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Abstract 
 

The aim of the PhD activity (completely developed at CNR-ICMATE, Padova Research Area) 

was the development of planar and thin membranes for hydrogen separation for high tem-

perature processes (400°C, metal membranes) and medium temperature processes (< 150°C, 

zeolite membranes), supported by porous ceramic substrates. Metallic membranes were 

deposited by PVD processes and zeolite membranes were grown onto ceramic substrate by 

hydrothermal synthesis. Advantages of PVD techniques are exposed in the PVD chapter of 

the thesis. PVD deposition is particularly useful in case of metal alloys, since co-sputtering of 

metals can hinder the intermetallics formation in the alloy and allows a fine tuning of the 

chosen stoichiometry. 

A goal of the work was to develop new composite membranes combining porous substrates, 

having fine pore size and smooth surfaces, with a new deposition technique, HiPIMS (High 

Power Impulse Magnetron Sputtering), to deposit very thin and dense palladium-based 

membranes (Pd-Ag 77-23 wt%) to reduce the thickness and thus the palladium content, in 

order to fulfil the targets of the U.S. Department of Energy (DoE), in term of costs of mem-

branes and hydrogen flux.  

A further goal of the activity was the investigation of new and promising alloys, mainly palla-

dium-free alloys, with a focus on vanadium based alloys, to meet the new guidelines estab-

lished by European Community about critical elements. We studied a binary alloy (V90Pd10) 

and a ternary alloy (V84.2Ni10.5Ti5.3, an alloy whose properties have been predicted by a com-

putational screening approach), both prepared for the first time by PVD processes (the main 

preparation process involve arc melting). 

In order to compare different membranes and flow mechanism, a parallel research activity 

involved the preparation of thin membranes of zeolites, grown directly onto a porous ce-

ramic substrate. Among the various zeolite structures available, hydroxy-sodalite is the best 

choice to prepare hydrogen separation membranes, thanks to the pore size compatible with 

the size of hydrogen molecule. Hydroxy-sodalite membranes are already reported in litera-

ture, but our aim was the preparation of reliable zeolite membranes in only one hydrother-

mal step, simplifying the synthetic approach.  
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Once membranes were prepared, hydrogen permeation measurements were performed in 

test station entirely developed at CNR-ICMATE (experimental layout and Labview interface), 

to gather information about the hydrogen permeance and H2/N2 selectivity of membranes. 
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1. Hydrogen: an energy carrier 

 

1.1. Hydrogen economy 
 

Fossil fuels have powered human civilization since the beginning of the industrial era, but 

their extensive use threatens future energy supply and increases environmental concerns 

(pollution and emission of greenhouse gases). Moreover, the energy demand is thought to 

double by 2050, due to population growth and industrialization of developing countries1. 

Transportation and heating require the two-thirds of the primary energy demand, provided 

by fossil fuels feedstocks (petroleum and natural gas), but, in the same time, they are the 

source of over half of all greenhouse gases and air pollutants emissions. The research con-

cerning alternative fuels is necessary not only for human health-care, but even for the de-

velopment of a new and sustainable energy market. Inexhaustibility, cleanliness, conven-

ience and independence from foreign control are the main properties of the ideal fuel. Hy-

drogen2 combines all these criteria and it is promoted worldwide as an environmentally-

friendly replacement for the traditional fossil fuels, both in transportation and not transpor-

tation applications. Hydrogen is versatile: it can be used in stationary applications (power 

plants and fuel cells), mobile applications (boats, airplanes and cars) and backup facilities 

(portable generators). Hydrogen is at the heart of the hydrogen economy, a new energy sys-

tem combining hydrogen as energy carrier and electricity. 

Compared to conventional fuels3 (Tab. 1.1), hydrogen has the highest energy content per 

unit mass of any fuel, but its energy density is affected by the physical nature of the fuel, liq-

uid or a gas. 

 
 

Fuel 
LHV* 

(MJ/kg) 
HHV** 
(MJ/kg) 

Stoichiometric 
air/fuel ratio 

(kg) 

Combustible 
range 

(%) 

Min. 
Ignition 
Energy 

(MJ) 

Auto igni-
tion tem-
perature 

(°C) 

Methane 50.0 55.5 17.2 5-15 0.30 540-630 
Propane 45.6 50.3 15.6 2.1-9.5 0.30 450 
Octane 47.9 15,1 0.31 0.95-6.0 0.26 415 

Methanol 18.0 22.7 6.5 6.7-36.0 0.14 460 
Hydrogen 119.9 141.6 34.3 4.0-75.0 0.017 585 
Gasoline 44.5 47.3 14.6 1.3-7.1 0.29 260-460 

Diesel 42.5 44.8 14.5 0.6-5.5 - 180-320 
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* = lower heating value ** = higher heating value 

Fuel 
Energy density 

(MJ/m3 at 1 
atm, 15°C) 

Energy density 
(MJ/m3 at 200 

atm, 15°C) 

Energy density 
(MJ/m3 at 690 

atm, 15°C) 

Energy 
density 

(MJ/m3 of 
liquid) 

Gravimetric 
energy 
density 
(MJ/kg) 

Hydrogen 10.0 1825 4500 8491 140.4 
Methane 32.6 6860 - 20920 43.6 
Propane 86.7 - - 23488 28.3 
Gasoline - - - 31150 48.6 

Diesel - - - 31435 33.8 
Methanol - - - 15800 20.1 

Tab. 1.1: comparison between hydrogen and other fuels (from 4) 

 

1.2. Hydrogen today 
 

The three main hydrogen producers are captive producers (production for direct customers 

or their own use), by-product hydrogen producers (production from chemical processes) and 

merchant companies (trading of only 5% of total production). Almost the entire production 

(≈ 95%) comes from fossil fuels (mainly natural gas), while water electrolysis and other new 

processes still account for less than 5%. Hydrogen is mainly used as reactant in chemical and 

petroleum industries (ammonia production, crude-oil processing and methanol production). 

In addition, hydrogen is used for reduction processes in metallurgy and steel production. On-

site produced hydrogen costs approximately $0.70/kg, which raises up to $3.08/kg (liquid 

hydrogen) if not produced on site. It is clear that, for cost-competitive transportation, hy-

drogen price must be comparable to conventional fuels. 

1.3. Hydrogen production 
 

Hydrogen is commonly extracted from chemical compounds5, mainly fossil fuels. They are a 

readily available hydrogen source in the present and near-term, but their employment leads 

to a further depletion of the limited cheap fossil fuels reserves. To reduce the anthropogenic 

contribution to greenhouse emissions, the use of a CO2 neutral energy carrier as biomass 

could resolve the problem in the near, mid-term. 

Nowadays, the most important production processes that require membrane purification 

are steam reforming and biomass gasification. 
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1.3.1. Steam reforming 
 

Most of hydrogen is produced by steam reforming of methane (SRM)6, followed by hydrogen 

separation. SRM is a relatively simple, efficient and well-proven technology; it provides a 

cost-effective product and can operate with different hydrocarbon feedstocks7. First of all, 

the sulphur level is reduced below 2 ppm (hydrodesulphurization and H2S removal), in order 

to protect the catalysts used in the downstream reforming process. SMR is carried out at 

800–900°C and 25–35 atm, using an alkali promoted Ni-based catalyst supported on alu-

mina. The first reaction is the hydrocarbon dissociation on the metal surface and the hydro-

carbon fragments reaction with adsorbed steam to produce CO and H2 (reforming process): 

CnHm + nH2O → nCO + (n + m/2) H2                 (for CH4: ΔH 298 ° = +206 kJ/mol) 

Equilibrium concentration of CO, H2, CH4, CO2 and H2O are established according to the reac-

tion equilibria for the methanation and the water gas shift (WGS) reactions: 

Methanation: CO + 3H2O  CH4 + H2O                  (ΔH 298 ° = +206 kJ/mol) 

WGS: CO + H2O  CO2 + H2                                      (ΔH 298 ° = –41.2 kJ/mol) 

In case of heavy hydrocarbon feedstocks, a pre-reformer (at 400-500°C) is used upstream to 

first convert the heavy hydrocarbons to CH4. In the SMR process the final gas mixture de-

pends on pressure, temperature and steam/CH4 ratio used. For SMR conducted at 800°C, 

300 psig and a steam/CH4 ratio of 3, the gas mixture is (dry basis): 75% H2, 7% CO2, 12% CO 

and 6% CO2. The amount of H2 in the synthesis gas may be further increased by reacting CO 

with steam in the WGS reaction. The WGS reaction is an equilibrium-limited reaction fa-

voured at lower temperatures and it is typically conducted in two steps: high-temperature 

shift (HTS) and low-temperature shift (LTS). Converted gases are cooled outside of the reac-

tor by producing steam and sent to the LTS converter at about 200–215°C to complete the 

shift reaction. The exit gas typically contains about 87.3% H2, 10.7% CO2, 0.70% CO and 1.3% 

CH4 (dry basis) and is further purified by CO2 removal. The as-prepared hydrogen may need a 

further purification to meet the requirements of the specific application. 
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1.3.2. Production from biomass 
 

 

Biomass8 is the fourth largest source of energy in the global context and it accounts for 15% 

of world’s primary energy consumption. A variety of biomass sources can be converted for 

energy supply: energy crops, agricultural residues and wastes, forestry wastes and residues, 

industrial and municipal wastes. Production of hydrogen from biomass is considered to be a 

viable option for the near and mid-term future9. The worldwide biomass energy potential in 

2050 has been estimated to be in the range of 150-450 exajoule/year, with an energy equiv-

alence of 7.6 · 1010 barrels of oil energy equivalent10. Lignocellulosic biomass is a potential 

feedstocks for the production of biofuel and bio-H2. It is obtained as nonedible residues from 

agriculture, forestry, municipal, industrial and urban refuse. 

Biomass has a relatively low hydrogen content, a disadvantage compared to, for example, 

natural gas and the moisture content is widely variable, ranging from 10% to 70%. The water 

content influences the thermochemical conversion and the volume of gases produced per 

energy unit.  

The main drawbacks of biomass use are: a low mass and energy density, requirement of 

large storage facilities, expensive transportation and limitation of fuel-conversion technolo-

gies11. Densification of biomass is well known to overcome these issues and the three most 

commonly used techniques are baling, briquetting and pelletization. 

Here is reported a short overview of the main processes employed to produce hydrogen12: 

- Pyrolysis: thermal or thermocatalytic decomposition of lignocellulosic biomass in the 

absence of air and oxygen. The gas production (CO, H2, CO2 and CH4) can be in-

creased by increasing the pyrolysis temperature range above 550°C-750°C (the gase-

ous yield can increase to 45-50%, compared with the conventional yield of 30-35% 

below 500°C). The major challenge in this process is the minimization of CO and me-

thane formation. 

CxHyOz → (1-x)CO + (y/2)H2 + C                  ΔH = 180 KJ/gmol (27°C, x = 6) 

CxHyOz → (1-x)CO + ((y-4)/2)H2 + CH4                       ΔH = 300 KJ/gmol (27°C, x = 6) 

- Supercritical water gasification: it produces hydrogen from high moisture content 

biomass. This process has the advantage of processing any kind of biomass with any 

moisture availability (>50%), by avoiding operations such as drying and pelletization. 



16 
 

In the high temperature process (>500°C), decomposition of biomass proceeds with-

out the presence of catalyst (Ru or Ni metals), whereas in the low temperature pro-

cess (<500°C) the use of catalysts is necessary. The cost associated with hydrogen 

production from this process is higher than the present cost of production from 

steam reforming of methane. With an increase in the temperature, the hydrogen and 

carbon dioxide yield increase, while the methane yield gradually decreases. 

CHxOy + (2-y)H2O → CO2 + (2-y + x/2)H2 

X and y are the elemental molar ratios of H/C and O/C in biomass, respectively. Reaction is endother-

mic. High temperature and pressure (>220 atm) is required for higher H2 yield. 

- Aqueous phase reforming: it produces hydrogen from aqueous phase carbohydrates 

generated from fruit processing and sugar industry. The water gas shift reaction is fa-

voured by the availability of controlled pressure (5-50 bar) and desired temperature, 

which drives the outcome with lower amounts of CO and higher yields of hydrogen. 

 

CxH2x+2Ox + xH2O → (2x+1)H2 + xCO2         Reaction needs high T and P for H2 yield 

APR has several advantages: 

 Energy consumption is less in APR than in steam reforming; 

 Most raw materials are non-flammable and non-toxic. Low grade purity feed-

stocks can be used; 

 APR can be coupled with existing technologies concerning the purification of 

hydrogen (pressure swing adsorption or membrane technology, see next section) 

to separate the CO2 for sequestration or further industrial use; 

 Multistage reactor configuration can be eliminated. 

 

- Autothermal reforming: is a combination of both steam reforming and partial oxida-

tion of hydrocarbons. The exothermic heat generated by oxidation/partial oxidation 

of bio-oil or oxygenates can compensate the heat requirement for endothermic re-

forming reaction steps. Addition of oxygen through the feed can be well managed to 

match the heat required for steam reforming or both for preheating and steam re-

forming as well. The O2/feed molar ratio is approximately > 0.3-0.5 for ATR, whereas 
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H2 yields are high comparable to that of steam reforming (O2/feed > 7) and are in the 

range of 71-80% of the stoichiometric yield with a good reproducibility. 

CxHyOz + (x -z/2)2O2 → xCO + (y /2)H2    Lower H2 yield 

CxHyOz + [(x – z + y / 2) / 2]O2 → xCO + (y / 2)H2O 

CxHyOz + [(2x – z + y / 2) / 2]O2 → xCO+(y / 2)H2 

1.4. Distribution of hydrogen 
 

To achieve the final user, the distribution network should allow a fast and reliable delivery of 

hydrogen. Production and distribution are correlated, because the distribution system de-

pends directly from the production facility. Distribution13 is one of the key elements for a 

successful implementation of hydrogen economy. 

Different options are available for hydrogen transport and distribution: 1) compressed gase-

ous and liquid hydrogen by trucks3, 2) gaseous hydrogen by pipelines3.  

For a short distance, a pipeline can be economically advantageous, but, since the cost of the 

pipeline increases with the distance, the economics will depend on the quantity of hydrogen, 

and pipelines will be favoured in case of large quantities of hydrogen. For small quantities of 

hydrogen, at some point the capital cost of the pipeline will be higher than the operational 

costs associated with delivering and liquefying the hydrogen. Pipelines have been used to 

transport hydrogen for more than 50 years; the denser networks are between Belgium, 

France and the Netherlands, in the Ruhr area in Germany and along the Gulf coast in the U.S. 

Liquid hydrogen has a high operating cost (electricity needs for liquefaction) but lower capi-

tal cost, depending on the quantity of hydrogen and delivery distance. The break-even point 

between liquid hydrogen and a pipeline will vary depending on the distance and quantity. 

Truck delivery of liquid hydrogen results in lower costs per distance, owing to considerably 

higher hydrogen capacity and, therefore, longer distances can be covered between produc-

tion and final user. 

Compared with liquid hydrogen, compressed gas has lower power requirements and slightly 

lower capital costs for the tube trailers, but many more tube trailers are required to deliver 

the same quantity of hydrogen. At long distances, the capital and transport costs of the 

number of trucks required to deliver a given quantity of compressed hydrogen will be 

greater than the increased energy cost associated with liquefaction and fewer trucks. If the 
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distance is relatively short and the quantity of hydrogen transported is small, compressed 

gas is likely to be the preferred option.  

1.5. Hydrogen separation technologies 
 

The three main technologies commonly used for hydrogen separation/purification are: 

 Pressure swing absorption (PSA)14: the most commonly used technology; 

 Membranes15: they are used to recover H2 from a variety of waste streams contain-

ing a high content of hydrogen; 

 Cryogenic separation15a, 16: it is now largely replaced by PSA systems; it is only used 

for specific applications to produce multiple pure products. 

The choice of the most suitable H2 separation technology often depends on the feedstock 

and the resulting synthesis gas composition. PSA has been mostly employed for H2 produced 

from natural gas. For feedstocks having high carbon/hydrogen ratio, membranes may be-

come attractive, either as stand alone or in hybrid configurations. 

 

1.5.1. Pressure swing absorption 
 

In the PSA process, impurity gas species are adsorbed onto an adsorbent material (mainly 

zeolite) at high gas partial pressures and are desorbed at lower partial pressures. The impuri-

ties are removed by swinging the system pressure from the feed to the tail gas (exhaust) 

pressure. The process is cyclic and more than one adsorber is used, in order to maintain a 

constant flow for the feed, product and tail gas. The driving force is the impurity gases par-

tial pressure difference (typically a 4:1 pressure ratio) between the feed and tail gas. The 

main advantage of PSA is the ability to produce high purity H2 (99–99.999%). The tail gas 

from PSA is usually utilised as a fuel at low pressures, with an economical benefit; however, 

compressing the tail gas is expensive, comparable to the cost of the PSA unit. Hence, selec-

tion of a tail gas pressure is highly important. The H2 recovery from the PSA system is greatly 

reduced upon increasing the tail gas pressure, which gives rise to a trade-off between H2 pu-

rity and tail gas compression costs. Another drawback is the scale of operation and infra-

structure: PSA can be adapted only from a medium to large industrial scale. 
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1.5.2. Cryogenic separation 
 

Cryogenic separation uses the difference in boiling points of the components of a mixture of 

gases to separate the components by partial condensation of the gas stream. Although cryo-

genic separation can be used for producing pure H2 from synthesis gas, along with other 

fractionated products, primarily CO, earlier cryogenic systems have largely been replaced by 

PSA systems thanks to purer H2 production. 

 

1.5.3. Membranes 
 

Membrane technology has been relentlessly studied in the last 50 years thanks to: 

 low energy consumption; 

 ability to carry out separation continuously;  

 mild process conditions;  

 ease of scaling up; 

 combination with other technologies in hybrid configurations. 

There are, however, important disadvantages, depending on the membrane type: 

 fouling tendency;  

 low membrane lifetime;  

 low selectivity or flux. 

Palladium and its numerous alloys have high H2 permeability values, producing an ultra-pure 

gas (99.9999%)17. The main drawback is the high cost of the metal, so there is a strong inter-

est to investigate new alloys having low Pd content, maintaining the same hydrogen flux and 

selectivity. Commercial dense metal membranes are commonly based on the Pd/Ag binary 

alloy system and are usually produced by cold-rolling or drawn into a tube with an approxi-

mate thickness of 50 μm. The H2 flux through such membranes is roughly an order of magni-

tude lower than that targeted by the U.S. Department of Energy18, which have listed the 

goals for H2 separation metal membranes (Tab. 1.2): 
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Performance 
target 

Units 
2003 

status 
2006 

status 
2010 

status 
2015 

status 

Flux rate m3/h/m2 18.3 30.5 61 91.5 
Cost $/m2 1940 1620 1080 <1080 

Durability Years <1 1 3 >5 
Operating temperature °C 300-600 400-700 300-300 250-500 
ΔP operating capability MPa 0.69 1.38 <2.76 2.76-6.89 

H2 recovery % of total gas 60 70 80 90 
H2 purity % of total (dry) gas >99.9 >99.9 >99.95 99.99 

Tab. 1.2 : metal membrane separation targets18. 

 

Using Pd alloy membranes, the U.S. DoE flux target can be reached only decreasing the 

thickness of the membranes to few μm. The next chapter will offer a wide overview about 

the membrane technology used for H2 separation and purification. 
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2. Membranes for hydrogen separation 

 

2.1. General features of membranes for hydrogen separation 
 

The two sides of a membrane for hydrogen separation (Fig. 2.1) are called “feed side” 

(where the gas mixture arrives) and “permeate side” (the pure hydrogen extraction side). 

The driving force is a pressure gradient: a high pressure gas mixture is applied at the feed 

side, keeping a relatively low pressure on the permeate side. The driving force is helped by a 

“sweep gas”, an inert flow which gathers the separated hydrogen. Membranes should have 

the following characteristics: high selectivity towards hydrogen, high flux, low cost and high 

mechanical, chemical and thermal stability. 

 

 

Fig. 2.1: representation of the gas flows through a H2 selective membrane (from 1). 

 

Membranes can be classified according to nature (dense, porous), geometry (flat, tubular), 

separation regime2 and material (polymeric, metal, ceramic). The most important parame-

ters are selectivity and flux. 

Polymeric membranes have relatively low flux and selectivity and work at low temperatures 

(< 100°C). HCl, SOx and CO2 can reduce their effectiveness, but their main advantages are 

low cost and the ability to withstand high pressure differences. 

Dense metallic and ceramic membranes are the most suitable membranes to separate high 

purity hydrogen, thanks to the high hydrogen selectivity. Metallic membranes are discussed 

separately in the next sections of the chapter. As to ceramic membranes, microporous 

membranes, made of silica3,4,5 or carbon6,7, are promising for high purity hydrogen separa-

tion, but their selectivity is lower compared to dense inorganic membranes. Microporous 
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silica membranes have low cost, high permeability, good thermal and chemical stability, but 

low H2 selectivity8.  

Several ceramics have been examined for hydrogen separation, including zeolites9,10,11, alu-

mina and other oxides12, in a dense or asymmetric configuration13,14,15,16,17,18 (thin dense 

layer supported by a porous substrate). Dense ceramic membranes, having a combination of 

electronic and protonic conductivity, can separate high purity hydrogen, but they operate at 

temperatures typically higher than 700-800°C. The main drawbacks are low fluxes and insta-

bility with CO2 and H2S. Dense ceramic can be classified into perovskite-type and non-perov-

skite type membranes: 

 

- Perovskite type: the most studied materials are doped SrCeO3
19,20,21,22, Ba-

CeO3
23,24,25,26 and BaZrO3

27. These perovskites have high protonic conductivity but 

low electronic conductivity, so a cations doping (Y28, Eu21 and Gd29a) is required; 

- Non-perovskites type: there are lots of different doped rare earth metal oxides that 

may be interesting (fluorite-related-type lanthanum tungsten oxide and aragonite-

structure lanthanum borate)29b, 29c. 

An alternative way to increase the electronic conductivity in materials like SrCeO3, BaCeO3 

and BaZrO3 is the preparation of composites with a metallic phase, usually Ni, or an electron 

conducting ceramic. The former materials are called cer-met30,31,32,33, the latter cer-cer. Cer-

cer resulted in having among the highest hydrogen permeabilities of ceramic membranes 

and good chemical and mechanical stability34. 

Membranes can be further classified into unsupported and supported membranes. Unsup-

ported membranes should be thick enough (> 50 μm) to have sufficient mechanical stability. 

The main drawbacks of these membranes are their low hydrogen flux, and, in case of expen-

sive materials, the cost of the whole membrane. Supported membranes consist of a dense, 

thin selective layer deposited onto a porous substrate, which provides mechanical stability. 

Two main types of porous substrate materials are employed: 

 

- Ceramic: they are the most common materials, thanks to the very low cost. Common 

materials are employed (alumina), but they can give low mechanical stability. Tubes 

and hollow fibers are commercially available. In general, tubular ceramic substrates 
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consist of at least two layers, one macroporous, with mechanical strength purposes 

and fast gas flow, and a microporous low roughness ceramic top layer. Hollow fibers 

are usually prepared by spinning35,36. One of the main drawbacks of the ceramic sub-

strates is the different coefficient of thermal expansion in case of coupling with a me-

tallic thin selective layer. 

- Metallic: they are mechanically stronger than ceramic but commercial products, 

mainly tubular, have lower surface qualities. In some cases, where interdiffusion 

phenomena can alter the selective layer composition, an inter-metallic diffusion bar-

rier has to be deposited between the substrate and the hydrogen selective layer. The 

most common materials used as barrier are zirconia, yttria-stabilized zirconia (YSZ), 

titania, ceria and alumina, deposited mainly by atmospheric plasma spraying37,38 and 

wet powder spraying39,40,41. 

The most commonly used geometries are planar (early laboratory research and develop-

ment studies) and tubular (medium scale and industrial scale, thanks to higher surface area-

to-volume ratio and easy sealing). Tab. 2.1 reports the main membranes types and parame-

ters. 

 

 
Dense  

polymer 

Micro 
porous  
ceramic 

Dense me-
tal 

Porous  
carbon 

Dense  
ceramic 

Temperature 
range (°C) 

< 100 200-600 300-600 500-900 600-900 

H2 selectivity Low 5-139 >1000 4-20 >1000 
H2 flux 

(x 10-3 mol m-2 
s-1 at ΔP=100 

kPa) 

Low 60-300 60-300 10-200 6-80 

Stability  
issues 

Swelling, com-
paction, me-

chanical 
strenght 

Stability in 
H2O 

Phase tran-
sition 

Brittle, oxi-
dising 

Stability in CO2 

Poisoning  
issues 

HCl, SOx, CO2 - 
H2S, HCl, 

CO 

Strong ad-
sorbing va-
pours, or-

ganics 

H2S 

Materials Polymers 

Silica, zirco-
nia, alumina, 
titania, zeoli-

tes 

Pd alloy, III-
V group 
metals 

Carbon 

Proton conduct-
ing ceramics 

(mainly perov-
skites) 
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Transport 
mechanism 

Solution / 
diffusion 

Molecular 
sieving 

Solution / 
diffusion 

Surface 
diffusion; 
molecular 

sieving 

Solution/diffusion 
(proton conduc-

tion) 

Development 
status 

Commercially 
Linde, BOC, Air 

Liquide 

Prototype 
tubular silica 
membranes 
available up 

to 90 cm. 
Other mate-

rials only 
small sam-
ples (cm2) 

Commer-
cially by 
Johnson 
Matthey; 
prototype 
membrane 
tubes avail-
able up to 

60 cm 

Small mem-
brane mod-
ules com-
mercial, 

mostly small 
samples 

(cm2) availa-
ble for test-

ing 

Small samples 
available for 

testing 

Tab. 2.1: properties of the various H2 selective membrane types (from 1). 

According to the membrane nature and the size of pores, six mechanisms42,43 can be de-

scribed for the gas separation phenomenon (Fig. 2.2): 

- Poiseuille (or viscous flow): it takes place when the mean pore diameter is greater 

than the mean free path (MFP) of the molecules; it has no utility in gas separation 

processes; 

- Knudsen diffusion: it occurs when the pore diameter of the membrane is smaller 

than the MFP of the gas being separated (2-100 nm). Small molecules with small 

MFPs pass through the membrane pores more easily than the bigger ones with larger 

MFPs. It is useful for the separation of small molecules but selectivity is generally 

low; 

- Molecular sieving: it relies on the difference in kinetic diameter of the molecules, al-

lowing permeation of small molecules; 

- Surface diffusion: it relies upon the active sites in the membrane, enhancing the 

adsorption to the pores. It occurs simultaneously with Knudsen diffusion, increasing 

selectivity since it does not allow the transfer of non-adsorbed components through 

the membrane; 

- Capillary condensation: it occurs when the pore is filled by a condensed phase, allow-

ing the transport of only those species that are soluble in the condensed phase. The 

selectivity is high but the effectiveness of the mechanism depends on several factors 

(composition, pore size and uniformity); 

- Solution-diffusion: the first step is the absorption of the gas species into the mem-

brane on the upstream surface. Once absorbed, the gas/atom must diffuse through 
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the membrane and then desorb from the downstream surface. The permeation rate 

for this process is controlled by both the solubility of the gas species in the mem-

brane and the diffusion coefficient of the absorbed species through the membrane. 

As to dense metal membrane, since the hydrogen molecule is dissociated and then 

re-associated, this process is sometimes called reactive or catalytic solution-diffusion. 

 

 

Fig. 2.2: gas transport mechanisms in gas separation membranes (from 44). 

