that also indicate some 

localised character in the bonding mechanism. 

 

 

CN forms an ordered c(2x2) overlayer on several fcc(110) surfaces [35, 36], including 

Pd(110) [34]. A general adsorption behaviour has been found for these systems where the CN 
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species is almost parallel to the surface plane above a second layer layer atom and with the 

molecular axis along the [001] azimuth [34-36]. The lowest energy adsorption structure found 

in our DFT calculations is in agreement with the one found experimentally [34]. CN is lying 

down on the surface with the C–N axis along the [001] direction. The C atom is closer to the 

surface than the N atom, so that C–N axis is tilted by 26° with respect to the surface plane, in 

excellent agreement with the experimental value of 25 ± 4° [35, 36]. As illustrated in Fig. 5, 

the C atom is three-fold coordinated to two outermost Pd layer atoms and one second layer Pd 

atom. The C-Pd nearest neighbour distance is 2.09 Å. N is two-fold coordinated to the 

outermost surface layer atoms at a N-Pd nearest neighbour distance of 2.22 Å, close to the 

corresponding value for adsorbed methylamine. For this geometry the adsorption energy was 

found to be 1.60 eV calculated relative to a free cyanogen molecule (C2H2). The adsorption 

geometry where CN is lying down, but aligned with the C–N axis along the [-110] direction 

had a smaller adsorption energy of 1.06 eV. The strongest adsorption energy we found for 

geometries with the C-N axis parallel to the surface normal was 0.62 eV, with CN adsorbed 

with the C atom located in the short bridge site. The calculations therefore favour a flat lying 

orientation of the CN molecule, and the surface structure found experimentally [34]. Fig. 6 

show contour plots of three different cuts through the electron density difference. These plots 

show charge accumulations between the Pd atoms and the adjacent C and N atoms 

characteristic of local covalent bonds. In addition there is a clear gain of electron density in 

along the C-N bond axis indicating a charge transfer form the substrate to the molecule. We 

therefore interpret the bonding mechanism to be a covalent bond with some ionic component.   

 
We have calculated binding energy shifts in the C 1s and N 1s core level for cyanide relative 

methylamine using the optimum adsorption structures. The geometry has not been relaxed for 

the core-exited adsorbate system because of the vertical nature of the photoemission process. 

The calculations predicted a shift of 2.0 eV in the C 1s core level, whereas the shift was 2.7 

eV in the N 1s core level. These values are in fair agreement with the experimental results of 

1.85 eV and 2.36 eV for the C 1s and N 1s core levels, respectively. 
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Conclusions 

Methylamine adsorbs molecularly on Pd(110) at 120 K. DFT calculations predict that 

methylamine binds to the surface with the N atom situated in a Pd on top site. An analysis of 

the electron density difference suggests that methylamine binds to the surface via the N lone 

pair. Upon heating to 300 K cyanide starts forming, and at 350 K almost all methylamine has 

transformed into cyanide. CN remains at the Pd(110) surface upon heating to 800 K, however, 

from 500 K to 800 K desorption starts taking place. As determined by DFT calculations CN 

adsorbs preferentially lying down on surface with the C–N axis along the [001] direction 

above a second layer Pd atom. The C atom is closer to the surface than the N atom, resulting 

in a tilt of the C-N axis by 26° with respect to the surface plane. Electron density difference 

plots of CN on the surface indicate a covalent bonding mechanism with an ionic contribution.  
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Figure captions 
 
Figure 1. C 1s photoemission spectra from Pd(110) after adsorbing a saturation coverage of 
methylamine at 120 K and heating to the indicated temperatures. The spectra are measured 
with a photon energy of 380 eV. The vertical dashed lines indicate the number of 
contributions to each spectrum.  
 
Figure 2. N 1s photoemission spectra from Pd(110) after adsorbing a saturation coverage of 
methylamine at 120 K and heating to the indicated temperatures. The spectra are measured 
with a photon energy of 500 eV. The vertical dashed lines indicate the number of 
contributions to each spectrum. 
 
Figure 3. a) Top view and b) side view illustrations of methylamine adsorbed in the on top 
site on the Pd(110) surface.  
 
Figure 4. Electron density difference contour plot for methylamine on Pd(110) in a plane 
through the C and N atoms of methylamine and the bonding Pd atom. Solid lines indicate gain 
in electron density while dashed lines indicate loss. The contours are drawn at densities 
±0.005 × 2k e/Å3 for k = 0,1...,6.  
 
Figure 5.  a) Top view and b) side view illustration of CN adsorbed on Pd(110) where the C–
N axis is aligned along the [001] direction above a second layer Pd atom. 
 
Figure 6. Electron density difference contour plot for methylamine on Pd(110) in planes 
through a) the C and N atoms of CN and the second layer Pd atom below the C atom, b) the C 
of CN and two Pd surface atoms and c) the N atom of CN and two Pd surface atoms. Solid 
lines indicate gain in electron density while dashed lines indicate loss. The contours are drawn 
at densities ±0.005 × 2k e/Å3 for k = 0,1...,6. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

13 



Table captions 

 
Table 1. Adsorbate C 1s core level binding energies found from Pd(110). 
 
 
Table 2. Adsorbate N 1s core level binding energies found from Pd(110). 
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Figure 3 (a) and (b) 
 
 
 
 
 
 
 

 
 
Figure 4 
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Figure 5 (a) and (b) 
 
 
 
 
 
 

  
 
 
 
Figure 6 (a), (b) and (c)                                                    
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Temperature CH3NH2 C1
species C2

species C3
species CN carbide 

(K)       
120 285.97 284.36 283.33    
150 285.97 284.22 283.33    
200 285.80 284.22 283.13 283.53   
300 285.61  283.13 283.53 284.17  
350 285.67  283.13 283.53 284.12  
400 285.67    284.12 284.38 
500     284.12 284.38 
800     284.12  

  
Table 1.  

 
 
 

Temperature CH3NH2 Nspecies CN 
(K)    
120 399.39   
150 399.45   
200 399.51 397.29  
300 399.56  397.03 
350   397.03 
400   397.03 
500   397.03 
800   397.10 

 
 

Table 2.  
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