 

 

2.2. Dense metallic membranes 
 

2.2.1. General features of metallic membranes  
 

Many metals (pure or alloys) are permeable to hydrogen and the most employed are Pd 

(face-centered cubic, FCC) and the metals in the groups III-V (body-centered cubic, BCC). BCC 

metals have 3 times more octahedral (O) and tetrahedral (T) sites than FCC1; the T sites sur-

rounding the BCC O sites are severely distorted and they are larger than the O sites, whereas 

the reverse is true in the FCC crystal structure45. According to theoretical calculations, hydro-

gen prefers to occupy the T interstices in BCC metals46,47 while in the FCC metals hydrogen 

will preferentially inhabit the O sites since they are far more stable48,49. 

The palladium ability was discovered by Thomas Graham in 1866, who noticed that palla-

dium was capable of absorbing more than 600 times its own volume in hydrogen (retaining 

its physical properties / structural integrity), and, of more practical importance, only hydro-

gen would permeate through the palladium if pure gas was substituted by a coal gas50. 

The non-noble metals of the IVB and VB groups (pure and alloys), even if they show very 

high hydrogen permeability values, develop a tenacious oxide layer on their surface, reduc-

ing the surface ability in hydrogen dissociation, re-association and permeation51,52. The most 

common solution to this problem is the deposition of a very thin Pd based layer on the sur-
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faces of these membranes53, having protective and catalytic purposes. However, metallic 

membranes can have several drawbacks: 

 

- H2 embrittlement and fatigue fractures due to absorption/desorption cycles; 

- In case of supported membranes, mismatch in the thermal expansion coefficient 

(CTE) of the metal and the substrate and intermetallic diffusion54; 

- contamination of the H2 selective layer by oxide formation or CO, CO2 and H2S; 

- preferential segregation of the element with the lower surface free energy55; 

- diffusion of carbonaceous impurities into the bulk of the membrane8. 

H2 embrittlement can occur when hydrogen forms a hydride with the metal. The hydride 

formation causes a discontinuous and abrupt change of the lattice parameters, with a large 

internal strain and a severe lattice deformation, leading to membrane failure. When hydro-

gen dissolves in a metal, the lattice expansion far exceeds the thermal expansion. The maxi-

mum temperature at which the hydride phase is stable under expected hydrogen pressures 

is defined as the critical temperature (TC). 

 

2.2.2. Commercial membranes 
 

 

Dense metallic membranes are already available on markets and Tab. 2.2 reports a short 

summary of them56. 

 

Company 
name 

Architecture 
H2 

permeability 
H2 flux 

H2 
selectivity 

H2 purity 
/ lifetime 

CRI/ 
Criterion 

Pd - Pd alloy tubular 
membranes depos-
ited onto sintered 
porous metal sub-

strates 

40-70 Nm3 m-2 
h-1 bar-0.5 

Stable at temperatures of 
300-500°C and differential 

pressures of 26-42 bar 
> 99% 

Energy Re-
search Center 
of the Neth-

erlands 

Palladium composite 
membrane, 3-9 μm, 

deposited by ELP 
onto porous alumina 

- - - 

99.5% - 
99.995% 

/ 
thou-

sands of 
hour 

Eltron 
research 

Alloy based mem-
branes (6.8 kg/day of 

hydrogen) 
- 

809 mL min-1 
cm-2 - 400°C, 

6.9 bar ΔP with 
H2 pure gas 

feeding 

- > 300h 
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Green 
hydrotech 

Pd and Pd-Cu mem-
branes onto porous 

stainless tubes 
- - 

H2/N2 se-
lectivity  > 
100.000 

99.996 

Media and 
Process tech-

nology 

Pd-based membrane 
module; 2 μm thick 

layer of Pd deposited 
on a ceramic sub-

strate 

- 
0.575 mol m-2 

s-1 

H2/N2 se-
lectivity > 

1000 
- 

Membrane re-
actor technol-

ogy 

Rolled foils or sup-
ported thin layers (8-

15 μm) 
- 

95 Nm3 m-2 h-1 
(5 μm Pd 

membrane at 
550°C and hy-
drogen ΔP of 

3.4 bar) 

- - 

Pall Corpora-
tion 

Pd alloy composite 
membranes on a pre-

commercial basis 
- 

295-354 mL 
min-1 cm-2  
(400°C and 

feed pressure 
of 1.38 barg) 

H2/Ar se-
lectivity 
10,000 – 
20,000 

- 

REB Research 
and Consulting 

Metal membranes of 
Pd coated refractory 

metal tubes 
Metal-metal matrix 
membranes consist-
ing of a high perme-
able H2 metal layer 

coated with Pd alloys 
on each side 

V-Ti: 0.15 mol 
m m-2 s-1 Pa-0.5 

(600°C) and 
0.015 mol m  
m-2 s-1 Pa-0.5 

(300°C) 
V-Nb: 0.2 mol 
m m-2 s-1 Pa-0.5 

(429°C) and 
0.19 mol m  
m-2 s-1 Pa-0.5 

(340°C) 

Pd-Cu: 0.2 mol 
m-2 s-1 (mem-

brane thickness 
0.5 μm; 400°C 
and 3.03 bar 

ΔP) 

- - 

United tech-
nology re-

search center 

Palladium-copper-
transition metal 

trimetallic alloy hy-
drogen separators 

- 

0.230 mol m-2 
s-1 (400°C, feed 
pressure of 6.9 

bar) 

- 99.5% 

Tab. 2.2: membranes for hydrogen separation already available on markets. 

 

2.3. Palladium and palladium – based membranes 
 

 

Palladium is a transition metal with FCC crystal lattice, but, despite the high hydrogen per-

meability, pure palladium is not appropriate. The palladium-hydrogen system has two im-

miscible FCC phases: α (interstitial solid solution) and β (hydride). At room temperature, α 

phase exists up to an approximate H/Pd ratio of 0.02. Above this composition both phases 

coexist up to the βmin composition of 0.6. The lattice parameters are very different: 3.890 Å 

for pure palladium, 3.895 Å for αmax and 4.025 Å for βmin. The volume increase for the transi-

tion from α to β phase causes internal stresses, deformation and failure of the membrane. 
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Cycling the membrane in the phase transition range (miscibility gap) produces very large 

dislocation densities57, thus the need to operate above 300°C and 2 MPa, where the β phase 

is not present. Another drawback of pure palladium is the poisoning coming from reactions 

with H2S58, CO, CO2 and H2O59. 

Alloying of palladium can solve many of these problems, and several elements (including Ag, 

Au, Cu, Y and Pt) can be used to form substitutional solid solutions. These alloys have a lower 

critical temperature for α → β transition, suppressing the miscibility gap below room tem-

perature. Moreover, several Pd alloys demonstrate superior hydrogen permeance and often 

possess substantially greater mechanical properties. 

The Pd-Ag alloy is the most widely studied alloy. Pd and Ag are miscible in all proportions 

(Fig. 2.3), forming an interstitial solid solution with FCC structure. Ag enlarges the Pd lattice 

(Fig. 2.4) and reduces the compactness of the unit cell (at 25°C, the lattice parameter varies 

from 3.889 Å of pure Pd to 3.907 Å with 10% Ag), reducing the variation of lattice expansion 

that accompanies the phase transition. The α/β miscibility gap is closed to room tempera-

ture when the concentration of Ag reaches 24 at%. This alloy absorbs hydrogen more quickly 

and is approximately twice as permeable as pure palladium60. Increasing the Ag content the 

solubility of hydrogen increases and the critical temperature decreases, but the hydrogen 

diffusion coefficient decreases. Maximum permeance (approximately twice that of pure Pd) 

is reached for a Ag content between 20 and 25 wt%, but decreases when the content of Ag is 

further increased61. According to more accurate measurements, the optimum is obtained for 

Pd-Ag(23 wt%), a composition employed in commercial purifiers, though they exhibit short 

life cycles due to significant lattice expansion upon hydrogen absorption and undergo grain 

coarsening at high temperature62. Pd-Ag alloy has relatively low strength when compared to 

other Pd alloys, such as Pd-Y and Pd-Cu, and is soft and ductile for high-pressure applica-

tions. 
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Fig. 2.3: Pd-Ag phase diagram (ASM Handbook, Alloy phase diagram, Vol 3). 

 

Fig. 2.4: effect of composition on Pd-Ag solid solution lattice parameter (from 63). 

 

In addition to Pd-Ag alloy, a large variety of binary alloys have been investigated: Pd-Au64,65, 

Pd-Cu66, Pd-Y67 (Tab. 2.3), although Pd-Ag, Pd-Au and Pd-Cu based alloys are the most stud-

ied also in term of long term stability. These alloys are chemically more stable than pure Pd 

and the critical temperature is significantly reduced. 

Alloy Permeability 
(x 10-8 mol m-1 s-1 Pa-0.5) 

 Alloy Permeability 
(x 10-8 mol m-1 s-1 Pa-0.5) 

Pd 1.20  Pd45Au55 0.13 
Pd 0.80  Pd60Cu40 1.42 
Pd 0,73  Pd80Cu20 0.17 

Pd75Ag25 * 3.21  Pd47Cu53 0.04 
Pd90Ag10 2.44  Pd90Cu10 0.68 
Pd60Ag40 0.68  Pd92Gd8 * 5.33 
Pd48Ag52 0.10  Pd90Ni10 0.27 
Pd95Au5 1.49  Pd90Y10 * 5.69 
Pd80Au20 1.35  Pd92Y8 * 3.82 
Pd60Au40 0.59    

Tab. 2.3: H2 permeabilities for some Pd based membranes at 350°C (from 1) - * = at% 
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 2.3.1. Absorption of hydrogen in palladium and palladium alloys 
 

 

Hydrogen can diffuse in the metal lattice only as atom, so the hydrogen molecule must first 

dissociate (H2 → 2H). The dissociation takes place on the metal surface. This reaction is char-

acterized by a specific activation energy and in some metal hydride systems the overall reac-

tion kinetics of hydride formation is limited by slow dissociation. Hydrogen atoms affect the 

host lattice mainly in these ways68, 69: 

 

- they distort the palladium lattice due to the elastic strain energy and this distortion is 

independent of the host material68; 

- the interstitial hydrogen changes the local electron density as its electron is taken 

into the “electron cloud” of the host, screening the charge of the proton. 

The thermodynamic properties of a metal-hydrogen system can be evaluated using a series 

of pressure-composition-temperature (PCT) isotherm diagrams, which correlates hydrogen 

concentration at a given temperature to the pressure. From PCT diagram of Pd-H reported in 

Fig. 2.5, three distinct regions can be distinguished: α solid solution, α + β region (miscibility 

gap, given by the length of the plateau) and the β hydride region. 

 

Fig. 2.5: Pd-H system (from 69). 

 

Hydrogen atoms are uniformly distributed inside the metal lattice and the concentration of 

hydrogen, or solubility, is directly proportional to the square root of the external hydrogen 

pressure. This relationship is summarized in the Sieverts’ law of ideal dilute solubility: 
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√PH2
=  KsX 

where PH2
 is the hydrogen pressure, X is the hydrogen concentration (also known as c(H)) 

and Ks is Sieverts constant. Ks is defined as an equilibrium constant under conditions where 

the hydrogen concentration X is << 1. At low hydrogen concentrations Sieverts’ law is valid 

for many experimentally observed systems, but when X increases deviations from the ideal 

occur, due to changing nature of the metal-hydrogen system. Deviation from Sieverts’ law 

can occur at high H2 pressures and also in thin foil membranes when the selective layer is 

defective and allows the passage of other gases and when the surface of the foil has been 

poisoned by contaminants, reducing the activity for the dissociation of H2. 

However, the assumption of a low hydrogen concentration (X << 1) has been shown to be a 

reasonable approximation for most Pd membrane operating conditions70. Therefore, Sie-

verts’ law is assumed to be valid and forms the basis of several hydrogen permeation mod-

els. 

 
 

2.3.2. Diffusion of hydrogen in palladium and palladium alloys 
 

Diffusion takes place thanks to a gradient or difference in chemical potential. In case of 

membranes, this is a hydrogen partial pressure gradient across the membrane. It has not yet 

fully understood the precise mechanism of hydrogen diffusion through a metal lattice and a 

lot of models, based on classical71 or quantum theory72, have been proposed. Kehr73 pro-

posed four different diffusion mechanisms: 

 at very low temperatures there are virtually no thermal vibrations (phonons). Hydro-

gen atoms, “self-trapped” due to the relaxation of the surrounding lattice, are 

thought to proceed to the next interstitial site via a quantum mechanical tunnelling 

process termed “band propagation”; 

 as temperature rises, transport mechanisms involving phonons may take place and 

hydrogen atoms move via thermally activated tunnelling. A phonon brings the occu-

pied low energy site and the neighbouring high energy site into coincidence, allowing 

the transition of the hydrogen atom between the sites. The lattice then relaxes 

around the atoms new position; 
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 at higher temperatures, hydrogen atoms can be regarded as classical particles 

executing over-barrier jumps between neighbouring sites via thermal excitation; 

 at much higher temperatures the hydrogen atoms no longer remain within potential 

wells of interstitial sites. In this region diffusion occurs via free motion, similar to that 

in gases and liquids. 

 

At a given temperature, diffusion can occur by a combination of all four mechanisms74. At 

the typical operating temperatures (200 – 600°C), the most suitable mechanism should be 

the thermally activated over-barrier jumps, adequately described using classical theory71. 

The jump rate of an interstitial hydrogen atom (Γ) can be written as75: 
 

Γ = nν exp (
−EA

KBT
) 

where n is the number of nearest neighbour interstitial sites, ν is the vibrational frequency 

of the hydrogen atom, EA is the thermal activation energy and KB is Boltzmann’s constant.  

The theoretical diffusion coefficient (D) for interstitials in a cubic lattice can then be calcu-

lated as: 

 

D =  a2α Γ 

 

where a is the lattice parameter and α is a coefficient determined by the geometric relation-

ship between interstitial sites (1/12 for octahedral site in an FCC lattice).  

The diffusion in metals is a non-classical process and a quantum theory of diffusion is there-

fore needed74, but, until now, no model has yet been proposed which accurately determines 

diffusion in all regimes. 

The addition of substitutional alloying elements almost always decreases hydrogen diffusiv-

ity, with no regards as to the effect of the alloying element on the host lattice (expansion, as 

in the case of Ag and Au, or contraction, as in the case of Cu and Fe). Barlag et al.76 investi-

gated the room temperature hydrogen diffusivity in a range of FCC Pd alloys: small additions 

of Ag (≤ 20 at.%) were shown to have little effect on the diffusivity, showing good agreement 

with diffusion data reported by Holleck77, who found little change in the activation energy 

from Pd to Pd-Ag20. Barlag et al.76 found that above 20 at% the diffusivity sharply dropped 

to a minimum value at approximately Pd-Ag60. The diffusivity progressively increased with 

further Ag additions until the value for pure Ag was reached.  



34 
 

 

They proposed a simple two sites model76 to explain the shape of the curve: two different 

octahedral sites (Pd and Ag) are assumed to exist, both possessing a different hydrogen oc-

cupation probability. Small silver additions to palladium partly block the energetically fa-

voured diffusion paths in the palladium matrix, leading to round-about way diffusion. At high 

silver concentrations, palladium atoms act as traps for hydrogen in a silver matrix. If Ag is 

substituted by Ni or Cu a similar trend is observed, although small additions reduce the dif-

fusivity to a greater extent. This was attributed to the lattice contraction experienced by Pd-

Cu and Pd-Ni as opposed to the lattice expansion of Pd-Ag. 
 

 

 

 

 

 

 

 

 

2.4. Alternatives to Palladium based alloys 
 

 

 

The wide use of Pd alloys is limited by excessive cost and availability of the metal, so there is 

a strong interest in developing non Pd-based (or with a low Pd content) alloys45,78 (Tab 2.4). 

The cost reduction can be fulfilled by using a metal cheaper than Pd, limiting Pd only in very 

thin surface layers, for protection and catalytic purposes. Metals belonging to the groups IV 

and V show high hydrogen permeability (Fig. 2.6) and have been studied as possible Pd al-

ternatives. 

Refractory metals have a permeability that increase reducing the temperature, as a conse-

quence of the prevalent effect of solubility on the hydrogen mass-transfer process. The rate 

of hydrogen transport through the lattice of group V metals is orders of magnitude higher 

than that through any other metallic lattice including palladium79 and the transcrystalline hy-

drogen transfer through vanadium is the fastest among the group V metals79b. 

In order to promote the dissociative absorption of hydrogen molecules and associative de-

sorption of absorbed H atoms, both sides of the membrane have to be plated with a thin 

layer of palladium or palladium alloy79a,79b,80. This layer also protects the membrane from 

oxidation. An important drawback of such multilayer is the limited thermal stability, caused 

by interdiffusion between coatings and core membrane material79a,79b,80. In order to avoid 

this, temperature should not exceed 400°C but, even at this temperature, the hydrogen sol-

ubility is so high that it may exceed the limit admissible from the viewpoint of mechanical 

stability, giving rise to several problems: 

 

 failure of connection tightness between the membranes and the structural parts, 

with the risk to seriously damage the sealing; 
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 destructive mechanical stress inside the membrane; 

 hydrogen embrittlement in case of high concentration of hydrogen81. 

 

Fig. 2.6: hydrogen permeability of various metals (from Handbook of Membrane Reactors, Vol 1). 

 

 

However, these metals have some drawbacks: H2 embrittlement and surface reactivity with 

gases, in particular oxygen. 

Thanks to their relatively high H2 permeability and low cost, most of the alloys considered 

for H2 separation are Ni and V based: 

 

- Ni-based membranes82: the Ni-H system has been widely studied due to its important 

applications in chemical catalysis and in H2 storage. The difference in lattice size be-

tween the α and β hydride is slightly larger than that of the Pd-Ag alloy, thus gener-

ating wider expansion/contraction under the hydrogenation/dehydrogenation cy-

cling; 

- V-based membranes83: they are a possible alternative to palladium membranes 

thanks to vanadium lower cost and higher hydrogen permeability. A number of bi-

nary and ternary alloys were tested and some of them demonstrated rather good 

properties as to hydrogen solubility and permeability81, 84. The improvement of the 

resistance to embrittlement of vanadium has been studied for the ternary alloy of V 

and Ni with a third metal (M), according to the formula V85Ni10M5, where M = Ti, Si, 

Mn, Fe, Co Cu, Pd, Ag or Al85. Other studies of vanadium alloys have been carried out 

on membranes consisting of V - 15% Ni covered by thin layers of Pd78a,86. Promising 

alloys with a low amount of Pd have been reported87. In this thesis we focused on 
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two different vanadium based alloys (described in the following sections) to find al-

ternative to the benchmark Pd-Ag alloy. 

 

As the number of possible combinations of these metals is huge, a modelling approach can 

be useful in identifying the most suitable combination of metals. An interesting approach is 

given by density functional theory (DFT) calculations88. 

 

Alloy 
Permeability 

(mol m-1 s-1 Pa-0.5) 
T(°C) Alloy 

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

T(°C) 

V99.98Al0.02 0.7-1.8 x 10-9 250-400 Nb95Ru5 1.3 x 10-7 300 
V99.1Al0.9 0.7-1.8 x 10-9 250-400 Nb95Pd5 1.3 x 10-7 300 
V97.1Al2.9 0.7-1.8 x 10-9 250-400 V90Ti10 2.7 x 10-7 400 
V81.3Al18.7 3.7-6 x 10-9 250-400 V85Ti15 3.6 x 10-7 435 
V71.8Al28.2 0.7-1.8 x 10-9 250-400 V85Ni15 3 x 10-8 400 
Nb95Zr5 1.3 x 10-7 300 V90Co10 1.2 x 10-7 400 

Nb95Mo5 1.3 x 10-7 300 V85Al15 6 x 10-8 435 
Tab. 2.4: H2 permeabilities for some non Pd-based alloys (from 89). 

 

 

2.4.1. Hydrogen in vanadium 
 

 

The mechanism of hydrogen absorption in vanadium starts with the formation of vanadium-

hydrogen solid solution (α phase). The hydrogen concentration exceeding the terminal solid 

solubility precipitates as the hydride phase. Initially, the β (V2-xHx) phase forms at low tem-

perature, as shown in the V–H phase diagram (Fig. 2.7), with a composition close to V2H. The 

volume increase due to hydrogen absorption is pressure independent. Pauling90 described 

the β structure as containing linear V-H-V complexes, with V-H half-bonds with a bond length 

of about 1.76 Å. 

The ε (V3-xH2+ x) phase is another high temperature phase formed by the modification of β 

phase. When the metal is fully hydrogenated, γ phase (VH2) forms91, but it is not stable and 

hydrogen absorption and desorption take place at moderate temperature and pressure ac-

cording to the equation VH2  VH. Thus, only half the amount of hydrogen absorbed in 

vanadium metal could be used in the subsequent hydrogen absorption-desorption process, 

but this amount is not enough for practical applications of vanadium as a hydrogen storage 

material92. 
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Another low temperature phase is δ phase93, which has a composition V3H2. In this hydride 

the octahedral interstitials (holes) are occupied. On further hydrogenation, γ phase forms. 

TG-DTA study on fully hydrogenated vanadium94 revealed the order of dehydrogenation: γ 

→ β → α → BCC V (H free), with decomposition temperatures of 300 K, 450 K and 750 K re-

spectively94. V-H phases are summarized in Tab 2.5. 
 

 

Fig. 2.7: V-H system. 

 

Phases 

α: BCC extending to VH0.05 / a = 3.037 Å / H randomly distributed in tetrahedral sites 
 

β: BCT with c/a = 1.1, but also reported to be monoclinic (α = 91°) / exists in the range VH0.41 – 
VH0.61 below 175°C 

 
ε (β2): range VH0.40 – VH0.80 / a = 3.01 Å, c = 3.295 Å /  the high – temperature form of β (BCT) 

 
γ: FCC from VH0.90 – VH2.00 / a = 4.27 Å 

 
δ: ordered V3H2 phase in low-temperature region of β phase below -49°C 

 
ζ: VH superstructure achieved by filling empty sites in ε 

 
η: probably similar to β but with higher degree of order 

Tab. 2.5: V-H crystal structures data 95. 

 

The alloying elements have a great effect on phase stability, absorption-desorption kinetics 

as well as the hydrogen absorption capacity96. To improve the activation process of vana-

dium based alloys, the alloying element must have atomic radii at least 5% smaller than that 

of vanadium matrix97. Alloying elements have strong effects on the stability of γ phase98, and 
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the effect of alloying on the absorption-desorption from the γ hydride phase was studied by 

Yukawa et al.96c. 

 

2.4.2. Promising alloys 
 

 

Among the alloys available, we focused our attention on V90Pd10
87 and V-Ni-Ti99. 

 

 

 

 

2.4.2.1. V90Pd10 

 

 

V90Pd10 is a promising alloy87a, with an optimal hydrogen permeability and good ductility. 

Though palladium is a stronger absorber of hydrogen than Ni, it suppresses the hydrogen 

solubility in binary alloy with V much stronger than Ni, as well as than Cr100 and W81, even 

when palladium concentration is as low as 5 at% (Fig. 2.8). 
 

 

 

 

 
Fig. 2.8: hydrogen solubility for different vanadium based alloys87b. 

 

 

Membranes prepared from non-noble metals need a thin layer of palladium79b, 87a,101, with 

protective and catalytic purposes; the interdiffusion of palladium in the non-noble core ma-

terial is considered the main cause of degradation79b,80,102. 

In the V-Pd alloys, the peculiar feature is the validity of Sieverts’ law up to a substantially 

higher concentration of absorbed hydrogen than pure vanadium. As explained by Alimov87b 

and Sakamoto103, the concept of site blocking could be able to explain this phenomenon. In 

short, palladium decreases hydrogen solubility due to reduction of the number of possible 

sites of sorption of Н. According to the experimental data87b, 87c, hydrogen diffusivity in the 

substitutional V-Pd alloys is only slightly lower than that in pure V. 

V-Pd alloys are promising materials for selective membranes, even with relatively small 

amounts of Pd. This gives two benefits: the first is the lower the concentration of alloying el-

ement the more ductile the alloy; the second is a cost-related benefit. Fig. 2.9 reports the 
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phase diagram of the V-Pd system: it shows several intermetallics, thus limiting the amount 

of palladium to 18 at%. Up today, no papers report the study of membranes based on 

V90Pd10 thin layer onto porous substrates. 

 

 

Fig. 2.9: V - Pd phase diagram. 

 

2.4.2.2. V-Ni-Ti ternary system 
 

 

 

The ternary system V-Ni-Ti is one of the best known for the development of composite 

membranes. Ni and Ti form a V-rich BCC phase along with NiTi and NiTi2104. Ni and Ti are spe-

cifically chosen because addition of Ni to V decreases the H2 solubility, and therefore re-

duces the embrittlement susceptibility105, while Ti enhances the solubility of V both by ex-

panding the metal lattice and by forming stable hydrides106. Together they constitute a 

multi-phase microstructure, containing a primary BCC solid solution (vanadium matrix) and 

weakly absorbing phases with low volume fraction107. NiTi, with a crystal structure differing 

from the parent BCC solid solution, increases the overall mechanical stability of the material 

while the dominant V rich phase promotes hydrogen permeability95. Hashi et al.108 were the 

first to report multi-phase V-Ni-Ti alloys in the context of hydrogen permeation, but the 

permeabilities measured in alloys with < 50 at.% V were lower than Pd. Adams and Mickalo-

nis109 reported that the low-temperature permeability of the V53Ti26Ni21 alloy was an order 

of magnitude greater than Pd at the same temperature. Song et al.107b examined alloys with 

a greater proportion of the vanadium solid solution (VSS) phase, reporting significantly 

greater hydrogen permeabilities for alloys, exceeding 1.0 x 10-7 mol m-1 s–1Pa-0.5 for the 
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V55Ti30Ni15 (containing > 80% of the VSS phase) alloy at 400°C. The overall permeability in-

creased with increasing Ti content.  

A miscibility gap between the vanadium α-hydride (a BCC solid solution) and β-hydride (a 

body-centered tetragonal - BCT - solid solution) exists below 200°C110. Addition of Ni in-

creases the critical temperature (TC) for β-hydride formation to > 400°C83c which has major 

implications for mechanical stability, especially during thermal cycling. Titanium decreases 

the plateau pressure of β-V-H111, and the critical temperature for the Ti-H α + β miscibility 

gap lies well above 700°C112. It could therefore be expected that the TC for a V solid solution 

containing Ti and Ni would lie significantly above 200°C, increasing the importance of a sta-

bilising composite microstructure. In literature several works about V-Ni-Ti alloy can be 

found113,114,115, but they report detailed studies about membranes prepared by arc melting 

and no papers concerning the deposition of V-Ni-Ti film onto a porous substrate were found. 

 

2.5. Implementation of dense metallic membranes 
 

 

H2 flux in Pd-based membranes is highly limited by the membrane thickness, but we have to 

take into account other parameters, such as mechanical strength and membrane durability. 

High selectivity and high fluxes can be attained together by the deposition of one or more 

thin layers of a highly selective membrane material onto a porous substrate (ceramic or me-

tallic), having little or no resistance to fluxes82c, 116. The requirement for a thin and defect 

free metal layer puts strong demand on the quality of the substrate in terms of narrow size 

pore distribution and surface defects117. Pore size and surface roughness of the 

macroporous substrate surface are often reduced by the application of mesoporous inter-

mediate layers prior to deposition of the permselective metal layer118. Substrates with large 

pores require thicker metal layers, which leads to low permeation and high costs. As to me-

tallic substrates, interdiffusion of metals between the substrate and the H2 selective layer for 

operations above the 400°C-450°C have to be reduced. Barrier layers, such as porous silica, 

zirconia, titania, TiN and porous Pd-Ag have been developed for this purpose39, 66, 119. The 

use of ceramic substrates, such as pure alumina, is not believed to cause significant inter-

diffusion problems even though only one recent study has reported diffusion of Al from the 

alumina substrate into the Pd layer at temperatures as high as 650°C, resulting in a decrease 

in H2 permeability120. Other factors that must be considered include adhesion of the func-
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tional coating and the coating defects. These phenomena often lead to failure in membrane 

performance including lack of mechanical strength and reduced permeability or selectivity. 

Another approach currently under development is the fabrication of composite, or multi-

layer, membranes structure by applying a thin H2 dissociation catalyst layer (often Pd-based) 

onto a super-permeable core, with Nb, Ta, V and/or Zr as major components83a,83f,121,106a,122. 

Currently, composite membrane display superior perm-selectivity in comparison to other 

membrane configurations but long-term chemical and mechanical stability is difficult to 

achieve. Composite membranes can be implemented in the thin film technology, by deposi-

tion of a composite membrane directly on a porous substrate. 
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3. Thin films deposition techniques 

 

3.1. Introduction  
 

 

The deposition of membranes with a thickness below 5 μm is required to meet the US De-

partment of Energy flux targets1, but such membranes have to be supported by adequate 

porous substrates. The most common layout is a thin metal layer deposited onto a porous 

stainless steel or a porous ceramic, mainly alumina. Porous substrates often requires the use 

of intermediate layers with a finer pore size (graded porosity substrates), in order to deposit 

a defect-free thin membrane2 and to reduce the whole thickness of the hydrogen selective 

layer. 

Selectivity (the hydrogen/gas leakage detector permeability ratio) is usually used to quantify 

the quality of the deposited metal layer. A defect-free membrane has infinite selectivity, as 

only hydrogen can permeate the metal layer. Macroscopic defects have the greatest effect 

on selectivity and even a low defects density will greatly reduce the ideal selectivity of the 

membrane3,4. Ma et al.5 suggested that, in order to deposit a defect-free membrane, the 

minimum thickness required is approximately 3 times the maximum surface pore size. Stud-

ies on porous nickel6 and porous stainless steel7 substrates supported this general rule. Un-

doubtedly, the quality of a thin membrane is predominantly determined by the underlying 

substrate surface onto which it is deposited. 

3.2. Thin films preparation 
 

The most common processes in membrane technology for thin film deposition are electro-

less plating and sputtering. 

 

3.2.1. Electroless Plating  
 

Electroless plating is the main technique for thin membrane production, since it can prepare 

thin membranes of a wide range of thicknesses (from 1 μm8 to tens of μm7) onto substrates 

with complex geometries. Electroless plating is an autocatalytic reaction, involving three 
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stages: surface cleaning, surface activation and film deposition. Surface cleaning consists of 

washing the substrate in dilute acid, alcohol or acetone and rinsing it with deionised water. 

After cleaning, the substrate surface must be activated. In case of a palladium deposition, tin 

chloride is used as sensitising agent and small clusters of metal are deposited onto the sur-

face (substrate seeding) by activation baths9. These clusters act as catalysts for the plating 

reaction, which employs a palladium-amine complex stabilised by a sequestering agent such 

as Na2EDTA. Controlled deposition of palladium is achieved via chemical reduction of Pd ions 

using a suitable reducing agent9a, 10, according to the reaction: 

2Pd(NH3)4
2+ + N2H4 +  4OH−  → 2Pd +  N2 + 8NH3 +  4H2O 

Although electroless deposition is a well-established technique, there are several limitations:  

 Films often possess significantly lower densities than the equivalent bulk material, 

due to voids and impurities11; 

 The deposition rate, film structure and morphology strongly depend on some varia-

bles. In general, high plating temperatures produce small closely packed crystallites. 

Films have a denser structure with a smaller grain size, with fewer defects and 

therefore greater selectivity. However, if the deposition rate is too high, voids may be 

formed within the film, introducing defects and reducing the selectivity12. 

Using a porous substrate as deposition substrate, the non-uniform film thickness is the most 

common observed drawback, making the reproducibility of the desired thickness extremely 

difficult. When the thickness is uncertain, hydrogen flux is often presented as permeance ra-

ther than permeability7-8, 13. However, one of the main drawbacks of the electroless plating 

technique is the difficulty on metal alloys deposition10b, 14. Shu et al.14a  found that silver 

deposits preferentially and inhibits palladium deposition, unless the amount of palladium in 

the plating bath is high (> 80% Pd). A possible solution could be the sequential deposition of 

distinct layers followed by an appropriate annealing treatment15, 16, but temperatures as 

high as 800°C have been required for effective homogenisation15c. 
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3.2.2. Sputtering  
 

 

In the sputtering process, a thin film is deposited onto the substrate surface when ions (pro-

duced by ionization of an inert gas, typically Argon) bombard a metal target, dislodging 

metal atoms from its surface. Both conducting and non-conducting substrates can be used. 

Xomeritakis and Lin4b deposited Pd-Ag membranes (100 – 500 nm) using a single Pd-Ag25 

target. McCool4a found that using an alloy target is necessary to wait the “equilibration 

time3,18”, in order to sputter the alloy components at the same ratio as the target composi-

tion. Moreover, McCool4a stated that the most important variables are target equilibration 

time and deposition power; Hoang et al.21 investigated substrate temperature, since it has 

strong effects on phase microstructure and grain size of the film. Membrane can be also 

prepared from pure targets (co-sputtering)19,17,20. 

Sputtering has several advantages22
: 

 Deposition of ultrathin films with minimal impurity; 

 Easily controllable process parameters;  

 Flexibility for synthesizing alloys4a, 17;  

 Ability to generate nanostructured films23;  

 Excellent film uniformity, particularly over large areas; 

 Surface smoothness, thickness control and good film/substrate adhesion. 

In addition, membranes do not always require a post-deposition thermal treatment. 

Thin membranes for hydrogen purification were found to be very sensitive to the substrate 

pore size and surface roughness4c,25. Jayaraman et al.4c found that, to deposit Pd-Ag thin 

membranes onto porous alumina, an optimum coating temperature is 400°C, which gave 

them the best gas-tightness performance. 

One of the main drawbacks of sputtering deposition is the typical columnar growth of the 

film: if the columnar microstructure is not compact the thin film loses the required selectiv-

ity. Pereira et al.24 found that the use of low working pressures and heating to 200°C control 

the columnar growth and enhance the membrane selectivity.  

Since sputtering process is the technique used in the thesis, the following sections are dedi-

cated to a more rigorous description of the traditional sputtering process; moreover, the 

HiPIMS technique (High Power Impulse Magnetron Sputtering), will be introduced, a tech-
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nique employed in this thesis for the first time to prepare membranes for hydrogen separa-

tion. 

 

3.3. The sputter deposition 
 

Sputter deposition3,26 is a physical vapour deposition (PVD) process involving the removal of 

atoms from solid targets by bombarding them with positive and energetic ions (Fig. 3.1), 

generated by ionization of an inert gas (generally Ar). Sputtering has a mechanical nature, so 

refractory materials can be easily deposited at temperatures well below their melting point. 

The sputtering yield, Y, defined as the ratio of number of ejected particles to the number of 

bombarding ions, is influenced by the energy and incident angle of bombarding ions and by 

the crystal structure and chemical composition of the target materials. Depending on the ki-

netic energy Ek of the incident ions, four different regimes can be found27: 

1. Low energy regime (0 < Ek < 20-50 eV): the incident ion has not sufficient energy to 

eject a target atom; 

2. Moderate energy regime (50 eV < Ek < 1000 eV): this is the typical energy range of 

PVD techniques; 

3. High energy regime (1 keV < Ek < 50 keV): the incident particles has enough energy to 

break the bonds between atoms in a region close to the impact site thus causing the 

formation of a dense cascade of secondary particles; 

4. Very high energy regime (Ek > 50 keV): the incident ion penetrates into the target 

material (ion implantation), with the emission of very few atoms. 

 

 
Fig. 3.1: sputter deposition process28. 
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3.3.1. DC diode sputtering 
 

In a diode plasma system (Fig. 3.2), the cathode is the source of the sputtered atoms, while 

the substrate is placed over the anode. It is characterized by a flux of ions that strikes the 

cathode and by a flux of electrons that move toward the anode. The working gas pressure 

values are between 1 and 100 Pa. An advantage of the diode sputtering is the efficient use of 

the target material, since the electric field between the electrodes is quite uniform, so the 

ion flux is nearly constant over the target. One of the main drawbacks of DC diode plasma is 

the low ion currents to the cathode, due to the low cross section for electron-gas particle 

ionization collisions. Another problem occurs when a reactive gas (oxygen in particular) is 

added to the gas mixture: the cathode becomes rapidly oxidized and the net DC current 

drops. In diode sputter sources the bombardment of energetic electrons causes a significant 

increase of substrate temperature. In order to enhance the ionization of gas, the triode 

source was developed: it consists of a heated filament added to a diode source, to provide 

electrons to sustain glow discharge. The discharge is able to operate at lower pressures and 

lower targets voltage. Higher deposition rates (several thousand Å per minute) can be 

achieved with planar diodes. 

 

Fig. 3.2: DC diode sputtering system28. 

 

3.3.2. Radio frequency (RF) sputtering 
 

The RF sputtering system is similar to the DC diode system (Fig. 3.3), except for the addition 

of an impedance matching network (matchbox) between power supply and electrodes. The 

matchbox optimises the impedance of the plasma, maximizes the amount of power that can 

be delivered to the plasma and matches the net impedance of the plasma side of the circuit 

to the load capacitor. The RF powered electrode oscillates between positive and negative. 
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Thanks to the higher mobility of the electrons it picks up a much greater electron current 

than ion current in one cycle and, consequently, the electrode accumulates a negative 

charge. A capacitor placed in the impedance network blocks this DC potential from the 

power supply. On each successive RF cycle the electrode is charging more negatively: the ion 

collection time in each cycle will consequently increase while the electron collection time 

decreases. After several cycle a negative DC potential sets up on the electrode at a value 

that is approximately close to one half of the applied RF peak to peak voltage. Only for a very 

short time of each RF cycle the electrode is positive and collects electron, while for the rest 

of the cycle it is negative and collects ions: since there is no net current flow there is no 

charging at the insulating surface of the target. The RF power increases the ion current and 

the deposition rates compared to the DC case: the rapid change of the voltage polarity traps 

the electrons (both plasma and secondary electrons) within the plasma, enhancing the 

ionization rates and the plasma density. 

 

Fig. 3.3: RF diode sputtering system28. 

 

3.3.3. Magnetron sputtering 
 

In the magnetron sputtering system a magnetic field (from 50 to 500 Gauss) helps in in-

creasing the deposition rate29, operating at low pressures (10-2 Pa order) and low voltages 

(e.g. 350 V). The current density has the highest value where the magnetic field lines are tan-

gent to the surface of the cathode, but this causes a not uniform erosion of the target (only 

20-30% of the cathode material is used), because the ion bombardment is localized directly 

under the E x B closed path. The magnetic field does not directly affect the ion motion; how-

ever, because of electrostatic attraction, the ions move with the electrons, keeping the 

plasma neutral. Substrate bombardment can be significantly increased with the unbalanced 
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magnetron configuration, in which the flux from the north pole is unequal to that entering 

the south pole. There are two types of unbalanced magnetron configuration30: 

- Type I: the flux from the central magnet is larger than that of the outer magnet. It 

gives low ion and electron currents at the substrate and low self-bias voltages; 

- Type II: the central flux is less than the outer flux. It gives large ion currents (3 to 10 

mA/cm2,30) and large electron currents (about 100 times larger than the case of type I 

sources) to the substrate, and high self-bias voltages (20 - 30 V). 

The most common magnetron configuration has the target material backed by a permanent 

magnet, providing a magnetic field with field lines forming a close tunnel on the target sur-

face (Fig. 3.4). The electric field is normal to the surface of the target and in combination 

with the magnetic field traps the secondary electrons in the region close to the cathode, in-

creasing the number of collisions between the electrons with the gas atoms. The ions expe-

rience the same force as the electrons but, due to the much higher mass, their motion is not 

confined and the sputter bombardment proceeds as in a normal diode. Typical magnetron 

characteristics are: 

- Cathode current density: 20 mA/cm2; 

- Discharge voltage: from 250 to 800 V; 

- Minimum pressure: 1.33·10-1 Pa; 

- Target to substrate distance: from few cm to 20 cm; 

- Deposition rates: several thousand Å/min with metals; 100-2000 Å/min with dielec-

trics. 

 

Fig. 3.4: cylindrical and planar magnetron sputtering configurations28. 
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3.3.4. Bias sputtering 
 

In bias sputtering the electric field near the substrate is altered, in order to vary the flux and 

energy of the incident charged particles. This is achieved by applying either a negative DC or 

RF bias to the substrate holder. Bias voltages from -50 to -300 V are generally used. The bias 

sputtering is useful to change many properties of the growing films: hardness, residual 

stresses, morphology (from columnar microstructure to compact fine-grained structure) and 

adhesion27. 

 

3.4. Film structure 
 

In sputtering operation, pressure is a key parameter since it influences the atoms transport 

to the substrate, the mobility of adatoms and so the film microstructure. It usually ranges 

from 10 mPa to 10 Pa. At low pressure (10 mPa or less), the sputtered atoms reach the sub-

strate after very few or no collisions, maintaining their original kinetic energy. Films depos-

ited in this regime are generally small-grained, dense, with a good adhesion to the substrate 

and have compressive stress. At larger pressure, atoms lose their kinetic energy in collisions 

with the gas atoms and thermalize before reaching the substrate. The resulting films show 

larger grain size, lower defects density, worst adhesion to the substrate and a tensile charac-

ter. Another important parameter is the deposition temperature. In order to find possible 

correspondences between the microstructure of metallic thin films and the parameters af-

fecting the mobility of adatoms (pressure and temperature), structure zone diagrams (SZD) 

have been developed. They are a convenient way of illustrating common features of rela-

tively thick (>100 nm) polycrystalline films, by reducing several deposition parameters to as 

few as possible. They are not models, but representations of expected film microstructure 

trends versus deposition parameters. They were first introduced by Movchan and Dem-

chishin31 in 1969. In their SZD the only reduced parameter was the homologous tempera-

ture, Th, defined as the film growth temperature (substrate temperature) normalized by the 

melting temperature of the deposited material. With the introduction of magnetron sput-

tering, the SZD were modified to accommodate the process pressure. Thornton divided the 

microstructure of sputtered films in four zones32 (Fig. 3.5): 
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- Zone 1 structure, consisting of tapered columns and significant voids between col-

umns. It is prevalent when Th is less than 0.3. The adatom mobility is negligible and 

most of the sputtered flux is deposited on the high points of the film. Zone 1 struc-

tures are associated with rough surfaces, poor stability and properties that are far 

from those of the bulk material33. 

- Zone 2 structure, usually found in the range 0.3 < Th < 0.5. It is associated with signifi-

cant adatom mobility on grain surfaces. Zone 2 structures show columnar, platelet or 

whisker grains separated by dense intercrystalline boundaries. 

- Zone 3 structure, occurring at relative high temperatures (Th > 0.5), when diffusion 

within the grains is a significant mechanism of film growth. Zone 3 is associated with 

equiaxied grains and epitaxial growth on the substrate.  

- Zone T (transition) structure, results from bombardment-induced surface mobility. 

Films expected to be Zone 1 structures according to Th, can be grown with a very 

smooth surface and high density by bombarding the growing film with energetic ions 

or neutrals during film growth32b, 34. The latter species originate from the target as 

positive ions neutralized and reflected from the target surface35, or as sputtered 

negative ions that are accelerated and then neutralized in the gas36. Film material is 

moved into the spaces between grains by forward sputtering32a, 37 and by energy 

deposited locally by the bombarding particles, leading to tightly packed fibrous 

grains. 

 

Fig. 3.5: Thornton model of thin films. 

 

Surface mobility and, consequently, Zone T structures, can be promoted by control of posi-

tive ions bombardment38. The ion energies can be increased by applying a negative bias to 
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the substrate and bombardment effects can be also influenced by the pressure, angle of inci-

dence, magnetic field configuration, discharge current and working gas species39. 

In order to develop a more universal SZD, one possible solution is to modify the Thornton 

model generalizing its meaning. The changes40 proposed are (Fig. 3.6): 

- Replacement of the Th axis with a generalized temperature T*, with contributes from 

the homologous temperature and a temperature shift caused by the potential energy 

of particles impinging onto the surface; 

- Replacement of the linear pressure axis with a logarithmic axis for a normalized en-

ergy E*, describing displacement and heating effect caused by the kinetic energy of 

bombarding particles; 

- Introduction of a z-axis with a net film thickness t*, in order to keep the familiar 

qualitative illustration of film structure while indicating thickness reduction by densi-

fication and sputtering. 

 
Fig. 3.6: structure zone diagram applicable to energetic deposition (from 40). 

        

3.5. HiPIMS (High Power Impulse Magnetron Sputtering) 
 

 

 

 

 

 

 

In the common magnetron sputtering, the degree of ionization of the plasma particles is 

relatively low41 and the ionized sputtered species are typically less than 1%41,42. Their in-

crease has been the goal of many research works during the recent decades, because a high 

fraction of ionized sputtered species improves the film density, the surface (smoother) and 
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the adhesion, decreasing the substrate temperature and reducing the defects density. Layers 

produced with HiPIMS show superior properties compared to standard magnetron sputter 

deposited layers (Fig. 3.7). Several approaches, such as inductively coupled plasma superim-

posed on a magnetron plasma43, hollow cathode magnetron43 and an external ion source44 

have been proposed in the past decades, until Bugaev45 and Fetisov46 demonstrated, in the 

mid-90s, that a conventional sputtering source in a pulse mode (pulse duration ranging from 

1 μs to 1 s, Fig. 3.8) allowed pulsed target currents two orders of magnitude higher than the 

average target currents in a conventional sputtering technique45,46 with formation of ultra-

dense plasmas (electron densities in the order of 1018 m-3 45,46, much higher than the values 

of 1014-1016 m-3 for DC magnetron sputtering). The consequence is a much higher ionization 

of the sputtered species, typically more than 50%. 

The peak power is typically of the order of kWcm-2. The pulse is then repeated with such a 

frequency that the average power is kept low. A common way to define the strength of the 

pulse is the pulse energy (a typical value of the pulse energy is 50 mJ cm-2). Some power 

supplies also have the possibility to detect and suppress a transition to an arc discharge: by 

measuring the voltage or the current on the output, they open the switch and stop the dis-

charge if it deviates too much from the normal operation. 
 

 

 

Fig. 3.7: comparison between film growth in HiPIMS (left) and magnetron sputtering (right) (from 47). 

 

HiPIMS power supplies consist of three different modules49: 

- A continuous DC power supply, providing continuous power to charge the storage 

unit with a charging voltage of several hundreds of V up to several kV. 

- A storage and pulse unit, which holds back the stored energy and delivers it in short 

HiPIMS pulses of defined width (from 5 to 3000 μs) and frequency (from 10 Hz to 10 

kHz). The peak target current density may reach values of up to several A/cm2, which 

are up to 3 order of magnitude higher than the current densities in DC magnetron 

sputtering43; 



60 
 

- A pulse shaping (matching) unit, shaping the output current pulse in order to match 

the requirements of the different cathodes. It is used also to eliminate any plasma 

oscillations. 

 

Fig. 3.8: a typical voltage-current plot on a HiPIMS discharge (adapted from 48). 

 

 

In the principal setup, the target of the magnetron is connected to the high, negative voltage 

pulse output, which ignites the plasma, accelerating the Ar+ ions towards the target. An addi-

tional negative bias voltage can be supplied, to accelerate the sputtered ions towards the 

substrate and to deposit in complex geometries. To get high ionization levels in the plasma, 

we need long pulses of 100 μs or longer and a current of 1 A/cm2 or higher. 

HIPIMS is currently taking the first steps towards industrial applications. The unique features 

of the discharge should be well suited for a number of application areas: 

 

 Densification and smoothening of metallic and compound films: the high fraction of 

ionized sputtered material has been used to tailor and improve the properties of the 

growing films, both metals and ceramics50,51,52,53, especially in the field of hard coat-

ings; 

 Deposition onto complex shaped substrates: deposition on complex-shaped sub-

strates (cutting inserts, drills, …) is of high importance in many high tech applica-

tions50. 

 Phase tailoring: an important example concerns Ta. Tantalum in its bulk form has a 

bcc-structure, but as a thin film it has almost always a tetragonal structure (β-struc-

ture). By using the highly ionized sputtered material present in HiPIMS, it was possi-
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ble to obtain a deposition window for the β-Ta on Si (with native oxide present)54. 

This phenomenon is largely attributed to the fact that a large fraction of the bom-

barding species consists of ions of the film material itself, which ensures an efficient 

momentum transfer from the plasma ions to the film surface. 

 Electrical and optical properties modification by HiPIMS: the effect of HiPIMS on the 

electrical properties of thin metallic films was investigated in a number of works51,54. 

Sarakinos et al.51 reported that the electrical resistivity of ultra-thin Ag films was 

determined by the film density and the topographic characteristics of the film sur-

face. Davis et al.55 studied the growth and the properties of TiO2 films deposited by 

HiPIMS and DCMS from a metallic Ti target. Glocker et al.56 deposited ZrO2 and Ta2O5 

films both by HiPIMS and mid-frequency pulsed magnetron sputtering (MFPMS). 

 Adhesion enhancement: in order to optimize conditions for a good adhesion, clean-

ing of the substrate surface (by ion etching) prior to the deposition is a common 

practice. However, this is in many cases inefficient, due to the incorporation of a high 

concentration of Ar gas in the interface. HiPIMS plasma contains a mixture of single 

and double-charged metal and Ar ions57 and it was used to pre-treat the surface of 

stainless substrates using different ion energies and pre-treatment durations58,59. 

 

There are two main drawbacks with HiPIMS: reduction of deposition rate and arc discharge. 

The deposition rate for the HIPIMS discharge is expected to be in the range 30-80% com-

pared to a conventional magnetron discharge with the same average power45,60,61. One 

explanation for the reduction in deposition rate is that some of the material that is ionized is 

attracted back to the cathode and that ions can sputter also the coating during depositions. 

The other problem with HIPIMS is the tendency to form arcs on the cathode surface. There 

are mainly two types of arcs, heavy arcs and light arcs. The light arc (a little spark on the tar-

get surface) is minor problem, since it does not produce large number of microdroplets, as 

the heavy arc does. The heavy arc can be a serious problem and they can sometimes be ob-

served as extended plasma columns going from the cathode into the bulk plasma. The arc lo-

cally heats the target, ejecting microdroplets. Materials with relatively high melting point, 

such as Ti, Ta, and Cr has a very low tendency to arc, while materials with relatively low 

melting point, like Cu and Al, have a higher tendency to arc. Choosing a modest power level 
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or a shorter pulse length can reduce the arcing frequency. Even arc suppressors62 can be 

used to reduce arcing problems.  

Table 3.1 reports the main differences between HiPIMS and DC magnetron sputtering: 

 

Parameter HIPIMS DC Magnetron 

Working Pressure 0.001 – 0.1 mbar 0.001 – 0.1 mbar 
Cathode Current Density JMAX ≤ 10 A/cm2 JMAX ≤ 0.1 A/cm2 

Discharge Voltage 0.5 – 1.5 kV 0.3 – 0.6 kV 
Plasma Density ≤ 1013 cm-3 ≤ 1011 cm-3 

Cathode Power Density 1 – 3 kW/cm2 < 0.1 kW/cm2 
Ionization Fraction 30% – 90% < 1% 

Tab. 3.1: main differences between HiPIMS and DC magnetron sputtering 48. 

 

The typical applications of HiPIMS is in the deposition of hard coatings on metals, e.g. for 

cutting tools, by exploiting the important advantages of good coating adhesion and high 

density. Very few works have been published so far on the use of HiPIMS on non-conducting 

and porous substrates and no papers were published on the study of this technique for the 

deposition of gas selective membranes. The unique work were HiPIMS is used to prepare a 

selective layer is the work of Ortiz-Medina et al.63, who used HiPIMS to prepare ultrathin, 

flexible and highly water permeable nanostructure carbon - based membranes on porous 

polymer substrates in order to fabricate carbon-based membranes for water desalination.  
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4. Porous substrates for hydrogen sepa-
ration membranes 

 

4.1. Introduction 
 

According to IUPAC, porous materials are classified in macroporous (pore diameter d > 50 

nm), mesoporous (50 nm > d > 2 nm) and microporous (d < 2 nm) and are used typically for 

filtration and separation of fluids. Porous materials have been used to support thin mem-

branes, to provide adequate mechanical strength. However, several other requirements 

must be fulfilled: 

 Chemical compatibility with the hydrogen selective layer and high temperature 

stability; 

 Good selective layer/substrate adhesion;  

 Resistance to possible contamination within the feed gas stream;  

 Low production cost and ease of sealing in the gas separation module;  

 Low resistance to hydrogen diffusion. 

 

The most common materials are alumina1, titania2, zirconia3, porous glass4 and porous met-

als including stainless steel5 and Inconel6. Alternative substrates are porous nickel7, porous 

silicon8, mixed ceramics9 and lithographically deposited dense nickel strips10. 

Currently, no single substrate material meets all the aforementioned requirements, but, 

among them, ceramics, particularly alumina11, are widely used, thanks to the pore size 

tunability and the good chemical stability at high temperature. Moreover, it is the best op-

tion in terms of ease of workability, costs and chemical compatibility. Ceramic substrates can 

be prepared with very fine pore sizes, reducing the minimum thickness required to deposit a 

defect-free membrane. However, reducing the pore size can decrease the flux through the 

substrate (pressure drop), thus limiting the advantage of the reduced membrane thickness. 

Hydrogen flux can be increased using an asymmetric substrate, coupling layers with different 

pore sizes or depositing one single mesoporous layer (usually, a layer of γ-Al2O3
1c,12) on the 
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top of a macroporous substrate. However, even though this approach is relatively simple, it 

employs high purity starting reagents and some steps to prepare the final mesoporous layer, 

increasing the cost of the ceramic substrate. Commonly, a relatively thin (1 μm) micro- or 

mesoporous layer is supported by a thick (1 mm) macroporous layer, usually with at least 

one intermediate mesoporous layer made of titania, zirconia and γ-alumina13. In order to 

avoid the deposition of the mesoporous layer, graded-porosity substrates can be prepared: 

they are usually prepared by raw ceramic/pore former powder mixtures layers with different 

amounts of pore former pressed together. However, even if the preparation of such sub-

strates is very fast and easy, the main drawback is a strong deformation of the material dur-

ing sintering, due to the different layer shrinkage. 

In general, the major drawback of ceramic substrates is the relatively weak adhesion of the 

metallic layer, which can cause delamination14, due to the different thermal expansion 

coefficient. Moreover, ceramic substrates are rather brittle and sealing problems can arise15. 

However, they can be a good alternative to porous stainless steel. 

Porous metallic substrates are not brittle and have very similar thermal expansion coeffi-

cients to the metal hydrogen selective layer. They are fabricated by sintering milled or at-

omised metal powders, with various grades of stainless steel, Inconel, aluminium and tita-

nium. Porous stainless steel (PSS) substrates are widely used thanks to low cost, ease of 

sealing, low mass transfer resistance, lack of thermal expansion issues and excellent film ad-

hesion. However, they typically have a wide pore size distribution and intermetallic diffusion 

between substrate and film is a very common problem. Many authors tried to solve these 

issues by modifying the substrate surface with the deposition of a barrier made of oxides or 

ceramics3,16, but they create additional interfaces affecting membrane adhesion and the 

overall flow resistance. 

4.2. Ceramic porous substrates preparation 
 

Partial sintering, pore formers, replica templates and direct foaming are the most common 

methods to prepare porous ceramic substrates. 
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4.2.1. Partial sintering 
 

Partial sintering17 of powder compacts is the most conventional and frequently employed 

method to prepare porous ceramics. The grade of sintering is a balance between the desired 

porosity and the final mechanical properties required. The size of the starting powder con-

trols the final pore size and the degree of partial sintering controls the final porosity of the 

material, a property depending even on compact forming pressure, sintering temperature 

and time. Other processing factors (type and amount of additives, green density and sinter-

ing conditions) greatly affect the microstructure of porous ceramics18. The mechanical 

properties of a partial sintered material depend largely on neck growth between grains, as 

well as porosity and pore size. The final porosity is usually below 50%. In industry, this 

method has been used for the production of gas bubble generators in wastewater treatment 

plants19 and water purification membranes. The drawback of this method is usually a low 

mechanical strength that often is overtaken by the use of pore formers. 

 

4.2.2. The sintering process 
 

 

The sintering process20 produces a density-controlled material by the application of thermal 

energy to a powder compact. It can be divided in solid state sintering (a solid state densifica-

tion of powder compact) and liquid phase sintering (presence of a liquid phase in the pow-

der compact during sintering). Liquid phase sintering allows easy control of microstructure 

and reduction in processing cost, but reduces mechanical properties. 

The driving force of sintering is the reduction of the total interfacial energy, γA: 

 

Δ(γA) = ΔγA + γΔA 

where γ is the specific surface (interface) energy, A is the total surface (interface) area of the 

compact (depending on grain coarsening), Δγ is the variation in interfacial energy (depending 

on densification). In solid state sintering, Δγ is related to the replacement of solid/air by 

solid/solid interfaces. The variables determining the sinterability and the sintered micro-

structure of a powder compact can be divided in material and process variables. The former 

include chemical composition of powder compact, powder size, shape and size distribution, 

degree of powder agglomeration etc. These variables influence the powder compressibility 

and sinterability (both densification and grain growth). The other variables are mainly ther-
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modynamic variables, involved in the sintering process: temperature, time, atmosphere, 

pressure, heating and cooling rate, affecting the final microstructure of the sintered mate-

rial. 

 

4.2.3. Pore former agents 
 

Pore formers leave voids after their evaporation or burning during sintering. The most com-

mon pore formers include polymer beads, starch, cellulose, cotton and graphite. They are 

commonly used when a homogenous porosity (size and shape) is desired, or to improve me-

chanical strength. The choice of the pore former is very important, since the final porosity of 

the sintered material is controlled by the amount of pore former introduced and by its shape 

and size. Pore formers allow the preparation of high open porosity materials but they re-

quire an adequate mixing with the ceramic powder for a uniform and regular distribution of 

pores. Organic materials are usually removed by burning, but it can require long-term heat 

treatments, with the release of harmful by-products. Polymethylmethacrylate (PMMA) 

beads and microbeads have been frequently employed21, thanks to the ease of powder mix-

ture preparation, low burning temperature and well-interconnected final porosity; the pol-

ymer can be reticulated by choosing appropriate solvents. Long fibres are often used for ob-

taining porous ceramics with a channel-like porosity, while short fibres, or whiskers, com-

bine the advantages of partially sintered porous ceramic with unidirectional pores. Liquid 

phases, such as water and oil, are evaporated or sublimated. The freeze-drying22 of water, or 

liquid-based slurry, has become quite common in recent years to produce ceramics of 

unique structure. This method has several advantages, including simple sintering process (no 

materials to burn out), a wide range of porosity (30-99%) controlled by the slurry concentra-

tion, applicability to various types of ceramics and no emission of harmful products. In order 

to improve the connection among the pores, the use of pore former agents can be coupled 

with partial sintering, with the aim to avoid a full sintering of the ceramic matrix.   

 

4.2.4. Replica templates 
 

Replica technique23 allows the preparation of porous substrates with well interconnected 

large pores. It starts with the impregnation of a porous or cellular structure (synthetic or 

natural) with a ceramic suspension, precursor solution, etc. The most frequently used syn-
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thetic templates are porous polymeric sponges such as polyurethane, soaked into the ce-

ramic slurry or the precursor solution to form uniform ceramic layers over the sponge walls, 

draining and removing the excess of slurry. Pyrolysis decomposes the impregnated sponges 

and then the ceramic layers are sintered at higher temperatures. Porosity higher than 90% 

can be obtained, with cell sizes ranging from a few hundred micrometres to several millime-

tres. The open cells are well interconnected but the mechanical properties are generally 

poor24. Natural materials (woods, sea sponge, etc.) can be also use as replica templates by 

infiltration of oxides and non-oxides species. 

 

4.2.5. Direct foaming 
 

In direct foaming technique25 a ceramic suspension is foamed (by incorporating air or gas), 

stabilised, dried and finally sintered to obtained solid structures. The main advantages of this 

technique are a low-cost and an easy production of highly porous ceramic materials (poros-

ity > 95%). Porous ceramics with unidirectional channels can be developed by using continu-

ous bubble formation in ceramic slurry26. However, due to thermodynamic instability, the 

gas bubbles are likely to coalesce, resulting in large pores in the final porous bodies. The sta-

bilization of the air or gas bubble in the ceramic suspension is very important, and it is 

reached with the use of surfactants, which reduce the interfacial energy of the gas-liquid 

boundaries. The pore size of the porous body ranges from below 50 μm up to the mm scale, 

depending on how effectively and rapidly the surfactants work. 

4.3. Types of porous ceramic substrate 
 

4.3.1. Tubular 
 

Tubular ceramic substrates are a very common geometry in membranes manufacturing and 

are generally prepared by extrusion of ceramic powders mixed with waxes, organics and 

plastifiers. Standard dimensions are 100-250 mm diameter (limited by extruder tool) and 1-2 

m length (limited by sintering furnace). After the extrusion, tubes are gently dried, to re-

move the water, and then burned in a sintering furnace. One of the most common materials 

is pure α-Al2O3, and tubes prepared from it are sintered in a hanging position to avoid defor-

mation. Other materials can be used, such as TiO2 or mixtures of α-Al2O3 with TiO2 and ZrO2, 
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and they are sintered at temperatures around 1300-1400°C. Tubular substrates have enough 

mechanical stability to withstand high trans-membrane pressures. To test their strength they 

are filled with a liquid simulating the bursting pressure inside the tube. Depending on the 

geometry, limiting pressures between 50 and over 100 bar can be measured; a safety pres-

sure is usually included between 40 and 80 bar. Among the advantages of tubular mem-

branes are high surface available for hydrogen permeation, the scalability, the ease of seal-

ing inside the permeation apparatus and the possibility to pack a lot of tubular membranes 

in the same permeation facility. 

 

4.3.2. Planar 
 

 

Planar substrates are industrially prepared mainly from tape casting and dry powder press-

ing. The tape casting process employs a mixture of ceramic powders, solvents and organic 

binders to produce a stable suspension of defined viscosity. The resulting tape is flexible, 

thanks to the high organic amount, and its thickness is limited by the viscosity of the casting 

solution. The sintering temperatures are similar to those for tubular substrates and before 

sintering a careful organic burning step, up to 500°C, is necessary to eliminate the high con-

tents of organics without damaging the ceramic structure. 

In the dry powder pressing process, ceramic powders can be mixed with solvents and or-

ganics, such as liquefiers and binders, to help the green in maintaining its integrity, or can be 

pressed. The binders prevent disaggregation of the pressed powder after removal from the 

mould. Some pore formers, such as starch, can help the consolidation of the green during 

pressing. Powder pressing can be uniaxial or isostatic. With the dry pressing technique low 

thicknesses can be achieved (below half a mm), but a careful sintering procedure is neces-

sary to avoid the deformation of sintered pellets. 
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5. Hydrogen permeation in metallic 
membranes 

 

5.1. Introduction 
 

 

The H2 permeation through dense metallic membranes involves a series of steps which can 

be summarized in: 1) dissociation of H2 to H atoms at the surface of the membrane, 2) diffu-

sion of the H atoms across the membrane and 3) recombination of H atoms into H2 at the 

opposite surface. At low temperatures the associative desorption of H2 is the rate-limiting 

step for H2 permeation, but at temperature higher than 150°C1, when both absorp-

tion/desorption processes are at the thermodynamic equilibrium, the rate limiting step is 

the H diffusion through the bulk. However, if the membrane is very thin, the diffusion of H 

atoms is very fast and the new rate-limiting step is the H2 desorption, even though both ab-

sorption/desorption are at the thermodynamic equilibrium. Ward and Dao2 proved that the 

desorption of H2 is the rate limiting step at low temperatures and that absorption is the rate-

limiting step only at very low H2 partial pressures (<< 1 bar) or in case of severe surface con-

tamination. 

When the diffusion of H atoms through the bulk is the rate limiting step, Fick’s first law is as-

sumed and the H2 flux through the membrane is proportional to the difference in the 

amount of H dissolved at the high pressure side of the membrane and the amount of H dis-

solved at the low pressure side of the membrane. In order to determine the concentration of 

dissolved H, a relation between H2 pressure in the gas phase and the H dissolved in the bulk 

needs to be used. At very low H2 pressures, this relation is given by the equation of Sieverts: 

 

PH2

0.5 = K(T) ∙ c(H) 

where PH2
is the H2 pressure, K(T) is the Sieverts constant and c(H) is the H concentration in 

the metal bulk. Sieverts equation is only valid at low pressures, so deviations (exponent ≠ 

0.5) are expected at high H2 pressures3. Other causes of deviations from Sieverts’ law also 

occur when the membrane is defective and when the surface has low activity for the dissoci-
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ation of H2, which happens when contaminants are adsorbed onto the surface (poisoning of 

the membrane). 
 

5.2. Hydrogen permeation in metal membranes 
 

Hydrogen permeability (Φ) is used to quantify the permeation rate of hydrogen through a 

membrane2,4. When the diffusion of H atoms through the membrane bulk is the rate limiting 

step, the diffusion flux, JH (mol m-2 s-1), is described by Fick’s 1st law: 

 

JH =  −D
∆cH

x
 

where D is the diffusion coefficient (m2 s-1), cH is the atomic concentration of hydrogen (mol 

m-3) and x is the membrane thickness (m). 

The application of Sieverts’ law gives the atomic concentration of hydrogen (cH) as a function 

of the partial pressure: 

 

cH =  PH2

0.5 /K(T) 

where Ks is the Sieverts’ constant and PH2
is the pressure of molecular hydrogen. Combining 

JH and cH equations and integrating through the membrane thickness (l), we get the equation 

of hydrogen flux (J) in terms of the partial pressure of hydrogen at both the high (P1) and 

low (P2) pressure sides of the membrane: 

JH2
=  Φ 

(P1H2

0.5 −  P2H2

0.5)

l
 

Φ is the hydrogen permeability (mol m-1 s-1 Pa-0.5) of the membrane and it is the product of 

diffusivity and solubility (equal to 1/Ks): 

ϕ =  DH SH 

The H2 permeability is temperature dependent via the H2 diffusion coefficient DH and the 

solubility SH, both following an Arrhenius-type equation: 

DH(T) =  D0  ∙ exp (−
Ediff

RT
)              SH(T) =  S0  ∙ exp (−

∆rH

RT
) 
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where Ediff is the activation energy for H diffusion (J mol-1), R the universal gas constant (J 

mol-1 K-1), T the absolute temperature (K), ΔrH is the enthalpy of absorption of H2 (J mol-1). 

Combining the above equations we obtain: 

JH2
=  

Φ0

l
e−

Ep

RT  ∙ (P10.5 − P20.5) 

with: 

Φ0 =  D0  ∙  S0       Ep =  Ediff +  ∆rH 

where Ep is the activation energy of H2 permeation (J mol-1). The H2 flux can be further writ-

ten in terms of H2 permeability, Φ(T), as shown in the equation below: 

 

JH2
=  

Φ(T)

l
 ∙ (P10.5 −  P20.5) 

 

The H2 permeance is defined as Φ(T)/l. This equation accurately describes the diffusion-lim-

ited hydrogen flux through dense metal membranes in the majority of cases. However, bulk 

diffusion is not the unique rate determining step of the hydrogen diffusion through mem-

branes2. If hydrogen dissociation at the membrane surface is the unique rate-limiting step, 

the partial pressure exponent increases from 0.5 to 1; when both surface effects and bulk 

diffusion contribute to the overall permeation, the pressure exponent will range between 

0.5 and 1. 

A more general form of the hydrogen flux equation, valid for the various rate determining 

steps can therefore be given as:  

JH2
=  

Φ0

l
e−

Ep

RT  ∙ (P1n − P2n) 

where the value of n varies between 0.5 and 1. Other factors that can increase the value of n 

are Knudsen diffusion of molecular hydrogen along defects and grain boundaries, surface 

contamination, changes in structure and internal stresses5. In case of palladium and palla-

dium alloys the predominant reason for change in n value is surface poisoning by CO5b, 6 and 

H2S7, due to  the extremely active surfaces for hydrogen dissociation. 

We have seen that the hydrogen flux through a membrane is inversely proportional to the 

membrane thickness (l) and is directly proportional to both the permeability (Φ) and the par-
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tial pressure gradient across the membrane. It is clear that the maximum potential flux can 

be increased by reducing the thickness and/or increasing the permeability. 

 

5.2.1. H2 permeation through composite membranes 
 

 

 

Hydrogen flux is inversely proportional to membrane thickness8 for relatively thick mem-

branes, where the hydrogen flux is controlled by diffusion. If we reduce the thickness of the 

membrane, until the diffusion through the membrane is so fast that surface reactions are 

expected to limit the flux, the relation is no longer valid. There is wide disagreement con-

cerning the value of a critical thickness below which permeation is surface-controlled. Ac-

cording to Ward2, at high temperatures (> 300°C) and in the absence of external mass trans-

fer resistance, diffusion-limited permeation is expected for clean Pd at thicknesses down to 

1 μm. This has been experimentally confirmed by Mejdell9 and Gade10 for free-standing 

membranes down to just 1.3 μm. However, the presence of a porous substrate adds more 

degrees of complexity, since H2 also needs to flow through the porous media. 

In order to describe hydrogen flux through a composite membrane and try to find all the 

contributions to flux, Huang et al.11 estimated the performance of composite membrane em-

ploying the resistance model, first proposed by Henis and Tripodi12 (Fig. 5.1). According to 

this model, the permeation behaviour of gas through the composite membrane is analogous 

to the flow of electricity through an array of resistors. A schematic diagram for gas permea-

tion through a composite membrane is constituted by a circuit formed by three component 

resistances: the transport resistance of hydrogen flow through the alumina substrate (RS), 

the transport resistance of hydrogen flow through the pores or defects in the metal layer 

(RP) and the transport resistance of hydrogen flow through the bulk Pd-based alloy film in 

the layer (RPd). The resistances reported in the model are the inverse of the related permea-

bilities. 
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Fig. 5.1: the resistance model11. 

 

The overall resistance (and permeability) can be determined by summing each contribution: 

1

Rtot,H2

=  
1

RPS,H2

+
1

RPmet,H2

+
1

Rmet
=  ΦPS,H2 

+  ΦPmet,H2
+  Φmet 

where RPS,H2
is the transport resistance of hydrogen through the pores of the ceramic sub-

strate, RPmet,H2
 is the transport resistance of hydrogen through the pores of the metallic 

layer, Rmet is the transport resistance through metal layer, ΦPS,H2
, ΦPmet,H2  and Φmet are 

respectively the hydrogen permeabilities through the pores of the ceramic substrate, 

through the pores of the metallic layer and the permeability of the bulk metallic layer. In or-

der to determine the effective resistance of each layer, the relevant hydrogen transport 

mechanism must be fully understood. 

 

5.2.2. Permeation through porous substrate 
 

 

 

Molecular gas transport through porous solids may take place via four different mecha-

nisms: viscous (Poiseuille flow), slip flow, Knudsen diffusion and continuum diffusion13,14. 

The main parameters defining the dominant transport mechanism are pore size distribution, 

temperature and pressure. In many cases, several transport mechanisms act simultaneously 

and it has been shown that flow and diffusion are completely independent and are therefore 

additive15. The most widely used models to describe the gas transport through porous solids 

are the dusty gas model16, phenomenological approaches based on Maxwell-Stefan equa-

tions17, Darcy’s law18 and modified kinetic gas theory19. One feature in common of these 

models is the combination of Poiseuille flow, slip flow, Knudsen diffusion and continuum 

diffusion. For pure gases continuum diffusion can be ignored, as it describes the transport of 
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mixed gas species. Additionally, the pore size regimes of most porous substrates used in 

composite membranes are sufficiently small so that the Poiseuille flow is laminar. 

As flow and diffusion are independent of each other, the transport of hydrogen through a 

porous media can be described as the sum of the Poiseuille flow and the Knudsen diffusion. 

The flow of gas according to Knudsen mechanism can be described by the equation11: 
 

JK =  
2

3
 
εr

τ
 

1

lRT
 (

8RT

πM
)

0.5

ΔP 

 

Where M is the molecular mass of the gas, ε the porosity, τ the tortuosity, R the gas con-

stant, T the temperature, r the pore radius and l the thickness of the membrane. It is clear 

that the flux due to Knudsen diffusion is proportional to the average pore radius r and in-

versely proportional to the square root of the molecular mass M. 

Gas can flow also as laminar Poiseuille flow; the flux (Jv) can be described by11: 

JV =  
εr2

8τμlRT
 Pave ∆P 

Where μ is the viscosity of the gas and Pave the average pressure between high pressure and 

low pressure sides. For pores with an average radius greater than 1.5 nm there will be a 

combined contribution to flux20. As Knudsen diffusion and Poiseuille flow are additive, the 

total hydrogen flux through the porous substrate can be expressed by 

 

Jtotal =  [
2

3
 
εr

τ
 

1

lRT
 (

8RT

πM
)

0.5

] +  [(
1

8
 

ε

τμ
 

r2

RTl
) Pave] ΔP 

This equation is usually simplified to give the linear expression 

 

Jtotal =  [αk +  (βV  Pav)] ΔP 

 

 

where αK and βV are the Knudsen and Poiseuille permeation coefficients, respectively. As-

suming a linear pressure drop across the substrate, the values of αK and βV can be deter-

mined by plotting JTotal / ΔP against Pav, where αK is the intercept and βV the slope of the lin-

ear regression. Using the experimentally derived values for αK and βV, the unknown geomet-

rical factors in Jtotal equation can be calculated. However, it is difficult to isolate either the 

porosity or the tortuosity uniquely, as a result they are usually reported as the ratio 𝜀/τ . 
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The main observations which can be drawn from Jtotal equation are the dependence of the 

flux on both average pore size and temperature. The consequence is a complication on thin 

membranes preparation, since by reducing the surface pore size we can deposit thinner 

membranes, but the reduction of pore size involve a decrease of the effective permeabil-

ity21. So, whilst enabling the deposition of thinner selective layers, smaller pore sizes add 

considerable resistance to permeation, causing a not negligible pressure drop in the sub-

strate. It is also clear that flows decrease with increasing temperature. Assuming that the ge-

ometric factors ε, τ and r do not vary with temperature, the αK and βV permeation coeffi-

cients can be used to predict the hydrogen flux through the substrate under any conditions 

of pressure and temperature. 

 

 

5.2.3. The leak model 
 

 

If the metallic layer is not dense, but defects, such as pinholes, are present, hydrogen dif-

fuses through the metal by solution-diffusion mechanism, but also Knudsen diffusion and 

viscous flow contribute to the overall flux, leading to an overestimation of the H2 that per-

meates through the membrane and so to an incorrect estimation of real permeability (Fig. 

5.2). 

The total H2 flux permeating through the metal foil is equal to the sum of the H2 permeating 

according to the “solution-diffusion” mechanism and the H2 permeating along the defects. 

The model is based on the following assumptions22: 

 

 The H2 flux permeating according to the “solution diffusion” mechanism is independ-

ent on the selectivity value; 

 The H2 flux permeating through the metal membrane follows Sieverts’ law; 

 Molecular H2 diffuses through the defects according to a mixed Knudsen viscous 

mechanism. The amount of H2 flowing through defects can be estimated using a leak 

gas diffusing through the defects13. 

 

The α and β coefficients, determined for the porous substrate, can turn out to be useful in 

order to calculate specific parameters related to the dense metallic film.  
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The total H2 flux (the sum of the H2 flowing through defects and the H2 flowing through the 

metal lattice) can be described by the following equation22 : 

 

JH2
=  

Q(T)

l
 (P10.5 − P20.5) + [α ∙  √

Mleak gas

MH2

+  β ∙  
ηleak gas

ηH2

 Pave] (ΔP)  

where the H2 flux is the sum of a solution-diffusion term, a Knudsen term (α) and viscous 

term (β). M are the molar masses of the hydrogen and of the gas used to measure leaks (He 

or N2) and η is the viscosity of the gas. All pressures are H2 partial pressures. 
 

 

Fig. 5.2: in case of defects inside the membrane, the overall flux is non determined only by solution-diffusion 
but even Knudsen diffusion and viscos flow contribute (adapted from 22). 

 

In composite membranes having large leaks the pressure exponent n will be higher than 0.5. 

Mass transfer within the porous substrate adds another resistance to the overall H2 permea-

tion mechanism. Moreover, if the thickness of the membrane is thin enough and the porous 

substrate does not have a high inert gas permeance, which is the case in substrates having a 

low porosity, the pressure drop within the porous substrate is high and the H2 diffusion 

within the porous media becomes the rate-limiting step for the H2 permeation. If H2 diffu-

sion through the porous media is the rate-limiting step, the pressure exponent n is higher 

than 0.5 and the activation energy for H2 permeation decreases. 
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6. Zeolite membrane for gas separation 

 

6.1. Zeolites 
 

 

Zeolites1 are three dimensional, microporous crystalline solids with well-defined structures 

containing aluminium, silicon and oxygen in their framework, made of regular channels of 

discrete size, accessible through pores of well-defined dimensions. Silicon and aluminium 

form tetrahedra, connected to each other through shared oxygen atoms. The Si/Al ratio 

varies considerably: from the 1:1 ratio (for zeolite X) to near infinity (in silicalite), modulating 

the ionicity of the material, which increases with decreasing Si/Al ratio. The SiO4 group car-

ries a formal charge of -4, but in a solid having an O/T (O = octahedral sites, T = tetrahedral 

sites) ratio of 2 (as found for all zeolite structures) this unit is neutral, because each oxygen 

atom is part of a bridge between two T atoms. AlO4 tetrahedra have a -1 charge, so the 

overall zeolite framework is negatively charged. These negative charges can be compensated 

with pentavalent T-atoms (P5+ in aluminophosphates) or with cations or protons. Zeolites 

can be classified into small, medium, large and ultra-large pore materials. Small pore struc-

tures have pore openings with six, eight or nine tetrahedra, medium pore frameworks have 

10-membered rings, large pore zeolites have 12-membered rings and ultra-large structures 

have 14-, 18- or 20- membered rings. Many zeolites are thermally stable to over 500°C and 

are stable in alkaline and acidic environments. They have a strong resistance in harsh envi-

ronment and tolerate high pressure drops. 

The main drawbacks are brittleness and difficulty in scaling-up to industrial production. Zeo-

lites are employed as size-selective reactors (thanks to the uniform pore dimensions), ion 

exchange applications and in tuning acidity or basicity. Zeolites can be used in gas separation 

processes1b,2, but, a great size difference between the molecules to separate is required for 

high selectivity. Many types of zeolite membrane have been studied (e.g. Mordenite Frame-

work Inverted – MFI, Linde Type A - LTA, mordenite - MOR, faujasite - FAU) and the first 

commercial application is that of LTA zeolite membranes3. No industrial applications are re-

ported for zeolite membranes in the gas separation field4, due to poor reproducibility. A 

H2/N2 selectivity of 24 was reported for the small-pore zeolite A5, but no higher values were 
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reported, due to the presence of intercrystalline spaces in the zeolite layer. Furthermore, the 

separation of hydrogen from other gases, e.g. CO2, is difficult due to similar kinetic diame-

ters (Tab. 6.1). As to estimated costs zeolite membrane modules, can be expected that, once 

in mass use and production, costs will reduce significantly to less than $1,000/m2 6. 

Among the several zeolites available, hydroxy-sodalite can be a promising choice for the de-

velopment of zeolite membranes for hydrogen separation. Hydroxy-sodalite has a six-mem-

bered ring aperture with a pore size of 2.8-3 Å, with a Si/Al ratio of 1 (Na8[AlSiO4]6(OH)2 · 

nH2O, 0 < n ≤ 4). Only small molecules, such as helium, hydrogen and water, etc., can enter 

the pores of hydroxy-sodalite. Despite the potential of hydroxy-sodalite, only a limited 

amount of literature currently exists dealing with the synthesis of hydroxy-sodalite mem-

branes7,8,9. 

 

Molecule Kinetic diameter (Å) Molecule Kinetic diameter (Å)  

H2O 2.65 CH4 3.76  
H2 2.89 C2H4 4.16  

CO2 3.30 C2H6 4.44  
O2 3.47 n-C4H10 4.69  
N2 3.64 i-C4H10 5.28  
CO 3.69 SF6 5.50  

Tab. 6.1: kinetic diameters for some molecules. 

 

6.2. Preparation of zeolite membranes 
 

 

Zeolite membranes can be self-standing or grown on suitable substrates. Different methods 

for the preparation of supported zeolite membranes have been established4a. Basically, they 

can be distinguished into one-step methods (in situ) and in secondary growth (seeding tech-

niques) methods. In situ synthesis was the first to be used; the main advantage is the mini-

mal number of preparation steps, but membrane shows substrate coverage dishomogeneitis 

and thickness discontinuity. The seeding technique (depositions of seeds – 50-1000 nm – 

before the crystal growth), separating zeolite nucleation from crystal growth, allows opti-

mizing the conditions of each step independently, reducing or suppressing any secondary 

nucleation10. Many methods are employed to deposit zeolite seeds: dip-coating, filtration, 

rubbing, electrostatic and chemical deposition. Seeding is a very complex step, since it re-

quires a reliable seeds step preparation and the seeds distribution has to be homogenous. A 
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membrane grown by secondary growth shows high flux and the possibility to orient the seed 

crystals11, but the main drawback is the ease of formation of defects, which do not allow the 

selectivity required for a gas separation membrane. 

A typical one-step synthesis mixture contains the silica source (colloidal silica, fumed silica, 

sodium silicate, tetraethyl orthosilicate, etc.), the alumina source (aluminium hydroxide, so-

dium aluminate, aluminium salts, aluminium powder), a structure-directing agent (SDA), if 

present (amines, tetralkylammonium salts, crown-ethers, etc.), a base (alkali and/or organic 

bases) and water as solvent. After homogenization, the as prepared gel is poured into an au-

toclave containing the porous substrate. Zeolite membranes are usually grown on rigid inor-

ganic substrates, with a high stability in hydrothermal and alkaline synthesis conditions, low 

gas diffusion resistance, a smooth surface without defects and affinity with the membrane 

layer material. Ceramics materials (α-alumina, titania, silica) or stainless steel are the most 

common substrates. Since zeolites usually have negative thermal expansion coefficients 

(they contract upon heating12), the choice of the right substrate is very important13. Re-

cently, some efforts have been done to prepare high quality zeolite films on relatively cheap 

and macroporous tubular substrates14,15. The use of cheap porous substrate is an active part 

of zeolite membrane research, since the substrate may constitute up to 70% of the total 

membrane cost. 

 

6.2.1. Hydrothermal synthesis 
 

 

Hydrothermal synthesis1c, 16 was identified as an important technology for materials synthe-

sis in the 20th century. Generally, hydrothermal synthesis employs single or heterogeneous 

phase reactions in aqueous media, at elevated temperature and pressure, to prepare crys-

talline ceramic materials directly from solution. In most cases, syntheses are performed at 

autogenous pressure. Hydrothermal synthesis allows the control of rate and uniformity of 

nucleation, growth and aging, improving the control on size and morphology of crystallites 

and reducing aggregation, with a better microstructure control. Another important ad-

vantage is the purity of synthesized materials, since hydrothermal crystallization is a self-pu-

rifying process, characterized by the rejection of impurities present in the growth environ-

ment during crystals/crystallites growing. Hydrothermal processing can take place in a wide 

variety of combinations of aqueous and solvent mixture-based systems. Liquids accelerate 
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diffusion, adsorption, reaction rate and crystallization and one of the most employed liquid 

is water. It has many advantages: it is environmentally friendly and it is cheaper than other 

solvents and by simply tuning the temperature and pressure process it can act as a catalyst. 

Moreover, it can be easily removed from the reaction products. Hydrothermal synthesis can 

be hybridized with other processes like microwave, electrochemistry, ultrasounds, mechano-

chemistry, optical radiation and hot pressing. 

Crystal growth under hydrothermal conditions requires a reaction vessel (autoclave). The au-

toclave must be capable to resist the chemical aggression at high temperature and pressure 

for long time. The most resistant materials are high strength alloys, such as 316 series stain-

less steel, iron, nickel, cobalt based super alloys and titanium and its alloys. To avoid corro-

sion of the autoclave material, a non-reactive material coating, such as Teflon, is used. 

 

6.3. Permeation of gas through a zeolite membrane 
 

 

The transport of gas through a zeolite membrane, as a function of temperature, is described 

by Fig. 6.117: 
 

 
Fig. 6.1: diagram showing the dependence of single gas permeance with temperature (from 17). 

 

Initially (A→B), the permeance increases since the increase in temperature enhances the 

mobility of adsorbed species, even though the amount of physically adsorbed material starts 

to decrease. Eventually, point B is reached, and from this temperature the decline in occu-

pancy prevails, giving rise to a decrease in permeance (B→C). At a sufficiently high tempera-

ture (C) the effect of adsorption becomes negligible, and the permeance is controlled by ac-

tivated transport through micropores, increasing with temperature (C→D). The transport of 

gases in zeolite has been described by the superposition of Stefan Maxwell approach at low 
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temperatures, which takes into account only adsorption18, and activated Knudsen diffusion 

at higher temperatures19. 

The first step of gas permeation is the adsorption of the molecules onto the zeolite surface. 

Up to 100-200°C, depending on zeolite structure and polarity, the more strongly adsorbed 

component of a gas mixture reduces or blocks permeation of other components (adsorption 

selectivity). The strength of the molecule/zeolite surface interaction is determined by the 

polarization of the molecule and by its dipole/quadrupole moments. Polarity is one of the 

most important parameters, which in turns relies on the chemical composition (relation be-

tween Al content and polarity) and, in general, more polar is the zeolite framework, stronger 

is the adsorption of gas molecules. Permeation of gases at moderate temperature is con-

trolled by surface diffusion. It can be conveniently described by a hopping of molecules from 

one adsorption site to another20. At higher temperature, the transport of non-adsorbing and 

adsorbing molecules is defined by activated gaseous diffusion21. Excluding flow through de-

fects, the overall flux through the zeolite membrane is a combination of surface and gaseous 

diffusion. The concentration of the gas in the zeolite framework reaches saturation at a cer-

tain pressure and at this point the surface diffusion flux does not further increase by in-

creasing pressure. An increase in temperature, at constant pressure, leads to a lower con-

centration of adsorbed component and to a lower driving force, while the flux increases. The 

contribution of surface diffusion may increase, decrease or have a maximum as a function of 

temperature, depending on activation energy and adsorption enthalpy22. 

The main separation mechanisms by high quality zeolite membranes are: 

- Adsorption selectivity: it takes place when adsorption of one component is much 

stronger than that of another component. It is the dominant separation mechanism 

at low temperatures; 

- Diffusion selectivity: it takes place when molecules of one component are smaller 

and their diffusivity is faster than that of larger component. It increases with temper-

ature; 

- Size exclusion (molecular sieving): it is an extreme case of diffusion selectivity, when 

one component can scarcely or not at all permeate through zeolite pores. 

If zeolite membranes have defects Knudsen diffusion, molecular diffusion and even viscous 

flow can become the dominant diffusion mechanisms23. 
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7. Experimental part 

 

7.1. Metallic membranes preparation 
 

The research activity deals with the preparation of alloys for hydrogen separation and purifi-

cation (Pd-Ag and vanadium based alloys), comparing results obtained with two PVD deposi-

tion processes, DCMS and the new thin film deposition technique HiPIMS, described in chap-

ter 3. With the use of this new technology we wanted to deposit very thin membranes of 

alloy to prepare hydrogen separation membrane directly onto porous ceramic substrates. 

This is the first work with HiPIMS technique employed to prepare membrane for hydrogen 

separation, and it represents an evolution compared to common magnetron sputtering and 

other thin film deposition techniques that can simplify the preparation of those membranes, 

in view of a scale-up.  

 

7.1.1. Deposition details 
 

All the metallic membranes were prepared employing PVD technologies: magnetron sput-

tering and HiPIMS. We studied several parameters in order to prepare dense and defect-free 

membranes: 

- Deposition temperature and time; 

- Inert gas pressure in the vacuum chamber; 

- DC Power or Pulsed Power; 

- Bias voltage. 

 

In Tab. 7.1 are shown the parameters studied: 

 DCMS HiPIMS 

Deposition temperature RT – 200°C – 300°C RT – 350°C 
Deposition duration 30 ÷ 60 min 20 ÷ 360 min 

Inert gas pressure 3.1 · 10-3 ÷ 1.1 · 10-2 mbar 1.0 · 10-2 mbar 
Bias applied -50/-100/-150/-200/-250 V -25/-75/-150 V + alternating 

Tab. 7.1: parameters studied for the thin membrane alloy depositions. 
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The parameters that mostly influence the film structure/morphology in a PVD process are 

pressure and substrate temperature, since they have strong effects on the mobility of ada-

toms, modifying the morphology and the microstructure of the growing films. Thornton 

model can help on suggesting some parameters but the model is based on a metallic and 

dense substrates. Bias can help in obtaining denser and well-adherent films; in DCMS it was 

exploited in order to improve the microstructure of the film and its adherence to the sub-

strate, while in the case of HiPIMS bias it is a very important deposition parameter, because 

it drives the ions produced in the sputtering process directly on the specimen to coat, 

changing drastically the morphology and the microstructure of the grown film. 

Below are reported the technical details of the PVD machineries used in the activity:  

 

 Magnetron Sputtering: 

 

Fig. 7.1: magnetron sputtering machine. The chamber used for the depositions is the one on the left. 

 

General chamber features Con-focal geometry, 3 magnetron cathodes (size: 2’’) 

Heating system 3 light bulbs (450 W), Tmax 400°C 

Power supply 

DC power supply: Pinnacle 6 kW (Advanced Energy) 
RF power supply: Dressler 1310 (Cesar) 

Bias unit: Sorensen DCR 600-4,5 B (maximum voltage 
600 V) 

  

Vacuum line 
Pre-vacuum pump: rotary pump Adixen Pascal 2015 l 

High- vacuum pump: TPU 170 Pfeiffer 
Base vacuum < 10-6 mbar 
Sputter gas Argon 

Targets/substrate distance 6 cm 
Sample rotation 2 RPM 
Cooling system Green Box model MEC 35 WVP 

Tab. 7.2: technical details of magnetron sputtering machine. 
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 HiPIMS: 

 

Fig. 7.2: HiPIMS machine. 

 

General features 
Spherical chamber with three cathodes (2 magnetrons size 4’’ 

and 1 magnetron size 2’’) 

Heating system 8 light bulbs (1200 W), Tmax 800°C 

Power supply 

True Plasma HighPulse DC unit - 1 kW (Huttinger Elektronic) 
Trueplasma HighPulse 4002 - 10 kW (Huttinger Elektronic) 

Trueplasma DC 4001 (Huttinger Elektronic) 
Bias unit: Trueplasma Bias 3018 - Maximum voltage 1200 V – 

(Huttinger Elektronic) 

Vacuum line 
Pre-vacuum pump: Adixen Pascal 2021 C1 

High vacuum pump: Pfeiffer HiPACE 700 DN 160 CF-F, 3P 
Base vacuum < 10-7 mbar 
Sputter gas Argon 

Targets/substrate 
distance 

Pd-Ag alloy: Pd (HiPIMS) 120 mm - Ag (DC pulsed) 150 mm 
V-Pd alloy: V (HiPIMS) 120 mm - Pd (DC pulsed) 200 mm 

Pulse 22-25-50 μs 

HiPIMS target 
Palladium (Pd-Ag alloy) 
Vanadium (V-Pd alloy) 

DC pulsed target 
Silver (Pd-Ag alloy) 

Palladium (V-Pd alloy) 
Sample rotation 5 RPM 
Cooling system Green Box model MEC 35 WVP/PHP SP 

Tab. 7.3: technical details of HiPIMS machine. 

 

7.2. Zeolite membrane preparation 
 

The aim was the preparation of a zeolite membrane, supported onto a porous ceramic sub-

strate, prepared by only one hydrothermal synthesis step. Hydroxy-sodalite membranes are 
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already available in scientific papers1, but we investigated a simplification of the preparation 

step by modifying the synthesis parameters (hydrogel ageing and hydrothermal synthesis).  

We started from very basic reagents: 

- NaOH (pellets); 

- Aluminium powder (Alfa Aesar, 325 mesh, 99.97%); 

- Colloidal silica (Sigma Aldrich, 30 wt% suspension in water). 

We prepared the hydrogel according to one of the most common hydroxy-sodalite stoichi-

ometry 5SiO2 : 1Al2O3 : 50NaOH : 1000H2O. Sodium silicalite and sodium aluminate solutions 

were prepared by adding aluminium powder and colloidal silica in distinct NaOH solutions, 

pre-heated at 50°C. At the end, both solutions were let to rest for one hour, until the solu-

tions become completely transparent. Then, we added dropwise the sodium aluminate solu-

tion into the sodium silicate solution, under vigorous stirring. We studied different ageing 

temperatures and times of the mixture: 

- Ageing temperature: 50°C / 60°C; 

- Ageing time: 30 min, 2h / 12h / 24h. 

After ageing the hydrogel was placed inside a Teflon liner in the autoclave (Parr autoclave, 

Series 4760, Parr Instruments Company), together with the porous alumina substrates de-

scribed in chapter 4. The substrates were placed slightly tilted in the middle of the hydrogel, 

employing a Teflon home-made sample holder. The hydrothermal synthesis was carried for 

different times (from 2h to 4h), at different temperatures (from 90°C to 150°C), autogenous 

pressures. After the hydrothermal synthesis, the pellets were rinsed in deionized water, to 

reduce the pH of the membranes (due to NaOH residues) and were dried at room tempera-

ture. 

7.3. Ceramic porous substrates 
 

We prepared the ceramic porous substrates by mixing α-Al2O3 (Alfa Aesar, 99.9%, < 1.0 Mi-

cron APS powder) and pore former: 

- Pore formers: starch (Sigma Aldrich), polymethilmethacrylate (PMMA, Soken); 
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- Powders ratio (α-Al2O3/pore former vol%): 80/20 – 70/30 – 60/40 – 50/50 – 35/65. 

We weighted α-Al2O3 and pore former according to the chosen ratio and the mixtures were 

ball milled in milling jars (ZrO2, 45 mL capacity). 12 milling balls (ZrO2) of 1 cm diameter and 

25 milling balls (ZrO2) of 0.5 cm diameter were used. To assure a good powder homogeniza-

tion anhydrous ethanol was used as dispersing agent. The ball milling process (Planetary 

Miller Pulverisette 7, Fritsch) was divided in steps of 20 min of milling at 350 RPM and 15 

min of pause, for a total of 2 hours of milling. After drying ethanol, powders were sifted (100 

mesh sieve). We prepared disk-shaped pellets, 2.5 cm diameter, by uniaxial dry pressing 

(Mignon SS-EA, Ceramic Instruments) at 141 MPa and de-aeration time 30 sec. The pellets 

prepared were sintered in a muffle (HT 04/17, Nabertherm) at atmospheric conditions and 

then measured and weighted to determine the geometric density and the porosity. A sin-

tering procedure was developed to achieve planar and mechanically stable pellets. After 

various tests and according to TGA analyses the optimal procedure was identified: 

PMMA: 

- RT – 385°C at 180°C/h; 

- 385°C 1h to allow the complete burning of pore former; 

- 385°C – 1000°C at 300°C/h, very fast rate since no specific events are present; 

- 1000°C – 1500°C at 30°C/h, very slow heating rate to avoid pellets deformation; 

- 1500°C – RT free cooling. 

Starch: 

- RT - 300°C at 60°C/h; 

- 300°C 1h to allow a complete burning of the majority of starch; 

- 300°C – 400°C at 60°C/h; 

- 400°C 1h to complete the burning of all the starch; 

- 400°C – 800°C at 60°C/h; 

- 800°C 1h, intermediate isotherm to prevent pellets deformation; 

- 800°C – 1500°C at 120°C/h; 

- 1500°C 1h; 

- 1500°C – 800°C at 120°C/h, to avoid internal stresses;  
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- 800°C – RT free cooling. 

In order to remove surface sintering defects they were polished with SiC sandpapers and 

then sonicated for ten minutes in deionized water to remove polishing debris. 

The mean porosity of the pellets was calculated by the equation: 

 

Mean porosity (%) =  (1 −  
geometrical pellet density

alumina density
)  x 100 

 

The geometrical density was calculated measuring the mean diameter thickness and 

weighting the pellet; the value of 3.98 g/cm3 was considered for alumina density. 

 

7.4. Characterization techniques 

7.4.1. SEM/EDS 
 

 

 

SEM is used when is necessary to gather information about the surface or near-surface re-

gion of a specimen. SEMs consist of an electron gun (primary electrons generation), an elec-

tron optical column (electrons focusing and scanning on the sample surface), a vacuum sys-

tem, electronics and software. Three types of electron sources exist, and the most important 

parameter is the brightness, which determines resolution, contrast and signal-to-noise capa-

bilities of the imaging system: 

 

- Tungsten filament: it is a very stable source of electrons, but offers lower brightness 

and has limited lifetimes. 

- Lanthanum hexaboride: it can provide brightness up to ten times the tungsten fila-

ment and has longer lifetimes, but it requires higher vacuum levels. 

- Field emission guns (FEG): they are the most expensive electron source and provide 

the highest imaging and analytical performance. The higher brightness and greater 

current density allow a better spatial resolution and a more precise X-ray analysis. 

 

The electron beam is focused on the sample by electromagnetic lenses, whose power is 

changed by changing the current passing through the coils of the lens. The electronic beam 
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is scanned in a rectangular raster, and the interaction between electron beam and sample 

produces a series of events: 

 

• Absorption or scattering of electron by the sample. Absorption causes amplitude con-

trast in the image, while scattering causes phase contrast. In crystalline samples, 

electrons are scattered in distinct directions that are function of the crystal structure, 

producing diffraction contrast in the image. 

• Primary electrons can be deflected at large angles or reflected by sample nuclei, be-

coming “backscattered electrons”. They have energies higher than 50 eV and carry 

information about the atomic number of the interaction zone (few μm), the topogra-

phy and the crystal structure of the sample. Primary electrons can also knock elec-

trons from sample atoms producing “secondary electrons”. They have lower energies 

than backscattered ones and are emitted from the first atomic layers, bringing topo-

graphic information. 

• The electron beam causes sample atoms to emit characteristic X-rays, very useful for 

microanalysis, or photons (cathodoluminescence). 

 

X-rays emission is exploited in the energy-dispersive X-ray spectroscopy (EDS). The amount 

of X-rays emitted by each element is correlated to the concentration of that element. An EDS 

system typically consists of a semiconductor detector housed with a field-effect transistor 

(FET) preamplifier, cooled to a sub-ambient temperature and a main amplifier that provides 

further amplification and a fast pulse inspection function. All elements, except hydrogen and 

helium, produce characteristic X-rays; even lithium is excluded due to practical restrictions 

concerning a minimum energy level. Low energy X-ray emission is strongly affected by the 

geometry of the sample: rough or fractured surfaces can deviate the direction of the X-rays 

from the ideal linear path, causing a high variability in the results. EDS allows qualitative and 

quantitative analyses. The most basic approach is qualitative analysis, the identification of 

elements inside the sample by matching each peak to an element list. The minimum detect-

ability limit varies according to the elements involved. Transition metals tend to have high 

count rates, with well-defined isolated peaks superimposed to a low background, allowing 

the system to detect low concentrations. Non-metallic elements generate much lower count 

rates, making it difficult to detect them at low concentrations. Despite these differences, 
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EDS can usually detect an element present in a sample at concentrations in the range 

1000/5000 ppm. EDS allows also 2D mapping.  

SEM was used to characterize all the materials (porous pellets, metallic alloys and zeolite 

membranes), in order to study the variation of morphology and microstructure by changing 

the experimental parameters. EDS spectroscopy was used as a first characterization tech-

nique to identify and quantify the elements present in the metallic alloys. The microscope is 

a FEG-SEM Sigma Zeiss. It has a high quality “in lens” detector, coaxial and integrated inside 

the lens, where the secondary electron are accelerated to high energies by a magnetic and 

electrostatic lens (Gemini technology). The system is completed by an EDS (Oxford X-MAX). 

 

7.4.2. X-ray diffraction – XRD 
 

X-ray diffraction (XRD) was used to verify the crystallinity grade of samples and to gather 

information about the relative abundance of phases and the lattice parameters by Rietveld 

refinement. X-ray diffraction is an analytical technique based on the constructive interfer-

ence between a monochromatic beam of X-rays and a crystalline sample. X-ray powder dif-

fraction is most widely used for the identification of unknown crystalline materials. The main 

applications are: 

 characterization of crystalline materials; 

 identification of fine-grained minerals that are difficult to determine optically; 

 determination of unit cell dimensions; 

 measurement of sample purity. 

XRD can be used to:  

 Determine crystal structures using Rietveld refinement; 

 Determine the amounts of phases in the sample (quantitative analysis); 

 Make textural measurements, such as the orientation of grains, in a polycrystalline 

sample. 

Constructive interference comes out when Bragg law is satisfied (nλ = 2dsenθ), where λ is 

the wave length of the monochromatic X-ray beam, θ is the diffraction angle and d is the lat-

tice spacing of the sample. 
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X-ray diffractometers consist of three basic elements: an X-ray tube, a sample holder and an 

X-ray detector. X-rays are generated in a cathode ray tube by heating a filament to produce 

electrons, accelerating the electrons toward a target by applying a voltage, and bombarding 

the target material with electrons. When electrons have sufficient energy to remove inner 

shell electrons of the target material (Cu, Fe, Mo, Cr), characteristic X-ray spectra are pro-

duced. Copper is the most common target material for single-crystal diffraction, with CuKα 

radiation = 1.5418Å. These X-rays are collimated and directed onto the sample. During XRD 

analysis, the sample rotates in the path of the collimated X-ray beam at an angle θ while the 

X-ray detector is mounted on an arm to collect the diffracted X-rays and rotates at an angle 

of 2θ. 

The diffractometer used in the work is a Philips X’PERT PW3710, equipped with a Philips PW 

1830 generator and a Philips PW 3020 vertical goniometer. The tube with a copper anode 

emits CuKα radiation in the experimental condition 40 kV and 30 mA. The sample holder is 

provided with a spinning system, employed in case of powders, which can rotate at 1 RPS. X 

rays are detected by a Xenon gas PW3011 detector. Normal operating condition are 5°-90°, 

with 0.02°step and a measurement time of 2 sec for step.  
 

 

 

 

7.4.2.1. Rietveld refinement 
 

Rietveld method is an iterative procedure of minimization, based on a function that includes 

many structural and microstructural parameters of the system. The method has been devel-

oped in the 1960s and at the beginning it was concerned to analyse the atomic position of 

neutron diffraction patterns. The method is based on the intensity yci of every 2θ angle of 

diffraction pattern and it considers the entire diffraction pattern, including the background. 

Working with single intensities is very useful because, especially in the case of diffraction 

from powders, it avoids the problems related to systematic overlap (in case of cubic or trig-

onal symmetries) and accidental (due to lack of resolution). The Rietveld method can extract 

various information from a diffraction pattern: lattice parameters, crystalline domain size, 

microstrain, qualitative and quantitive analyses. The single intensities can be calculated ac-

cording to the function: 

 

yci = s ∑ LH̅

H̅

 |FH̅|2ϕ(θi −  θH̅)OH̅ A +  ybi 

http://serc.carleton.edu/research_education/geochemsheets/xrays.html
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where: 

 

- s is the scale factor, which depends on various parameters, such as the intensity of 

the incident beam and the amount of specimen interacting with it; 

- H̅ is a vector of the reciprocal space belonging to the Hth Bragg reflection; 

- LH̅ includes the Lorents factor, depending on the simmetry of the crystalline struc-

ture; 

- ϕ(θi - θH̅) is the value of the function showing the reflection profile at the angular 

position θ; 

- OH̅is the preferential orientation factor; 

- A is the absorption factor; 

- FH̅ is a structural factor given by: 

                                

FH̅ =  ∑ Nj fj exp[2πiH̅ ∙  X̅j] exp [−Bj sin2
θ

λ2
]

j=1,…,n

 

Where: 

 

- j are the atoms in the asymmetric unit; 

- X̅j is the vector of the real space showing the position of the jth atom; 

- fj is the atomic form factor of the jth atom, indicating how the electrons react to an 

electromagnetic field; 

- Bj is the Debye-Waller factor; 

- Nj occupancy number of every crystallographic site. 

 

By the use of the data coming from a diffraction pattern it is possible to calculate the S quan-

tity which should be minimized during the refinement: 

 

S =  ∑ wi (y0i − yci)
2

i

 

 

Where y0i is the step intensity, yci is the value calculated from the previous equation and wi is 

the weight of every point. Bigger the numbers of known parameters, more reliable are the 

results. Moreover, the starting parameters have to be close to the final values, in order to 
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perform the fit with small changes of the parameters to refine. The Goodness of Fit (GoF) is 

defined as the ratio Rwp/Rexp: 

 

Rwp =  {∑ wi [yi(obs) −  yi(calc)]2 / ∑ wi [yi(obs)]2

i

 

i

}

1
2

 

 

In which the denominator is the value minimized during the refinement. Ideally, Rwp should 

tend to the statistical value Rexp: 

Rexp = [(N − P) / ∑ wiyi(obs)2

N

i

 ]

1
2

 

 

Where N is the number of experimental point and P is the number of parameters. Rexp re-

flects the quality of data. Reliable analyses have GoF < 2. MAUD software was used to per-

form the Rietvield analyses reported in the thesis; phases were identified by Match! soft-

ware. 

 

7.4.3. Thermal analyses 
 

Thermal analyses were used mainly for the characterization of ceramic porous pellets, in or-

der to optimize the sintering step. Two techniques were employed: 

 

- Dilatometric analysis; 

- Thermogravimetry/differential scanning calorimetry (TGA-DSC). 

 

Dilatometric analysis quantifies the volume variations of solids, powders and liquids when 

are subjected to a specific temperature/time programme. We studied the shrinkage behav-

iour of alumina pellets prepared with different amounts of PMMA, employed as pore for-

mer. Our aim was to understand if pellets with a different amount of PMMA had comparable 

shrinkages in order to prepare graded porosity supports. 

The dilatometer used in the work (Netzcsh, DIL 402 PC) can perform dilatometric analysis 

with dimensional variations up to 5000 micron, with a resolution of 8 nm/digit. It is possible 

to study specimens with various dimensions, up to 50 mm length and 20 mm diameter. The 
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temperature range is RT-1600°C, and several heating rates and temperature segments 

(heating, cooling, isotherms) can be programmed. 

TGA-DSC analyses were performed on pore formers (PMMA and starch) to identify their ex-

act burning temperatures. Thermogravimetric analyses were performed using TA Instru-

ments SDTQ600, which can measure in the same time both the weight variation (TGA) and 

heat flux (DSC), up to 1500°C. Analyses can be performed in controlled atmosphere (dry air, 

wet air, N2, CO2, Ar and He), controlling the flux by digital mass flow controllers. A single 

analysis requires from 3 to 20 mg of material. TGA-DSC can be coupled with a residual gas 

analyser (RGA) Hiden-HPR20 QIC. The quadrupole mass analyser HAL 7 (interval 1/300 

a.m.u.) can gather information about the gas species generated during the thermogravimet-

ric analysis. 

 

7.4.4. Adhesion properties 
 

Scratch tests were used to evaluate metal/ceramic substrate adhesion, in order to find the 

adhesion force required to remove a film from its substrate. Various parameters are in-

volved: film brittleness, adhesion to the substrate, adhesion to the pin, pin geometry, Young 

moduli of thin metal layer and substrate. 

In these tests, a pin scratches the surface until the upper layer is removed from the sub-

strate (Fig. 7.3). By microscopy observation (optical or electron microscopy) is possible to see 

the exact point were the pin removes the deposited layer, and the coefficient of friction 

(COF) can be evaluated from the data collected. 

The applied load (expressed in Newton) is progressively increased until the separation of film 

from the substrate is achieved; the registration of acoustic emission (AE) signal can be useful 

to find the exact point of thin layer adhesion loss. 
 

  

Fig. 7.3: left, scheme of a scratch test. Right, thin layer damage mechanisms during a scratch test: a) Chevron 
cracks, b) parallel cracks, c) hertzian cracks, d) film spalling, e) film shoulders, f) substrate exposure. 
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Scratch tests were performed with the CETR UMT-2 tribometer, which can work in several 

configurations: ball-on-disk and pin-on-disk (rotary motion of sample), or ball-on-flat and 

pin-on-flat (linear motion of sample). Applied force and friction can be determined with load 

cells, while a piezoelectric transducer reveals an amplified acoustic emission. Penetration 

depth is determined by an encoder connected to the load engine. 

Scratch tests are carried out in the on-flat configuration, using a Rockwell C standard pin 

(apex angle 120°). 

 

7.4.5. Permeation apparatus 
 

 

Single gas permeation tests (hydrogen, nitrogen) were performed in a permeation test sta-

tion entirely developed at CNR-ICMATE. Membranes were clamped and sealed in a stainless 

steel module (Fig. 7.4) using graphite gaskets, with the metallic layer facing the feed side. 

The module is made of two parts (feed side and permeate side), connected to each other by 

a small channel (Ø 0.923 ± 0.025 cm, the permeated area) closed by the membrane to test. 

The module was placed in a temperature controlled electric furnace (Nabertherm N11/HR). 

The membrane housing temperature was monitored by a K thermocouple put directly inside 

the module test. The pressure at the feed side is set gas flow (MKS mass flow controllers 

1179B). Hydrogen is produced by electolyzer Perkin Elmer PGX Plus H2 160. Fig. 7.5 shows a 

scheme of the entire station. 

For permeability tests, upstream pressure was varied during the permeation tests setting a 

pressure from 100 kPa to 400 kPa, while the downstream pressure was fixed at atmospheric 

pressure (permeated hydrogen was collected by a N2 sweep gas, 50 sccm). The analysis con-

sisted in setting the upstream pressure (increasing the gas flux by mass flow controllers), in 

the feed side, at a specific value, and measuring the gas flow necessary to maintain the pres-

sure difference desired. Flux was measured only when the system reached stationary condi-

tions (it required a variable time, quantifiable from 5 to 10 min according to the pressure 

set). Once the pressure set was achieved, we waited 5 min for the pressure stabilization be-

fore to proceed with the measurement. In case of pressure oscillations, we measured the 

flux when those oscillations were below the 2% of the set point. The flux value had an error 

within the 0.5% of the reading + 0.2% of full-scale; the resolution of the flux measurements 

was 0.1% of full-scale. The accuracy of the pressure measurement was in the order of the 
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mbar. Before the permeation test, correction factor of the specific gas used must be inserted 

in the mass flow controller settings (Multi gas controller 647C). Flux is controlled by PID 

(proportional – integral – derivative controller). To control and monitor the tests a Labview 

interface was developed (Fig. 7.6). 

A complete set of permeation data required almost a week. Prior the collection of the final 

permeation data, used for permeance calculations, preliminary tests were performed in or-

der to identify permeation variations with time. Reported data were collected after flux sta-

bilization, repeating the test at the same temperature and at the same pressure within 24h, 

in order to reach full membrane performance and gather permeation data in reproducible 

conditions. 

  

Fig. 7.4: permeation test module. 

 

 

Fig. 7.5: scheme of the entire permeation test station. 
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Fig. 7.6: screenshot of the Labview interface. 
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Discussion 
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8. Porous ceramic substrates prepara-
tion 

 

In chapter 4 the main qualities of a good porous substrate were mentioned: 

- Pore interconnection; 

- High bulk porosity for a fast gas flow rate (porosity > 35%); 

- A fine surface porosity to deposit a selective layer without defects, but sufficiently 

open to let the gas to flow in; 

- Thermal and mechanical stabilities in operating conditions. 

8.1. Alpha alumina partial sintering 
 

We firstly approached the development of porous substrates by partial sintering of pure al-

pha alumina, studying various sintering temperatures (1100 – 1200 – 1300 – 1500°C). Alu-

mina powder was simply sifted (100 mesh sieve) before pellets preparation (disk-like pellets, 

2.5 cm diameter, uniaxial dry pressing at 141 MPa). The sintering route was very simple: 

 From room temperature to sintering temperature at 300°C/h; 

 1h isotherm at sintering temperature; 

 From sintering temperature to room temperature free cooling. 

Fig. 8.1 shows the cross sections of pellets prepared: 

    

1100°C 1200°C 
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Fig. 8.1: cross sections of pure alumina pellets sintered at different temperatures. 

 

As one could expect, higher temperatures reduced the porosity of pellets and increased the 

density. The 1500°C-sintered specimen was an almost full-dense material, useless for gas 

permeation. On the other hand, the porosity of 1100°C-sintered specimen was quite high, 

but the pellets easily broke if tested by applying a load. The porosity and the diameter 

shrinkage of pellets after the sintering step are reported in Fig. 8.2. 
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Fig. 8.2: porosity/shrinkages of pellets prepared from pure alumina powder. 

 

Considering the lack of a proper sintering procedure to achieve both porous and stable 

specimens, some pore formers were investigated in order to increase sintering temperature 

by achieving at the same time a homogenous porosity. 

1300°C 1500°C 
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8.2. PMMA 
 

We prepared the porous ceramic substrates mixing alumina powder with poly methyl meth-

acrylate (PMMA), available in three different mean particle sizes (7 μm, 3 μm and 1.5 μm). 

We studied several powder mixtures with specific volumetric ratios of Al2O3 and PMMA, and 

the preliminary results obtained pointed out the difficulty to prepare planar and thin pellets, 

with the desired porosity. In order to avoid pellet deformation during sintering, thermal 

analyses (TGA-DSC, Fig. 8.3, and dilatometry, Fig. 8.4) were performed to find the burning 

temperature of the pore former and the right heating rates. Dilatometric analyses were 

performed after a series of preliminary tests in muffle, intended to evaluate the behaviour of 

different powder mixtures regarding final porosity and deformation of pellets during thermal 

treatment, with the aim of optimizing the sintering step. 
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Fig. 8.3: TGA-DSC analysis performed on a sample of α-Al2O3/PMMA powder. 

 

TGA-DSC analysis (RT - 1200°C at 10°C/min, free cooling, thermal treatment in air, air flux 

100 mL/min) showed the main exothermic event at 386°C, so we set a specific sintering 

treatment having some isotherms close to this temperature to slowly burn the pore former 

of the powder mixture. 
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Fig. 8.4: dilatometric analyses performed on different mixtures of α-Al2O3/PMMA (vol%). 

 

The dilatometric analyses (RT – 1500°C at 5°C/min, in air) showed common features: 

- Before the pore former burning the size variation is within 1% and pellets do not 

show specific events; 

- At the burning temperature of the pore former (around 400°C), the effect of exother-

mic pore former burning was observed; 

- At T > 1000°C pellets started to shrink. The shrinkage is higher for higher amount of 

pore former; 

- The final shrinkage varied between 13 and 17% and it seems not complete at 1500°C, 

thus suggesting the need for slower ramp, especially at temperatures around pore 

former burning. 

To sum up, in the first part of the thermal analysis (from RT to ≈ 1000°C), the unique im-

portant event is the burning of the pore former, which needs an isothermal step for com-

plete burning. After 1000°C, heating rate has to be slowed down to avoid deformation and 

defects formation in pellets, until the final temperature is achieved. 

The results gathered from these thermal analyses were combined in the following sintering 

route: 
 

- Room temperature – 385°C at 180°C/h; 

- 385°C for 1h, to allow the complete burning of pore former; 
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- 385°C – 1000°C at 300°C/h, very fast heating rate; 

- 1000°C – 1500°C at 30°C/h, very slow heating rate to avoid pellets deformation; 

- 1500°C – room temperature free cooling. 

 

8.2.1. PMMA / alpha alumina powder mixtures 

Several powder mixtures alumina/PMMA were prepared (volumetric ratio: 80/20 – 70/30 – 

60/40 – 50/50 – 35/65) and various PMMA powders having different size were tested, espe-

cially 7 and 1.5 μm. Fig. 8.5 reports SEM pictures of powder mixtures prepared with different 

amounts of PMMA 7 μm:  

   

    

 

Fig. 8.5: cross section of pellets prepared with different amounts of PMMA 7 μm. 

 

65 vol%

 

40 vol%

 

20 vol%

 

30 vol%

 

50 vol%
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We can clearly see the large voids (> 4 μm) left after the thermal treatment. Pellets prepared 

with 50 vol% and 65 vol% of PMMA have a high porosity (Tab. 8.1) but those voids can be 

detrimental for the compactness of sputtered membranes. Improvements in microstructure 

are required, to prepare pellets with high and more homogenous porosity, with a good pore 

interconnection. 

We tried to modify the powder mixtures adding 3 wt% polyvinyl butyral (PVB) as ceramic 

powder binder. Fig. 8.6 reports SEM picture of the cross section of a pellet prepared adding 

PVB to a 50/50 vol% alumina/pore former powder mixture: 

 

Fig. 8.6: cross section of pellet prepared with 50/50 vol% (alumina/PMMA 7 μm) + PVB. 

 

No significant differences were detected, except for a strong deformation of the pellets after 

the thermal treatment. 

To improve microstructure, PMMA with smaller powder size was tested (Figs 8.7-8.8): 

- PMMA 3 μm 20 vol% (a), 50 vol% (b): 

      

Fig. 8.7: a, cross section of pellet prepared with 20 vol% PMMA 3 μm; b, with 50 vol% PMMA 3 μm. 

 

 

 

a b 
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- PMMA 1.5 μm 20 vol% (a), 50 vol% (b): 

      

Fig. 8.8: a, cross section of pellet prepared 20 vol% PMMA 1.5 μm; b, with 50 vol% PMMA 1.5 μm. 

 

Smaller PMMA powders help in shrinking the final pore size (< 1 μm); the final pore size dis-

tribution is more homogenous. PMMA is a very good pore former, since changing the 

amount introduced in the powder mixture we could easily control the final porosity, and 

changing the size of PMMA we could easily modify the microstructure of pellets. Pellets pre-

pared with PMMA 3 μm show a broad pore size distribution (from 500 nm to > 1 μm), so we 

finally focused on PMMA 1.5 μm. A porosity of 31% (Tab. 8.1), however, is still under target, 

so we increased the PMMA amount to 65 vol% obtaining a final porous substrate with a po-

rosity > 35%. The SEM pictures of Fig. 8.9 shows the cross sections of the 65 vol% PMMA 

pellet. 

    

Fig. 8.9: cross section of the pellet prepared with 65 vol% of PMMA 1.5 μm. 

 

Pellets obtained from a powder mixture with a 65 vol% of PMMA 1.5 μm were chosen as the 

definitive substrate for metallic membranes deposition and zeolite membranes growth. The 

maximum pore size of the pellet is around 500-600 nm. This value is slightly higher than the 

pore size of ceramic substrates commonly used for membrane growing by PVD process; ac-

a b 



115 
 

cording to some works, the most common ceramic substrates have pore size around 200 

nm1,2 but in some cases higher porosity were reported3. In many works, the surface rough-

ness is reduced by polishing and the surface porosity is further reduced by a layer of γ-Al2O3 

deposited by sol-gel4 5. However, since this final step is time consuming (sol-gel deposition + 

calcination, repeated for all the γ-Al2O3 layers required), we only polished the surfaces of 

pellets. 

Pellets surfaces, before and after the polishing, were characterized by 3D surface profile 

mapping (mechanical profiler Tencor P10, Figs 8.10-8.11). SPIP software was used to analyse 

the 3D surface mapping. 

 

Fig. 8.10: 3D surface mapping of pellet before surface finishing.  

 

Fig. 8.11: 3D surface mapping after surface finishing. 
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If we compare 2D profiles (Figs 8.12-8.13) we can clearly see that the overall roughness of 

the polished pellet is lower than the roughness of the as sintered pellet: 
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Fig. 8.12: surface roughness of pellet before surface finishing. 
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Fig. 8.13: surface roughness of pellet after surface finishing. 

 

Surface finishing reduces surface mean roughness from 0.48 to 0.26 μm and makes the pel-

let surface more suitable to the next step of membrane deposition/growing. 

Tab. 8.1 reports porosities and shrinkages for all the series of pellets: 
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Pore 
former 

Porosity (%) 
/  

shrinkage 
(%) 

20 vol% 
PMMA 

Porosity (%) 
/  

shrinkage 
(%) 

30 vol% 
PMMA 

Porosity (%) 
/  

shrinkage 
(%) 

40 vol% 
PMMA 

Porosity (%) 
/  

shrinkage 
(%) 

50 vol% 
PMMA 

Porosity  (%) 
 /  

Shrinkage  
(%) 

65 vol% 
PMMA 

PMMA 
7 μm 

≈ 14.5 / ≈ 8.5 ≈ 23 / ≈ 20 ≈ 26 / ≈ 22 ≈ 32 / ≈ 23 ≈ 40 / ≈ 24.5 

PMMA 
3 μm 

≈ 12 / ≈ 20 - - ≈ 34 / ≈ 21 - 

PMMA 
1.5 μm 

≈ 16.5 / ≈ 20 - - ≈ 31 / ≈ 23 >35 / ≈ 27 

Tab. 8.1: porosities and shrinkages of the series of pellets studied. The number of pellets prepared varied 
from 3/4 to 16 (approved substrate) within the same thermal treatment. 

 

8.2.2. Graded porosity 
 

A method to increase bulk porosity (and thus gas permeation) but maintaining a low surface 

porosity is the preparation of pellets with graded porosity. To this end, some pellets were 

prepared co-pressing two powder layers containing different amounts of pore former. The 

results were not satisfying, due to two main drawbacks: 

- The difference in PMMA average size and the change in pellets shrinkage did not al-

low a significant change in porosity among different layers; 

- After the sintering step, pellets showed a strong bending. 

Figs 8.14-8.15 report few examples of graded pellets (mm refer to power load thickness in 

the press mould): 

- 5 mm 50/50 vol% + 2 mm 70-30 vol% (PMMA 7 μm) – porosity 23%: 

 

Fig. 8.14: pellet prepared by stacking 50/50 vol% and 70/30 vol % powder mixtures. 
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- 5 mm 50/50 vol% + 2 mm 60/40 vol% (PMMA 7 μm) – porosity 26%: 

 

Fig. 8.15: pellet prepared by stacking 50/50 vol% and 60/40 vol % powder mixtures. 

 

A graded porosity was observed only if layers with PMMA with different average size were 

used (Figs 8.16-8.17), but pellets deformation persisted: 

- 2 mm PMMA 3 μm + 4 mm PMMA 7 μm (both 80/20 vol%) – porosity 25%: 

  

Fig. 8.16: pellet prepared by stacking 80/20 vol% powder mixtures (up, PMMA 3 μm, down PMMA 7 μm). 

 

- 2 mm PMMA 3 μm + 4 mm PMMA 7 μm (both 50/50 vol%) – porosity 28%: 

  

Fig. 8.17: pellet prepared by stacking 50/50 vol% powder mixtures (up, PMMA 3 μm, down PMMA 7 μm). 
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We also combined layers with different thicknesses to limit the deformation of pellets during 

the thermal treatment, but no satisfying results were obtained, so we abandoned the prepa-

ration of this kind of pellets.  

Tab. 8.2 reports the mean porosity of the graded porosity pellets prepared: 

Co-pressed powder mixtures * 
Porosity (%)  

/  
shrinkage (%) 

Alumina/PMMA 7 μm 50/50 + Alumina/PMMA 7 μm 35/65  ≈ 43 / ≈ 25 
Alumina/PMMA 7 μm 50/50 + Alumina/PMMA 7 μm 70/30    ≈ 42 / ≈ 22.5 
Alumina/PMMA 7 μm 60/40 + Alumina/PMMA 7 μm 70/30 ≈ 35 / ≈ 22 
Alumina/PMMA 7 μm 50/50 + Alumina/PMMA 7 μm 60/40 ≈ 22 / ≈ 22 
Alumina/PMMA 3 μm 80/20 + Alumina/PMMA 7 μm 80/20 ≈ 25 / ≈ 18 
Alumina/PMMA 3 μm 50/50 + Alumina/PMMA 7 μm 50/50 ≈ 28 / ≈ 22 

Tab. 8.2: porosities and shrinkages) of graded pellets tested. Data were gathered from series of pellets pre-
pared in 3/4 samples (* = volumetric ratios). 

 

8.3. Starch  
 

8.3.1. Characterization 

We characterized the starch by TGA-DSC to find the most suitable burning temperature. Fig. 

8.18 reports the result of the thermal analysis (RT - 1200°C at 10°C/min, free cooling, ther-

mal treatment in air, air flow 100 mL/min): 

 

Fig. 8.18: TGA-DSC analysis performed on a powder mixture having starch as pore former. 

 

The analysis shows that the main exothermic event is around 300°C, so we set a sintering 

treatment having an isotherm at this temperature. After some sintering tests, we came up 

300°C 
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with the following thermal treatment route, having  several steps because the preliminary 

study highlighted a strong deformation issue:   

 Room temperature - 300°C at 60°C/h; 

 300°C for 1h to allow the burning of most of starch; 

 300°C – 400°C at 60°C/h, slow step to end the starch burning process; 

 400°C for 1h to complete the burning of all the starch; 

 400°C – 800°C at 60°C/h; 

 800°C for 1h, intermediate isotherm that resulted fundamental to prevent pellets 

deformation; 

 800°C – 1500°C at 120°C/h; 

 1500°C for 1h; 

 1500°C – 800°C at 120°C/h;  

 800°C – room temperature free cooling. 

 

8.3.2. Alumina / starch powder mixtures 
 

Fig. 8.19 reports some examples concerning pellets prepared from alumina/starch powder 

mixture. The SEM pictures refer to powder mixtures with very different starch amount, to 

best highlight the effect of starch: 

    

Fig. 8.19: cross section of pellets prepared with different amounts of starch. 

 

Both pellets share some common features: 

20 vol% 65 vol% 
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- Very big voids in the bulk (≈ 10/15 μm in the 80/20 pellet, > 20 μm in the 35/65 pel-

let), that reduce the mechanical strength (pellets were brittle). Probably, starch 

forms aggregates forming the pores in the bulk of the pellets; 

- Pellets do not have a homogenous pore distribution as in PMMA pellets.   

Therefore, very high porosity (Tab. 8.3), low quality mechanical properties and broad pore 

size distribution were identified. Moreover, despite the slow heating rates applied in the sin-

tering step, pellets still showed deformation. 

Alumina / starch powder mixture Porosity (%) / shrinkage (%) 

90/10 wt% 1400°C: ≈ 45 / ≈ 10 

80/20 wt% 
1400°C: ≈ 50 /  ≈ 9.5 
1500°C: ≈ 39 / ≈ 10 

75/25 wt% 
1400°C:  ≈ 50 /  ≈13 
1500°C: ≈ 40 /  ≈16 

35/65 vol% 1500°C: > 50 /  ≈23 
Tab. 8.3: porosities and shrinkages of pellets prepared with different alumina/starch powder mixtures. Data 

were gathered from series of pellets prepared in 3/4  samples. 

 

8.3.3. Graded porosity 
 

Figs 8.20-8.21 report only few examples of tests of graded porosity (mm refers to thickness 

of power load in the mould; pellets were so deformed that it was impossible to measure ge-

ometrical parameters): 

- 2 mm 80/20 wt% + 2 mm 95/5 wt%: 

  

Fig. 8.20: pellets prepared by stacking 80/20 vol% and 95/5 vol% powder mixtures. 
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- 2 mm 80/20 wt% + 2 mm 90/10 wt%: 

  

Fig. 8.21: pellets prepared by stacking 80/20 vol% and 90/10 vol % powder mixtures. 
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9. Pd-Ag(23 wt%) 

 

9.1. DC magnetron sputtering - DCMS 
 

9.1.1. Targets calibration 
 

The magnetron sputtering process needed some preliminary steps prior to the depositions. 

A calibration of sputtering rates is first of all necessary, especially when preparing a co-depo-

sition of an alloy with a specific composition from pure metal targets. To this end, some 

depositions where performed from single targets on flat substrates (typically glass, Fig. 9.1), 

covering a small part of the glass with kapton tape; the sputtering yield was estimated by 

measuring off-line the thickness of the coatings by stylus mechanical profiler (KLA Tencor 

P10). The depositions were performed at room temperature and starting from the argon 

pressure typically used for this kind of depositions (1-1.2·10-2 mbar). Various depositions at 

different powers were then performed (Tab. 9.1). The substrates were rotated during the 

deposition (2 RPM) and the thickness homogeneity was also estimated by mechanical pro-

filer. 

Palladium Target Silver Target 

Power 
(W) 

Rate 
(nm/min) 

Rate variation 
(%) 

Power 
(W) 

Rate 
(nm/min) 

Rate variation 
(%) 

50 23 18 20 14 8 
75 35 3 30 24 6 

100 48 4 50 32 20 
Tab. 9.1: thicknesses and thickness variation of palladium and silver depositions used to calibrate the tar-

gets. 

 

 

Fig. 9.1: sample used to evaluate the thickness of the deposited metal. 
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Once the calibration was completed, the power ratio between Pd and Ag targets was set up 

and then checked and slightly adjusted by measuring the thickness and the alloy composi-

tion after the deposition onto alumina. 

 

9.1.2. Influence of temperature and substrate on alloy morphology  
 

Pd-Ag alloy was deposited onto the porous alumina substrates, and Fig. 9.2 shows the size of 

our samples: 

 

 

Fig. 9.2: size of samples prepared during the sputtering tests. 

 

In order to achieve a good surface coverage of the substrate and a dense membrane, various 

deposition temperatures were tested and different alumina porous substrates (prepared 

with PMMA powder mixture and having different porosities) were used. Fig. 9.3 reports the 

preliminary results obtained using a porous substrate prepared with 50 vol% of PMMA hav-

ing a 7 μm particles size (Pd 100 W, Ag 24 W, 30 min, 1.1 · 10-2 mbar, no bias voltage) at dif-

ferent temperatures: 

    

Fig. 9.3: Pd-Ag alloy deposited at 300 and 360°C. 

 

300°C 360°C 
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The two depositions reported show some similar features, such as big voids (≈ 2 μm) clearly 

visible in all SEM pictures. Since the sputtered alloy morphologies are very similar to each 

other, we adopted a deposition temperature of 300°C. High temperatures favour the crys-

tallization of the alloy in isolated columns and not into a continuous compact layer, and the 

columnar growth was probably enhanced by the porous surface of the ceramic substrate, 

which can seriously prevent the formation of a continuous thin layer. We performed some 

tests even at a lower temperature (200°C), but the results were not satisfactory, as can be 

seen in the SEM pictures reported (Fig. 9.4, pressure 1.1 · 10-2 mbar, 30 min, same Pd and Ag 

targets power of the previous depositions) regarding depositions on pellets with 50 vol% of 

PMMA with different particles sizes: 

     

Fig. 9.4: Pd-Ag alloy deposited at 200°C. 

 

Once identified the most suitable ceramic substrate features for this aim, other deposition 

parameters were tested. Fig. 9.5 reports the surface and the cross section pictures of the 

alloy deposited at 300°C (Pd 100 W, Ag 24 W, 30 min, no bias voltage applied, 1.1 · 10-2 

mbar). 

     

Fig. 9.5: top view and cross section of Pd-Ag alloy deposited onto the substrate prepared using the 35/65 
vol% powder mixture (alumina/PMMA 1.5 μm). 

 

PMMA 3 μm PMMA 1.5 μm 
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SEM pictures show a good metal/ceramic adhesion and the typical columnar growth of sput-

tered thin layers, that causes the formation of surface voids; moreover we can clearly see 

how the substrate surface roughness drives the growth. Cross section pictures show columns 

that are not broken or damaged, indicating that they are apparently isolated from each 

other. The cross-section pictures seem indicating the presence of pores in the metal layer 

where a gas can pass through. Fig. 9.5 clearly shows how the temperature can help in de-

positing denser metal layers, considering that at 200°C the alloy showed a lot of voids and 

pores, even though the substrates were less porous with respect to Fig. 9.3. Furthermore, 

even if the deposition conditions were not suitable to achieve more compact layers, it is 

clear from the top view SEM pictures that smaller pore former particles bring to denser 

metal layers with fewer defects. 

In order to evaluate the adhesion, we performed scratch tests on the sample reported in Fig 

9.6: 
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In Fig. 9.6 COF stands for coefficient of friction, Fz is the force applied along the z axis and AE 

is the acoustic emission. The test reveals a discontinuity in the COF parameter (indicated by 

Fig. 9.6: scratch test performed to evaluate the adhesion of the metal layer onto alumina 
substrate. 
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the dotted vertical line), but we cannot associate it to the real COF of the metal layer. A 

closer look of the track (Fig. 9.7) points out that the white zone of the track photograph be-

low the graph is not the separation of the metal from the ceramic, but it is the damage of 

the ceramic substrate caused by the applied load. A weak point caused the failure of the 

substrate, removing the metal deposited above. 

 

Fig. 9.7: high magnification of the track showing the alumina damage. 

 

This happens whenever a soft and ductile material (Pd-Ag alloy in this case) is coupled with a 

hard and brittle material (the alumina substrate): the ductile material compensates for the 

applied load and the substrate breaks when a critical load is achieved for the specific point of 

load application. Scratch tests show different behaviours from one track to another (Fig. 

9.8), thus preventing any valuable evaluation of adhesion and COF. 

 

 

Fig. 9.8: scratch tracks showing different behaviours. 

 

 

 

9.1.3. Influence of bias voltage and pressure on alloy morphology  
 

Other parameters were tested in order to improve the compactness of the alloy: bias voltage 

and deposition pressure. Ceramic samples were prepared for bias deposition by a short PVD 

deposition (in the same vacuum chamber) without bias, to cover the surface with a very thin 

metal layer to assure electrical contact. After that, bias was applied at the desired value. We 

modified the pre-sputtering process by depositing a very thin palladium layer on both sur-

faces of the ceramic substrates. After that, the coated substrates were fixed to the sample 
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holder by conductive Kapton tape, but no improvements were noticed. SEM pictures re-

ported in Fig. 9.9 show the results obtained keeping the same pressure (1.1 · 10-2 mbar), 

temperature (300°C) and targets power (Pd = 100 W, Ag = 24 W, 30 min) of the previous 

depositions but applying different bias voltages: 

     

Fig. 9.9: top view of Pd-Ag alloy deposited by applying different bias voltages.  

 

No improvements were achieved and a similar difference in bias voltages did not influenced 

the compactness of alloy. Various bias voltages were tested (100/200 V, Fig. 9.10), but the 

morphology of the alloy was unchanged, probably as a consequence of the insulating nature 

of the substrate that hindered a proper charging of substrate. 

    

Fig. 9.10: Pd-Ag alloy sputtered applying 100 V and 200 V bias voltages. 

 

Also various argon pressures were tested: 

50 V 

100 V 200 V 

70 V 
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Fig. 9.11: Pd-Ag alloy sputtered at different argon pressures. 

 

Low pressures are associated to energetic sputtered particles, thanks to the low number of 

collisions in the plasma. Such species have more mobility and can diffuse faster on the sub-

strate to coat, improving coating qualities such as compactness. However, in case of insu-

lating and porous substrates, the pressure resulted ineffective in significantly influencing the 

final density. The use of lower or higher deposition pressures is not possible in this appa-

ratus configuration due to plasma ignition problems or plasma stability. 

All tests showed difficulties in preparing compact thin membranes for hydrogen separation. 

However, the depositions pointed out the important role of temperature, the parameter 

having clear and visible effects on the final morphology. 

 

9.1.4. EDS/XRD 

The alloy was characterized by EDS and XRD analyses. EDS analyses confirmed the right alloy 

composition within the EDS uncertainty. 

XRD analyses confirmed the alloy formation during the sputtering process, as we can see in 

the diffraction pattern (Fig. 9.12) of the sample prepared at 300°C, 1.1 ·10-2 mbar (Pd 100 W, 

Ag 24 W, no bias): 

3.2 · 10-2 mbar 

3.1 · 10-3 mbar 5.6 · 10-3 mbar 
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Fig. 9.12: XRD pattern of Pd-Ag alloy onto porous alumina substrate. 

 

The diffraction pattern1 does not show diffraction peaks belonging to other metallic phases 

(the extra peaks belong to the alumina substrate), confirming the alloying of metals and 

identifying 300°C a good deposition temperature. According to Rietvield refinement (Tab. 

9.2) no specific palladium or silver diffraction peaks are recognizable. 

Crystal structure Pd-Ag alloy Cubic 

Space group Fm-3m 
Parameter of the cell 3.937 Å 
Crystallite size (nm) 20 

Tab. 9.2: Rietvield analysis on Pd-Ag alloy sputtered by DC magnetron sputtering. 

 

  

9.1.5. Thermal treatment 

To promote alloy crystallization and grain coarsening, and thus the densification, some post-

annealing treatments were tested. The treatments were performed in argon atmosphere to 

protect the metal surface from oxidation (Fig. 9.13 refers to samples prepared at 1.1·10-2 

mbar, Pd 100 W, Ag 24 W, no bias voltage applied): 
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Fig. 9.13: Pd-Ag alloy after the thermal annealings. 

 

A clear grain coarsening was observed. At higher temperatures quite dense metal layers 

were achieved, but a loss in metal/ceramic adhesion was also observed, probably due to a 

low wettability of the alloy when the metal softening takes place. 

In order to improve density and adhesion, HiPIMS was tested for the first time for this kind 

of application. 

 

 

30 min 1100°C 

 

6h 480°C 6h 700°C 

6h 900°C 

 

6h 1000°C 
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9.2. HiPIMS 
 

9.2.1. Influence of deposition parameters on alloy morphology 
 

Considering the change of the sputtering apparatus, vacuum chamber and power supplies, 

the calibration was repeated, especially because with HiPIMS very high power for very short 

impulses is used. However, in this configuration the sputtering yield of a target is influenced 

by the other targets. Therefore, the calibration was achieved by performing various deposi-

tions of the alloy and by gradually adjusting the power supplies according to compositions 

detected by EDS. 

Both configurations were tested, with palladium or silver targets working with high power 

impulses and the other in pulsed DC, but the configuration with palladium in HiPIMS was 

chosen, since palladium is the main component of the alloy. 

Preliminary depositions were performed at room temperature, Ar pressure 1.04·10-2 mbar, 

75 V bias voltage, Pd 800 W and Ag 330 W (Fig. 9.14).  

 

Fig. 9.14: top view of Pd-Ag alloy deposited at room temperature (1.04 · 10-2 mbar, bias voltage 75 V).  

 

SEM picture reported in Fig. 9.14 shows that pores and voids of the alloy are drastically re-

duced with respect to DC magnetron sputtering; the metal layer is more compact even if it 

still does not allow hydrogen selectivity. 

Also at higher temperature compact membranes were not achieved and that, as already ob-

served in DC magnetron sputtering, was attributed to the insulating nature of substrates. 

Therefore, a sample holder was designed (Fig. 9.15) to improve the electrical contact be-

tween the sample holder and the substrate surface to coat. 
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Fig. 9.15: stainless steel HiPIMS sample holder with a sample after the sputtering process. Screws fasten the 
sample and guarantee electrical contact. 

 

Moreover, prior to the membrane deposition, we deposited by HiPIMS a very thin layer of 

palladium alloy (room temperature, from 3 to 5 min, bias voltage 75 V, same targets power) 

onto the insulating ceramic substrates, to guarantee electrical contact with sample holder. 

The layer thus deposited is porous and it can be helpful also to decouple the thermal expan-

sion mismatch between the ceramic substrate and the main metal layer, lowering the risks 

of peeling. 

Figs 9.16-9.17 report two samples prepared with the double sputtering process: 

- room temperature deposition (20 min sputtering time): 

    

Fig. 9.16: top view and cross section of Pd-Ag alloy deposited at room temperature (20 min). 
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- 350°C deposition (25 min sputtering time): 

    

Fig. 9.17: top view and cross section of Pd-Ag alloy deposited at 350°C (25 min). 

 

The electrical contact guaranteed a bias voltage on the surface, thus strongly increasing 

metal layer density and homogeneity. High temperature further increased the alloy crystalli-

zation (Fig. 9.17). Extending the duration of the sputtering process the final quality strongly 

improved (Figs 9.18-9.19, depositions of 35 and 45 min, all the other sputtering parameters 

constant): 

- 35 min: 

    

Fig. 9.18: top view and cross section of Pd-Ag alloy deposited at 350°C (35 min). 
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- 45 min: 

    

Fig. 9.19: top view and cross section of Pd-Ag alloy deposited at 350°C (45 min). 

 

Samples are compact and no defects are visible. The total thickness is less than 5 μm for 45 

min of deposition, and the dense layer is typically between 2-3 μm, a value compatible with 

the thickness desired to have high hydrogen fluxes and a low cost membrane.  

Comparing HiPIMS samples with DC magnetron sputtering samples, we can see that HiPIMS 

allows the preparation of more crystalline selective layers directly onto porous substrates. 

This is the main achievement of the work: thanks to the high percentage of ionized species 

produced by HiPIMS, the preparation of a dense and compact layer of Pd-Ag alloy, directly 

onto a porous substrate, without involving graded porosity steps or other surface modifica-

tions, is possible, reducing the time required for membrane preparation and preparing a 

very simple membrane layout. 

Other parameters were also studied in order to improve the quality of the membranes and 

potentially still reduce the alloy thickness. We studied combinations of high temperature 

and alternating bias voltages (25/75 V and 75/150 V, Figs 9.20 – 9.21), repeating the cycle 5 

min low bias + 5 min high bias for the overall deposition time, to study the influence of the 

bias and reduce the stress induced by high bias voltages. 
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- 25/75 V: 

    

Fig. 9.20: top view and cross section of Pd-Ag alloy deposited at 350°C with alternating bias voltages 25/75 V 
(cross section of sample sputtered onto silicon wafer). 

 

- 75/150 V: 

    

Fig. 9.21: top view and cross section of Pd-Ag alloy deposited at 350°C with alternating bias voltages 75/150 
V (cross section of sample sputtered onto silicon wafer). 

 

Both samples show very good substrate coverage, with almost no defects (small pores of 

submicron size) and have very similar morphologies. The dense layer of the Pd-Ag alloy is 

thicker in the case of the 25/75 V (≈ 2 μm) deposition, while it is thinner in the 75/150 V 

deposition (≈ 1 μm). Probably, this is due to the high bias voltage, causing a more intense ion 

bombardment with a higher material removal. Moreover, higher bias seems to improve the 

crystallization of the alloy. However, comparing the alternating bias depositions with the 

simple deposition at 75 V, no significant improvement in morphology and microstructure 

were identified, so we discarded the alternating bias approach. 

The work done with this new technology has demonstrated that with HiPIMS composite 

membranes for hydrogen separation and purification can be prepared in very few steps, di-

rectly onto porous substrates. 
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9.2.2.    EDS/XRD 
 

EDS analyses confirmed the stoichiometry of the alloy. Fig. 9.22 reports the EDS spectrum 

performed on sample deposited at 350°C (bias 75 V, 35 min, Pd 800 W, Ag 330 W, 1.03 · 10-2 

mbar); Tab. 9.3 reports the analysis result. 

 

 

Fig. 9.22: Pd-Ag EDS spectrum. 

 

Element Weight % 

Pd  ≈ 78 

Ag  ≈ 22 

Tab. 9.3: Pd-Ag alloy composition; EDS analysis values are intended within the EDS error range. 

 

Tab. 9.4 reports EDS analyses of other samples deposited in different conditions: 

Sputtering parameters Pd Ag 

RT, 20 min; Pd 800 W; Ag 330 W; 
Bias 75 V; 1.01 · 10-2 mbar 

≈ 77 wt% ≈23 wt% 

350°C, 25 min; Pd 800 W; Ag 350 W; 
Bias 75 V; 1.02 · 10-2 mbar 

≈77 wt% ≈23 wt% 

350°C, 35 min; Pd 800 W; Ag 350 W; 
Bias 75 V; 1.03 · 10-2 mbar 

≈79 wt% ≈21 wt% 

350°C, 35 min; Pd 800 W; Ag 350 W; 
Bias 25/75 V alternated; 1.03 · 10-2 mbar 

≈79 wt% ≈ 21 wt% 

Tab. 9.4: EDS analysis on different samples. 

 

 

Some samples show small deviations from the desired stoichiometry, but they are within the 

EDS error range. 

X-ray diffraction patterns (Fig. 9.23) completed the characterization of the membranes. Con-

versely to what observed in Pd-Ag alloy sputtered by DC magnetron sputtering, all the as 

sputtered samples presented a mix of Pd-Ag alloy and pure palladium peaks. HiPIMS sput-

tering process need a further step to complete the alloy formation. Thermally treating the as 
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prepared samples (6/12h at 520°C, argon atmosphere), we obtained a complete conversion 

into the final alloy. Rietvield analyses suggested that the less intense diffraction peaks be-

long to an early stage Pd-Ag alloy. Analysing the XRD patterns with a pure silver reference 

instead of the Pd-Ag reference, we did not find a perfect match with the peaks positions of 

our patterns. Moreover, in case of pure silver reflections, pure metals diffraction peaks 

should be clearly distinct from each other, as reported in Folletto et al.2 and Engin Ayturk et 

al.3. Instead of previous thermal treatment at 520°C, membranes where left in the cell for 

permeability tests at 450°C in nitrogen atmosphere for 24 hours prior to tests and the per-

meability was checked with time to control the attainment of the alloy and thus of a stable 

hydrogen permeance. 
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Fig. 9.23: XRD patterns (common parameters: pressure 1.02 · 10-2 mbar, Pd 800 W, Ag 350 W). 

 

Tab. 9.5 summarizes some Rietvield analyses of different HiPIMS depositions (first column 

specifies the sputtering parameter/treatment specific of the membrane; common sputtering 

condition: Pd 800 W, Ag 330 W, 1.03 · 10-2 mbar). Palladium and palladium silver alloy are 

cubic, space group Fm-3m. 
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 Palladium Pd-Ag alloy 

Room 
temperature 

Cell parameter = 3.910 Å 
Crystallite size ≈ 65 nm 

Cell parameter = 3.958 Å 
Crystallite size ≈ 48 nm 

Alternating bias  
voltage 75/150 V 

(*) 

Cell parameter = 3.895 Å 
Crystallite size ≈ 130 nm 

Cell parameter = 3.953 Å 
Crystallite size ≈ 45 nm 

35’ 350°C  
(*) 

Cell parameter = 3.888 Å 
Crystallite size ≈ 250 nm 

Cell parameter = 3.949 Å 
Crystallite size ≈ 85 nm 

35’ 350°C + 6h 
520°C 

< 4 wt% 
Cell parameter = 3.920 Å 
Crystallite size ≈ 155 nm 

35’ 350°C + 12h 
520°C 

< 1.5 wt% 
Cell parameter = 3.924 Å 
Crystallite size ≈ 270 nm 

* = Goodness of Fit between 7-9 (all the other analyses had GoF between 2.5 – 4.5) 

Tab. 9.5: Rietvield refinement of some HiPIMS samples. 
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10. Vanadium based alloys 

 

Vanadium has high hydrogen permeability and diffusivity, but it is known to be affected by 

hydrogen embrittlement and, for this reason, has always been investigated only as bulk ma-

terial due to embrittlement of thin membranes. Since a reduction of the membrane thick-

ness can strongly enhance the hydrogen permeation, this work was aimed at identifying a 

vanadium alloy suitable for PVD deposition, resistant to hydrogen embrittlement. 

10.1. V90Pd10 
 

We firstly studied the feasibility of the deposition of V90Pd10 using DC magnetron sputtering, 

but the results were unsatisfying. Prior to the sputtering depositions, calibration of vana-

dium and palladium targets was necessary (Tab. 10.1), to calculate the target powers re-

quired to deposit the desired alloy. 

Power V (W) Rate 
(nm/min) 

Rate variation  
(%) 

Power Pd (W) Rate 
(nm/min) 

Rate variation   
(%) 

50 15 4 50 10 14 
70 16 7 75 15 8 

100 28 5 100 24 4 
130 36 5.5    

Tab. 10.1: vanadium calibration (DC power unit) and palladium calibration (RF power unit). 

 

Fig. 10.1 reports the alloy sputtered by DC magnetron sputtering (300°C, Ar 1.1 · 10-2 mbar, 

Pd 20 W, V 100 W, no bias) onto porous alumina substrate, but several defects were recog-

nizable. 
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Fig.10.1: top view pictures of V-Pd alloy sputtered by DC magnetron sputtering. 

 

Therefore, we investigated the possibility to deposit this alloy by HiPIMS. Preliminary HiPIMS 

depositions were performed to calibrate the target powers and to find the correct sub-

strate/target distance (120 mm for vanadium, 200 mm for palladium) to deposit the alloy in 

right composition. When all these parameters were found, we deposited the alloy at room 

temperature (Pd 10 W, V 700 W, 1 · 10-2 mbar, 75 V bias, 60 min, 2 RPM sample rotation, 

Figs 10.2): 
 

    

Fig. 10.2: top view (left) and cross section (right) pictures of V-Pd alloy sputtered by HiPIMS (room tempera-
ture deposition). 

 

As expected, HiPIMS deposition showed sample morphology strongly different compared to 

DC magnetron sputtering deposition: the alloy is smoother and the sharp structures disap-

peared, thanks to the higher ion-bombarding effect typical of HiPIMS. However, many de-

fects were clearly visible, probably due to the limited thickness. 

In order to improve the surface coverage of the porous substrate, we extended the deposi-

tion up to 3 hours (1 · 10-2 mbar, 350°C, other parameters constant), and to guarantee the 

right electrical contact between sample holder and substrate, before the V-Pd deposition we 

sputtered a thin Pd layer at room temperature: 
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Fig. 10.3: top view (left) and cross section (right) of V-Pd alloy sputtered by HiPIMS (350°C). 

 

Fig 10.3 shows a very good metal layer, with no defects and with a very smooth surface. The 

final thickness was below 2 μm. 

EDS analyses confirmed the stoichiometry of the alloy (average values V ≈ 93 at%, Pd ≈ 7 

at%, within the error range of the analysis); Fig. 10.4 reports an EDS spectrum as example: 

 

 

Fig. 10.4: EDS spectrum of V-Pd alloy. 

 

Fig. 10.5 reports the XRD pattern of V-Pd alloy sputtered at 350°C (180 min, 1 · 10-2 mbar): 
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Fig. 10.5: XRD pattern of V-Pd alloy. 

 

The X-ray diffraction peaks were identified by comparing our diffraction pattern with a pat-

tern found in literature1 and by Rietvield analysis, that identified peaks belonging to pure 

vanadium phase (actually a vanadium solid solution with palladium). No peaks belonging to 

pure palladium were detected. The V-Pd solid solution (Im-3m space group) has a cell pa-

rameter of 3.034 Å and crystallites size of ≈ 90 nm (GoF ≈ 5). 

Since vanadium is prone to oxidation, two thin layers of palladium (around 200 nm each) at 

both sides of the V-Pd film were deposited. 

 

10.2. Ternary Alloy V84.2Ni5.3Ti10.5 
 

10.2.1. Stainless steel substrate 
 

Considering the complexity of a co-deposition of a ternary alloy from three targets (DC mag-

netron sputtering), we approached the study of this new alloy by preliminary depositions 

onto dense stainless steel foils (Fig. 10.6), to discover possible criticalities and to proceed 

with the sputtering onto the ceramic substrate only if satisfactory results were achieved. 
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Fig. 10.6: SEM picture of the stainless steel substrate. 

 

Prior to the sputtering depositions, calibration of titanium and nickel targets was necessary 

(Tab. 10.2), to calculate the target powers required to deposit the desired alloy (for vana-

dium calibration see Tab. 10.1). 

Power Ti (W) Rate 
(nm/min) 

Rate variation  
(%) 

Power Ni (W) Rate 
(nm/min) 

Rate variation   
(%) 

150 37 11 100 8 12 
200 54 4 150 15 9 
250 57 4 200 20 12 

Tab. 10.2: titanium calibration (DC power unit) and nickel calibration (RF power unit). 

 

Fig. 10.7 shows the stainless steel substrate before (left) and after (right) PVD deposition. 

 

Fig. 10.7: stainless steel substrate before (left) and after (right) the PVD deposition. 

 

Preliminary depositions (30 min) were performed at room temperature, with no bias voltage 

applied and at 1.1 · 10-2 mbar. After the targets calibration, the depositions were performed 

with the following target powers: vanadium 173 W, titanium 25 W and nickel 21 W. Fig. 10.8 

reports the SEM pictures of the top view of the sample: 
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Fig. 10.8: PVD deposition at room temperature and 1.1 · 10-2 mbar. 

 

The sample showed the typical columnar structure of DC magnetron sputtering. To avoid 

these structures, higher temperatures and bias voltage were attempted. Fig. 10.9 reports 

the sample deposited at 200°C: 
 

 

 

 

Fig. 10.9: PVD deposition at 200°C and 1.1 · 10-2 mbar. 

 

As expected, high temperature helped the crystallization, but large pyramidal crystals 

formed with no compact layer. Therefore, various bias voltages were systematically studied 

in order to increase the ion bombarding effect. 

Fig. 10.10 shows samples prepared applying 50 V and 100 V bias voltage (common sputter-

ing conditions: room temperature, 1.1 · 10-2 mbar): 
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Fig. 10.10: PVD depositions at room temperature, 1.1 · 10-2 mbar, bias voltages 50 V (left) and 100 V (right). 

 

Bias voltages turn out to be useless and the high ion energy induced a crystallization of the 

alloy. Samples morphology is very similar to a 200°C sputtering deposition (bias voltage of 50 

V and a pressure of 1.1 · 10-2 mbar, Fig. 10.11): 

 

Fig. 10.11: PVD deposition at 200°C, 1.1 · 10-2 mbar, bias voltage 50 V. 

 

It is clear that higher temperatures and higher bias voltages favoured the crystallization and 

do not help the deposition of a continuous and compact metal layer, so we focused our at-

tention on the sputtering pressure. Lowering the pressure, higher energetic atoms can reach 

the substrate, thus reducing the crystallization and increasing surface diffusion. Therefore, 

the pressure inside the chamber was reduced to 3.3 · 10-3 mbar, a value near to lower igni-

tion plasma limit but sufficient to allow a deposition with a stable argon plasma. Fig. 10.12 

reports SEM pictures of samples sputtered at low pressure, applying a bias of 50 V and 

changing the deposition temperature: 

50 V 100 V 
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Fig. 10.12: PVD deposition at room temperature (left) and 200°C (right) – argon pressure 3.3 · 10-3 mbar. 

 

The lower pressure inside the chamber promoted the growth of dense and compact coat-

ings. As expected, the higher temperature deposition enhances crystallization. After these 

promising preliminary results, we proceeded with the sputtering onto the porous alumina 

substrate. 

 

10.2.2. Porous alumina substrate 
 

 

Before the ternary alloy deposition, both alumina pellets sides were covered by a very thin 

palladium layer (10 nm), to guarantee the electrical contact between ceramic pellet and 

sample holder. Porous substrates were fixed to the sample holder with conductive Kapton 

tape. 

Preliminary depositions onto the alumina substrate (Fig. 10.13) were performed at 200°C, 

3.3 · 10-3 mbar, 50 V bias voltage and 60 min; target powers were tuned in the following 

ranges to achieve the correct stoichiometry: vanadium 160-173 W, titanium 24-30 W, nickel 

21-35 W. 

 

Fig. 10.13: PVD deposition at 200°C, 50 V and argon pressure 3.3 · 10-3 mbar. 

 

RT 200°C 
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Due to the surface roughness of the pellet, metal layers were not compact. We tried to 

combine two sputtering depositions dividing the process into two steps: 

- I part: room temperature, 3.3 · 10-3 mbar, no bias, 30 min; 

- II part: 200°C, 3.3 · 10-3 mbar, 50 V, 30 min. 

However, Fig. 10.14 shows a result similar to previous deposition: 

 

Fig. 10.14: combination of two sequential PVD depositions. I: RT, 3.3 · 10-3 mbar, no bias, 30 min; II: 200°C, 
3.3 · 10-3 mbar, 50 V, 30 min. 

 

In order to deposit a dense layer, various bias voltages were tested. Fig. 10.15 shows sam-

ples deposited at 200°C and 3.3 · 10-3 mbar (60 min deposition) varying the applied bias: 

 

    

 

 

100 V 150 V 
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Fig. 10.15: PVD depositions at 200°C, 3.3 · 10-3 mbar, at various bias voltages. 

 

We can clearly see that higher bias voltages improved the surface coverage of the alumina 

pellets, and samples become progressively more compact and denser. The 250 V bias dep-

osition showed some submicrometric holes only in the 60 min sample; the 120 min sample is 

compact and dense. However, although a high bias voltage is useful for the preparation of a 

dense and compact vanadium based layers, it could induce stresses inside the metal layer, 

eventually leading to peeling risks. 

In order to reduce the bias voltage, higher temperatures were tested (Fig. 10.16), common 

sputtering parameters 150 V and 3.3 · 10-3 mbar), but no significant results were obtained: 

    

 

250 V - 60 min 250 V - 120 min 

200 V 

250°C 300°C 
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Fig. 10.16: PVD depositions at 200 – 250 - 300°C, 3.3 · 10-3 mbar and 150 V bias voltage. 

 

In order to prepare metal layers with a good surface coverage and lower residual stresses, 

we decided to reduce the bias voltage applied and to extend the sputtering deposition to 4 

hours. As shown by Fig. 10.17, after only one hour of deposition the metal layer is too thin (≈ 

1.5 μm) and a good surface coverage was not achieved; increasing the sputtering time up to 

4 hours we obtained a promising sample (thickness around 5 μm). 

 

    

Fig. 10.17: thickness comparison between 1h deposition (left) and 4h deposition (right). 

 

With DC magnetron sputtering a dense selective layer (Fig. 10.18) was achieved, suitable for 

gas separation. 

 

350°C 
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Fig. 10.18: top view of PVD deposition onto porous alumina at 200°C, 3.3 · 10-3 mbar and 150 V bias voltage 
(4h deposition). 

 

 

10.2.3. EDS/XRD 
 

Each change of deposition parameters can alter the alloy composition. Therefore, after each 

deposition the stoichiometry was checked out by EDS analyses and the target powers ad-

justed consequently. In fact, the bias voltage can particularly modify the stoichiometry of the 

alloy (Tab. 10.3, common sputtering parameters: 3.3 · 10-3 mbar, 200°C). Fig. 10.19 reports 

an EDS spectrum of ternary alloy. 

 

Fig. 10.19: V-Ni-Ti EDS analysis. 

 

Target powers* (W) Bias (V) Elemental analysis 

V = 173 - Ni = 21 - Ti = 25 -50 V ≈ 87 at% - Ni ≈ 3 at% - Ti ≈ 10 at% 
V = 172 - Ni = 26 - Ti = 24 -100 V ≈ 85 at% - Ni ≈ 5 at% - Ti ≈ 10 at% 
V = 172 - Ni = 26 - Ti = 24 -150 V ≈ 87 at% - Ni ≈ 4 at% - Ti ≈ 9 at% 
V = 170 - Ni = 27 - Ti = 24 -200 V ≈ 88 at% - Ni ≈ 4 at% - Ti ≈ 8 at% 
V = 170 - Ni = 27 - Ti = 24 -250 V ≈ 91 at% - Ni ≈ 3 at% - Ti ≈ 6 at% 

* vanadium and titanium sputtered by DC power units, nickel sputtered by a RF power unit. 

Tab. 10.3: EDS analyses of samples sputtered with different bias voltages  
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Tab. 10.2 shows the influence of bias voltage on the alloy composition: the increase of bias 

increases the amount of vanadium and reduces the amount of nickel and titanium. Bias volt-

age, causing an ion bombardment of the film surface, is responsible for the resputtering of 

the surface atoms. This effect is more marked for lighter atoms (e.g. for titanium with re-

spect to vanadium) or for elements having high sputter yield (as for nickel, as already re-

ported in NiTi depositions2). The total effect is a reduction of titanium and nickel in the sput-

tered alloy, and the necessary adjustment of targets powers is required. 

Samples were further analysed by X-ray diffraction. Fig. 10.20 reports the as-sputtered alloy 

(200°C, 3.3 · 10-3 mbar, -150 V bias voltage, V = 172 W, Ti = 24 W, Ni =26 W) and the pure 

vanadium and alumina substrate as reference. 
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Fig. 10.20: XRD patterns of V-Ni-Ti and pure vanadium. Alumina substrate pattern is reported to identify ex-
tra peaks. 

 

Considering the most intense pure vanadium reflection (41.66°, cubic – Im-3m, 3.037 Å cell 

parameter) we observed a shift of this peak towards smaller diffraction angles, since the in-

troduction of nickel and titanium metals caused the formation of vanadium solid solution 

with an enlargement of the vanadium unit cell. No other phases were identified by Rietvield 

analysis. A research of possible Ni-Ti compounds was performed, but no evidences were 

found. These patterns are very different from what was found in literature3; all the works 

concerning this ternary alloy dealt with an arc melting preparation and no works were found 

about a PVD preparation of the alloy, so no clear references are available.  
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Since the preliminary study of the ternary alloy involved tests with different bias voltages, in 

Fig. 10.21 are collected some XRD diffraction patterns performed on ternary alloys prepared 

by varying the bias voltage applied. 
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Fig. 10.21: XRD diffraction patterns of ternary alloy deposited applying different bias voltages (grazing inci-
dence). 

 

X-ray diffraction patterns show a clear alloy microstrain, recognizable by the broadening of 

the peaks, especially at high angles. Microstrain is typical for solid solutions, and it is related 

to the defectivity of the unit cell. It is reasonable that an increase of bias voltage promotes 

the formation of defects inside the alloy, due to the increasing energy of ions impinging on 

the coated surface. Rietvield analyses have detected only peaks compatible with vanadium 

(cubic, Im-3m space group, actually a vanadium solid solution as explained above), with no 

peaks belonging to V-Ti, V-Ni and Ni-Ti compounds, as reported in literature. The cell param-

eter is included in the range 3.048 – 3.037 Å (from 50 V to 250 V bias voltage applied, GoFs 

between 1.9 and 2.4), with crystallites size from ≈ 30 nm to ≈ 300 nm. 
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11. Zeolite membrane for hydrogen 
separation 

 

11.1. Powder 
 

Aim of this work was the growth of a zeolite membrane directly onto the ceramic substrate 

in a one-step process, but, before membranes, a preliminary study about zeolite powders 

and their synthetic approach was performed. 

To prepare pure LTA (Linde Type A) zeolite, before the hydrothermal synthesis (2h 90°C), the 

hydrogel (combination of silicate and aluminate solutions) was aged for 24h at 60°C, to im-

prove the reticulation of the alumino-silicate framework. In the first hours of the ageing the 

hydrogel was clear, but after 24h the solution become opaque and a very thin layer of mate-

rial covered the inner surface of the reaction flask. We poured in the autoclave only the liq-

uid part of the hydrogel. 

 

Fig. 11.1: sample prepared with an ageing step of 24h at 60°C, followed by a hydrothermal synthesis at 90°C 
for 2h. 

 

We obtained a sample of pure LTA zeolite (Fig. 11.1). SEM pictures show the typical LTA cu-

bic morphology, with a narrow size distribution of cubes of ≈ 3 μm. 

XRD diffraction pattern (Fig. 11.2) confirmed the synthesis of LTA zeolite. 
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Fig. 11.2: diffraction pattern of LTA zeolite sample. 

 

 

 

Fig. 11.3: reference diffraction pattern for LTA zeolite1. 
 

As confirmed by Rietvield analysis and by literature (Fig. 11.3), the main peaks belong to LTA 

zeolite; traces of NaOH (< 1 wt%), belonging to the reaction batch reagent, were detected. 

TGA-DSC analysis (RT-450°C, 10°C/min, thermal treatment in air, air flux 100 mL/min, Fig. 

11.4) was useful to find the temperature stability range of the zeolite: 
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Fig. 11.4: TGA-DSC analysis on LTA zeolite sample. 

 

Comparing with literature2 we can identify the major weight losses and the corresponding 

heat flows: 

- endothermic minimum at 135°C: desorption of physically absorbed water; 

- exothermic peak (200-400°C): desorption of the remaining zeolite water in the zeo-

litic matrix. 

However, since LTA channels are of about 0.40 – 0.41 nm, to prepare membranes for hydro-

gen separation with high selectivity we investigated the synthesis of hydroxy-sodalite (HS) 

zeolite, which has smaller channels, even though the temperature stability range of this zeo-

lite in the synthesis is low and, as a consequence, the synthesis of pure HS is complicated. To 

this end, we changed the hydrothermal treatment (keeping the same ageing step, Fig. 11.5) 

increasing the temperature, since many literature works obtained HS zeolite at higher tem-

perature (common hydrogel ageing step 24h 60°C, the hydrothermal treatment is reported 

in the box): 
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Fig. 11.5: samples prepared with an ageing step of 24h at 60°C, followed by a hydrothermal synthesis at 
100°C for 2h (left) and 2h 120°C (right). 

 

In the 2h 100°C treatment there are only traces of HS zeolite (easily recognizable morphol-

ogy, thread-ball like), and LTA zeolite is still the main phase. By increasing the hydrothermal 

synthesis temperature up to 120°C, we found the right temperature to prepare the HS phase 

with our experimental setup: HS zeolite is the unique phase present in the sample; its typical 

morphology is evident and the particles show a size distribution between 2 and 4 μm (as sin-

gle particles, since they are assembled in clusters). XRD analyses confirmed the HS zeolite 

synthesis (Fig. 11.6), similar to literature (Fig. 11.7). 
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Fig. 11.6: diffraction pattern of HS zeolite sample. 
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Fig. 11.7: reference diffraction pattern for HS zeolite3. 

 

Main XRD peaks belong to hydroxy-sodalite phase (confirmed by Rietvield analysis); traces of 

NaOH (< 1%) were detected. 

HS analysis was completed by TGA-DSC analysis (RT-450°C, 10°C/min, thermal treatment in 

air, air flux 100 mL/min, Fig. 11.8), to find the temperature stability range of this zeolite in 

view of future applications as membrane for hydrogen separation. 
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Fig. 11.8: TGA-DSC analysis of HS zeolite sample. 

 

Comparing our thermal analysis with a literature reference4, the weight variation in the 

range RT-450°C is due to the loss of water from the channels (a total weight loss of 14% from 

RT to 450°C was measured), and the water is lost in two events, around 150°C and 250°C. No 

morphological changes are present within this temperature range. Since HS zeolite is a hy-
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drophilic zeolite, the most important task is the removal of water from the channels, to al-

low the sieving of hydrogen from the gas mixture. 

 

11.2. Membranes 
 

In order to deposit the HS zeolite membrane, a specific sample holder (Fig. 11.9) was de-

signed to keep the substrates in the correct position during the hydrothermal synthesis. 

Alumina substrates were hold by a Teflon disk, with three housing for the ceramic substrate 

and three holes to allow the free flow of solution during the hydrothermal synthesis. The 

height from the base was regulated by a stainless steel threaded pole. Membrane grown in 

the lower side of the ceramic substrate was more homogenous than the membrane grown 

in the upper side. 

 

Fig. 11.9: sample holder designed to grow zeolite membranes onto porous alumina substrates. 

 

First of all, we used the parameters for the HS powder synthesis (hydrogel ageing 24h 60°C + 

hydrothermal synthesis 2h 120°C), but a mixture of LTA and HS zeolites was obtained (Fig. 

11.10). 

Top 
Base 
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Fig. 11.10: membrane prepared with an ageing step of 24h at 60°C, followed by a hydrothermal synthesis at 
120°C for 2h. 

 

We had to find new experimental conditions to prepare pure HS zeolite membranes, so we 

extended the hydrothermal synthesis up to 4h, keeping the same ageing step (Fig. 11.11). 

 

 Fig. 11.11: membrane prepared with an ageing step of 24h at 60°C, followed by a hydrothermal synthesis at 

120°C for 4h.  

 

Synthesis was not satisfying, with a bad substrate coverage. We decided to modify the ex-

perimental process changing the ageing step, keeping 60°C but reducing the ageing time 

from 24h to 12h, to avoid an excessive hydrogel depletion (formation of tiny crystals onto 

the inner surface of the reaction flask), pouring into the autoclave a more concentrated hy-

drogel (Fig. 11.12). 
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Fig. 11.12: membrane prepared with an ageing step of 12h at 60°C, followed by a hydrothermal synthesis at 
120°C for 2h. 

 

Applying the new experimental conditions we succeeded in preparing a pure HS zeolite sup-

ported membrane having mean thickness of about 10 μm. HS zeolite was confirmed by X-ray 

diffraction analysis (Fig. 11.13). However, from the top view SEM pictures, some dishomoge-

neitis are recognizable, and probably these defects are due to the presence of LTA cubes (in-

dicated by the arrow in Fig. 11.14). 
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Fig. 11.13: XRD diffraction pattern of HS zeolite membrane. 
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Fig. 11.14: LTA cubes inside the HS zeolite membrane. 

 

The LTA amount increased when we prolonged the hydrothermal synthesis up to 4h (Fig. 

11.15), keeping all the other synthesis conditions constant. 

    

Fig. 11.15: membrane prepared with an ageing step of 12h at 60°C, followed by a hydrothermal synthesis at 
120°C for 4h. 

 

As expected, membrane is thicker than the 2h sample, but, as in the previous synthesis, LTA 

cubes (≈ 2 μm) had formed (Fig. 11.16).  

 

Fig. 11.16: LTA cube inside the HS zeolite membrane. 

 

Other strategies were tested to prepare a pure HS membrane: 
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- Pouring the hydrogel into the pre-heated autoclave; 

- Heating very quickly the hydrogel before to pour it in the autoclave; 

- Increasing the hydrothermal temperature (130°C-150°C); 

- Changing the ageing step (as to duration and temperature). 

We had no success in preparing a pure HS membrane without defects; Fig. 11.17 shows few 

examples of SEM picture of zeolite membranes prepared increasing the hydrothermal syn-

thesis temperature, but the pure HS membrane was not prepared. 

    

Fig. 11.17: membranes prepared with an ageing step of 12h at 60°C, followed by a hydrothermal synthesis at 
130°C for 4h (left) and 4h 150°C (right). 

 

Considering the thickness of membranes and the high percentage of HS that can lead to ne-

glect to effect of few LTA cubes in membrane selectivity, the activity was focused on 

achieving membranes with good substrate coverage, the most important parameter in view 

of a gastight membrane. A membrane with LTA and HS mixture but with compact and 

promising gastight properties was already shown in Fig. 11.10. Therefore, those synthesis 

parameters were adopted and slightly adjusted to prepare some samples for gas permeation 

measurements. 

Fig. 11.18 reports the top views and cross section of a membrane prepared from a hydrogel 

aged at 60°C for 12 h, followed by a hydrothermal synthesis at 100°C for 4h. 

 

4h 130°C 4h 150°C 
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Fig. 11.18: membrane prepared with an ageing step of 12h at 60°C, followed by a hydrothermal synthesis at 
100°C for 4h. 

 

We can see that zeolite membrane was compact and had a homogenous thickness (≈ 10 

μm); it was well adherent onto the ceramic substrate.  

Other synthesis parameters were tested (H.A. = hydrogel ageing, H.S. = hydrothermal 

synthesis), Fig. 11.19. 

     

    

Fig. 11.19: LTA/HS  membranes prepared the synthesis parameters (ageing step, hydrothermal synthesis, wa-
ter content). 

 

H.A. 12h 60°C – H.S. 4h 120°C (1500 moles of water) 

H.A. 24h 50°C – H.S. 3h 100°C H.A. 24h 50°C – H.S. 2h 110°C 



166 
 

References  

1. Sathupunya, M.; Gulari, E.; Wongkasemjit, S., Na-A (LTA) zeolite synthesis directly from alumatrane and 
silatrane by sol-gel microwave techniques. Journal of the European Ceramic Society 2003, 23 (8), 1293-1303. 
 
2. Kim, Y. M.; Kim, I. J., Synthesis and Morphological Transformation of NaA Zeolite Crystals at High 
Temperature. Journal of the Korean Ceramic Society 2006, 43 (1), 1-3. 
 
3. van Niekerk, A.; Zah, J.; Breytenbach, J. C.; Krieg, H. M., Direct crystallisation of a hydroxy sodalite 
membrane without seeding using a conventional oven. Journal of Membrane Science 2007, 300 (1-2), 156-164. 
 
4. Khajavi, S.; Sartipi, S.; Gascon, J.; Jansen, J. C.; Kapteijn, F., Thermostability of hydroxy sodalite in view of 
membrane applications. Microporous and Mesoporous Materials 2010, 132 (3), 510-517. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



167 
 

12. Hydrogen permeation tests 

 

12.1. Permeation through porous ceramic substrate 
 

Before the permeation tests of membranes, we tested the porous alumina substrates (thick-

ness 0.6 μm, powder mixture 35/65 vol% alumina/PMMA 1.5 μm). 

A general equation1a used for gas flux (J) through a porous medium is: 

 

J =  FP (Ph −  Pl)    (1) 

 

where FP is the permeance value of the material and Ph and Pl are the partial pressures of gas 

in the high pressure side (Ph) and low pressure side (Pl) of the membrane, respectively. 

Figs. 12.1 report the N2 flux at room temperature and 400°C. 
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Fig. 12.1: N2 permeation tests of porous ceramic substrate. 

Total permeance can be split into two contributions5: Knudsen (FPK) and viscous contribu-

tions (FPV) (Eq. 2). 

Fp =  FPK +  FPVPAVE     (2) 
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FPK =  (
2εr

3τLRT
) (

8RT

πM
)

0.5
   (3) 

FPV =  
εr2

8τμLRT
   (4) 

where: 

- Pave = average pressure between high pressure side and low pressure side (Pa); 

- ε = mean porosity; 

- r = mean pore size of ceramic material (m); 

- τ = tortuosity factor of pores; 

- L = mean thickness of the porous material (m); 

- R = gas constant (8.314 J mol-1 K-1); 

- T = temperature (K); 

- M = molecular weight (Kg mol-1). 

 

Combining Eq. 1 and 2 we get Eq. 5, useful to determine the Knudsen and viscous contribu-

tions (FPK and FPV), plotting data in the (J / Ph - Pl) vs PAVE form (Fig. 12.2). 

 

J =  (FPK +  FPVPave) (Ph −  Pl)         (5) 
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Fig. 12.2: determination of the Knudsen and viscous N2 permeance contributions at RT and 400°C. 

 

 

 

Knudsen diffusion is the main diffusion mechanism inside the porous ceramic substrate. One 

could expect that the porosity of the pellet would favour the viscous flow mechanism, but 

analysis do not validated the hypothesis. This fact could be due to high tortuosity paths in-

side the pellet, causing a lot of scattering phenomena of permeating gas. 

Combining equations (3) and (4) we estimated the average pore size, r: 

r =  
FPV

FPK
 ∙  

16

3
μ ∙  (

8RT

πM
)

0.5
   (6) 

 

where μ is the gas viscosity at temperature T (expressed in Poiseuille, Pl). Considering the 

value of 1.76 · 10-5 Pl for N2 viscosity at room temperature, we estimated a mean pore size of 

the porous substrate: ≈ 520 nm, a value compatible with the pore size shown by SEM pic-

tures. 

12.2. Permeation tests of Pd-Ag(23wt%) membranes 
 

 

Prior the permeation tests in pure hydrogen, membranes were thermal treated at 450°C for 

24h to complete alloy conversion, as suggested by XRD analyses reported in Pd-Ag(23 wt%) 

alloy characterization section. 
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Fig. 12.3 reports the permeation analyses of the Pd-Ag(23 wt%) alloy (4.8 μm thick), collect-

ing flux measurements in the temperature range 300-400°C, at various pressures (from 100 

kPa to 400 KPa); values are plotted according to the n exponent (0.5) of the Sieverts’ law. 
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Fig. 12.3: flux data plotted according n exponent = 0.5. 

 

All the data reported in Fig. 12.3 show a deviation from the pure Sieverts behaviour (n expo-

nent = 0.5). The linear fit, superimposed to the flux data to guide the eye, cannot be used to 

correctly fit the permeation data. All the palladium alloy membranes prepared show this be-

haviour. Deviations from 0.5 exponent can be attributed to several factors: defects in the 

metal layer, surface contamination, transport resistance of the substrate material, gas leak-

age1b 1c. Jun et al. 1d observed a strong deviation from linearity plotted with n = 0.5 and they 

attributed it to hysteresis behaviour: they proposed that an atomic molecular diffusion 

mechanism is responsible for the hydrogen permeation hysteresis. The dissolved atomic hy-

drogen is suggested to recombine as a molecular-hydrogen species in defects within the 

membrane. The lattice dilatation around the defects caused by the formation of molecular 

hydrogen can be responsible for the hysteresis and the higher pressure power dependence 

of the permeability. Flanagan et al.1e suggested that deviation from Sieverts’ law could be at-

tributed to hydrogen segregation in dislocation and vacancies. If they observation is right, 
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the membrane fabrication method is the key parameter to determine membrane micro- and 

nanostructures, as well as the homogeneity and the purity of the alloy composition. In this 

respect, sputtering/evaporation, HiPIMS, arc melting-cold rolling and wet chemical tech-

niques are very different. Many investigations find n-values between 0.5 and 1, indicating 

that the transport mechanism is more complicated 1f, 1g. In general1c, an exponent of unity 

suggests that permeation through the bulk of the membrane is fast and this behaviour is 

usually shown by thin membranes (usually less than 5-6 μm), but n-values of 0.5-0.8 have 

been reported even for thin (< 5 μm) palladium membranes2,3. In case of thick (> 5 μm) 

membranes, n-values greater than 0.5 can be attributed to defects or pin-holes through 

which a substantial portion of the hydrogen permeates4,5. According to several works (Tab. 

12.1), the general trend suggests that, in case of membranes having thicknesses below 10 

μm, permeance can be calculated with a n-value close to 1, and in case of membranes thin-

ner than 7 μm (as our membranes), with a n-value equal to 1. 

 

Membrane Preparation method Metal thickness n-value Ref 

Pd/Al2O3 Electroless deposition 8.5 μm 0.778 6 
Pd/Al2O3 Electroless deposition 11.4 μm 0.58 7 
Pd/Al2O3 Electroless deposition 4.5 μm 1 8 
Pd/Al2O3 Electroless deposition 5 μm 1 9 
Pd/Al2O3 Electroless deposition 7 μm 0.54 10 

Pd/γ-Al2O3 with Pd/γ -Al2O3 Electroless deposition 6 μm 1 11 
Pd/γ-Al2O3 CVD 1 μm 1 12 

Pd/γ-Al2O3 with Pd Electroless deposition 1 μm 1 13 
PdAg/Al2O3 Sputtering 0.73-1.41 μm 1 14 

Pd75Ag25/γ-Al2O3 Sputtering < 1 μm 1 15 
Pd77Ag23 Electroless deposition 12 μm 0.5 16 
Pd70Ag30 Electroless deposition 13 μm 0.5 17a 

Pd Electroless plating 11.4 μm 0.6 17b 
Pd CVD 3-5 μm 1 17c 

Pd-Ag Spray pirolysis 1.5-2 μm 1 17d 

Pd-Ag Sputtering 350 nm 1 17e 

Pd-Ag Sputtering 50 nm 1 17f 

Tab. 12.1: reference values showing membrane thicknesses and n-value used to fit the permeation data. 

 

Fig. 12.4 shows the usual range of n, which can be distinguished as a function of metal layer 

thickness (temperature range 350-500°C). 
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Fig. 12.4: n-exponent values vs membrane thickness 18. 

 

Fig. 12.5 show our gas permeation data plotted with n = 1 and Tab. 12.2 collects the perme-

ance estimates. 
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Fig. 12.5: permeation analysis of membrane sputtered for 45 min. 

 

Temperature (°) Permeance (10-6 mol / m2 s Pa) R-value fit 
Activation energy 

(KJ/mol) 

300 ≈ 1.50 0.9995 
8.5 350 ≈ 1.75 0.9994 

400 ≈ 1.95 0.9994 
Tab. 12.2: permeance of membrane sputtered for 45 min. 
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Permeation estimates of a thinner membrane, calculated in the same way of the model 

membrane, are reported in Tab. 12.3. The thickness of this membrane is slightly below 5 μm 

(shorter sputtering time). 

 

Sputtering 
time 
(min) 

Temperature 
(°C) 

Permeance             
(10-6 mol / m2 s 

Pa) 

Activation 
Energy 

(KJ/mol) 

35 
300 ≈ 1.35 

7.4 350 ≈ 1.50 
400 ≈ 1.70 

Tab. 12.3: permeance estimates of a membrane having a thickness slightly below 5 μm. 

 

Permeance estimates are compared to literature references, all regarding palla-

dium/palladium alloy membranes prepared by sputtering deposition onto ceramic sub-

strates (Tab. 12.4). 

Hydrogen  
Permeance 

(10-6 mol / m2 s Pa) 
- 

selectivity 

Experimental  
conditions 

Ref 

0.71 
- 

H2/N2 = 10 

ΔP = 300 kPa - Room temperature 
Pd82Ag18 (wt%) 

Membrane thickness < 1 μm 

19 

Range: 0.03 – 0.1 
- 

H2/He = 4-4000 

T range: 150-300°C 
Target: Pd75Ag25 

Membrane thickness: 164 nm - 525 nm. 

20 

Range: 0.1 – 0.2 
- 

H2/He = 80 

ΔP = 1 kPa - T = 300°C 
Sputtering from target Pd75Ag25 (at%) 

Membrane thickness: 0.1 – 1.5 μm 

21 

0.5 
- 

H2/N2 = 5 

ΔP = 1-20 kPa -T = 100°C 
Pure Pd membrane 

Membrane thickness: 5 μm 

22 

Tab. 12.4: literature references of palladium/palladium alloys sputtered onto ceramic substrates. 

 

Reference membranes have different thicknesses and were tested in a wide range of oper-

ating conditions but our membranes have higher hydrogen permeance values than the thin-

ner membranes reported. However, H2/N2 selectivity, the H2/N2 permeance ratio, is rela-

tively low and ranges from 15 to 23 in the temperature range 350°C-400°C. Probably, mem-

branes are not completely hydrogen selective (gas leakage), even if our selectivities are 

higher than the selectivity reported in Tab. 12.4. The activation energies are compatible to 
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the membranes prepared by Melendez et al.22b for analogous membranes. Nitrogen fluxes 

are reported in Fig. 12.6. 
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Fig. 12.6: N2 fluxes at 350°C and 400°C. 

 

The high permeability and low selectivity can suggest the presence of holes/defects and the 

need of thicker films. 

 

 

12.2.1. Post permeability characterization 
 

After the permeation tests, membranes were characterized by SEM and XRD analysis. Fig. 

12.7 shows the top views and cross section of membrane after permeation tests: 

    

Fig. 12.7: top view and cross section of membrane after permeation test. 
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From the top views picture we can recognize small pinholes localized at the surface of the 

membrane. Apparently, they do not go through the bulk of the membrane, as cross section 

shows. Cross sections picture showed that the former porous layer (deposited by the very 

short HiPIMS sputtering process before the dense layer) rearranged in a denser layer during 

the permeation test, while the original dense layer does not show any defects (voids, 

cracks...). The membrane still maintained a very good adhesion to the ceramic substrate; no 

peeling of the film was observed. HiPIMS technique allowed the deposition of a high quality 

membrane, as to adhesion to the substrate and compactness of sputtered layer, qualities 

still maintained after the permeation tests. 

Fig. 12.8 reports the XRD pattern of the membrane after the permeation tests: 
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Fig. 12.8: XRD patterns before and after H2 permeation test. 

 

After the permeation test, the XRD pattern shows peaks belonging to Pd-Ag alloy (Rietvield 

analysis: a = 3.935 Å, crystallite size 100 nm – GoF ≈ 4). No H-loaded phases were detected 

by Rietvield analyses; a small amount (< 5 wt%) of pure palladium was detected. 
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12.3. Permeation tests of vanadium based membranes 
 

Permeation data of V-Pd alloy (sputtering time 6h, 75 V bias applied, V = 700 W, Pd = 10 W, 

350°C, thickness ≈ 4 μm) are shown in Fig. 12.9 (A - data plotted according to n = 0.5; B – n = 

1)). No temperatures higher than 400°C were tested, as suggested by Alimov et al.23. 
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Fig. 12.9: permeation data at different temperatures of the V-Pd alloy: A) n = 0.5, B) n = 1. 

 

Considering the curvature of the curves for n = 0.5, also for this alloy the permeance values 

were calculated according to n = 1 and are reported in Tab. 12.5.  
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Temperature (°C) 
H2 permeance 

(10-7 mol / m2 s Pa) 
n value 

Activation energy 
(KJ/mol) 

300 ≈ 5.4 0.997 
10 350 ≈ 6.2 0.998 

400 ≈ 7.4 0.999 
Tab. 12.5: permeance values of V-Pd alloy. 

 

Permeance values increase with increasing temperature, a trend confirmed by Paglieri et 

al.23b for a thicker Pd/V-10Pd/Pd membrane. 

This membrane is a composite membrane, with thin layers of palladium at both sides of the 

vanadium core, to assure protection against oxidation and catalytic properties, so the overall 

membrane behaviour is a combination of palladium and vanadium alloy properties. Perme-

ance values are higher than the Pd-Ag alloy, confirming the properties of the vanadium 

based membrane as a good alternative to palladium based membranes. The H2/N2 selectivity 

at 400°C is 45; N2 flux is shown in Fig. 12.10.  
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Fig. 12.10: N2 flux at 400°C. 

 

Moreover, V-Pd membrane did not fail during tests (hydrogen loading, heating and cooling 

cycles), showing a very good behaviour in testing conditions and confirming V-Pd alloy a re-

ally good candidate for the preparation of hydrogen purification membranes. 

As to the V-Ni-Ti alloy, no permeation data were collected, since all the membranes tested 

cracked (Fig. 12.11) at the beginning of the tests, even if we set very low hydrogen  



178 
 

pressures. Probably, there are two main reasons: the stress induced by sputtering conditions 

(low pressures and high bias voltage) and the lack of NiTi phase (not revealed by XRD) that 

did not help the mechanical stability of the alloy. Prior to completely discard this alloy, alter-

native preparation routes should be tried, in order to understand if the failure of the perme-

ation test is correlated to the PVD process or if the predicted properties of this alloy do not 

find an experimental validation. 

 

 

Fig. 12.11: V-Ni-Ti membrane before and after the hydrogen permeation test. 

 

 

12.3.1. V-Pd post permeability characterization 
 

Fig. 12.12 shows the top view and the cross section of the membrane after the permeation 

test: 
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Fig. 12.12: top view and cross section of V-Pd alloy after the permeation test.  

 

The top view SEM picture shows small defects (pinholes), appeared after the permeation 

test; they are clearly visible in a higher magnification image. Backscattered SEM picture 

shows that the protective palladium layers are still present after the permeation test (Fig. 

12.13, the lighter layers). 

 

    

Fig. 12.13: backscattered electrons SEM picture of the V-Pd alloy cross section. 

 

The V-Pd alloy shows the same superficial defects of the Pd-Ag alloy: these defects seem to 

be confined only in the upper layer of the membrane and no defects are detectable in the 

bulk of the membrane. Membrane still showed a good adhesion to the substrate after the 

permeation test. 

Fig. 12.14 reports the XRD after the permeation tests (XRD analyses were performed on a 

composite membrane with a vanadium alloy core and palladium layers, so intense peaks of 

pure palladium were detected). 
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Fig. 12.14: XRD analysis of V-Pd composite membrane after the hydrogen permeation test. 

 

X-ray diffraction shows that after the permeation test a strong palladium signal is still de-

tected. The protective layers were not damaged during the test, assuring catalytic properties 

and protection to the vanadium core. 

SEM and XRD analyses revealed that for all the duration of the permeation test the compo-

site membrane maintained its properties and structural integrity; moreover, the maximum 

testing temperature of 400°C limited the palladium-vanadium interdiffusion phenomena, as-

suring a quite long-life to the membrane. 

 

12.4. Permeation tests of zeolite membrane 
 

 

When dealing with zeolite membranes, the unique method to evaluate the compactness of 

the zeolite layer is by permeation test, which can easily identify defects in the zeolite layer 

(mainly non zeolitic pores) that cause an incorrect measurement of permeance. 

Fig. 12.16 reports the flux/ΔP plot of zeolite membrane (mixture of LTA and HS zeolites) pre-

pared with an ageing step of 24h at 60°C followed by a hydrothermal synthesis of 2h at 

120°C. The membrane tested was ≈ 12 μm thick (Fig. 12.15). 
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Fig. 12.15: cross section of the zeolite membrane. 

 

The permeation tests were performed heating the membrane at the desired testing temper-

ature and then measuring the permeance value with hydrogen and nitrogen gases. We did 

not heat the membrane to remove the water inside the channels, because preliminary per-

meation tests revealed that this thermal treatment (very slow heating up to 200°C24) was 

detrimental for the compactness of the zeolite membrane (cracking of the membrane, re-

vealed by very high hydrogen and nitrogen fluxes). 

0 100000 200000 300000

0,00

0,08

0,16

H
2
 F

lu
x
 (

m
o
l 
/ 

m
2
 s

e
c
)

P (Pa)

45°C

70°C

 

Fig. 12.16: plot of hydrogen permeation flux vs pressure difference. 

 

Fitting the data with the equation 

 

JH2
= F(Ph −  Pl) 
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where  

 F = permeance value of the membrane (mol / m2 s Pa); 

 Ph = pressure of the high pressure side (feed side); 

 Pl = pressure of the low pressure side (permeate side). 

We found the permeance estimates of the membrane (45°C – 70°C, ΔP up to 0.3 MPa, Tab. 

12.6). 

 

Temperature (°C) H2 permeance 
(10-7 mol/m2 s Pa) 

N2 permeance 
(10-7 mol/m2 s Pa) 

H2/N2 selectivity 

45 ≈ 2.20 ≈ 0.70 3.14 
70 ≈ 5.70 ≈ 1.40 4.07 
Tab. 12.6: permeance values and selectivities of zeolite membrane. 

 

Zeolite membranes can be affected by defects as non-zeolitic pores (with an incorrect esti-

mation of permeance value); selectivity is a useful parameter to evaluate the separation 

process and the quality of membranes. 

Tab. 12.7 reports some reference permeance values, regarding both HS and LTA zeolites: 

 

Zeolite 
Gas permeance 

(10-7 mol / m2 s Pa) 
Experimental conditions Ref 

HS H2: 1.14 ΔP = 0.1 MPa – RT 25
 

HS H2: 0.388 ΔP = 0.2 MPa – 50°C (four layers) 24
 

HS He: 0.8 ΔP = 0.05 MPa – RT (direct synthesis) 26
 

LTA H2: 2.86 ΔP = 0.1 MPa – 25°C 27
 

LTA H2: 2.7 ΔP = 0.2 MPa – 50°C 28 
LTA H2: 4.8 – 6.5 ΔP = 0.1 MPa – 23/107°C 29 

Tab. 12.7: LTA and HS reference values. 

 

Reference zeolite membranes were tested in different conditions and various permeance 

values were reported; reference selectivity values are in general low (< 10, Tab. 12.7 works 

and references therein). We tested our membrane in a wider pressure range than the most 

common ΔP reported in literature, and the permeance estimates found are quite similar to 

literature works. The comparison cannot be done by simply comparing our membrane to 

reference membrane, since 1) the zeolite reported are pure zeolite membranes and 2) the 

thicknesses are different. Even if there is a mixture of LTA and HS phases, selectivity values 

are comparable to literature references, which means that the surface coverage is good. 
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13. Closing remarks and future work 

 

13.1. Closing remarks 
 

 

The research had the task to evaluate the membrane concept we developed (thin selective 

layer deposited onto porous ceramic substrate), in all its main aspects (porous ceramic prep-

aration, deposition of thin membrane layer, testing of the membrane to analyse the perme-

ation performance) before the final scaling up in a pilot reactor apparatus, to test mem-

branes in real conditions. 

After preliminary tests, which involved the study of partial sintering of alumina and the use 

of different pore formers, we developed a process to prepare very good porous ceramic sub-

strates, starting from very cheap materials in order to reduce the final cost of the ceramic 

substrate. Our research pointed out that PMMA 1.5 μm is a suitable pore former, since we 

could prepare a ceramic substrate with high bulk porosity (> 35%), pores interconnection 

and a surface porosity closed enough to deposit a selective layer without defects. We met all 

these targets preparing a starting powder mixture having 65 vol% of PMMA and 35 vol% of 

aluminium oxide. The optimization of pellets sintering, required in order to avoid pellets 

deformation during sintering, was performed by dilatometric analyses, and studying the 

shrinkage behaviour of several pellets the most suitable sintering route was finely tuned. 

Planar pellets were prepared, and after surface finishing they were available for the selective 

layer deposition step. 

For the deposition of the metallic membranes, we employed for the first time the recent 

HiPIMS technology and, after a series of preliminary tests dedicated to a fine tuning of the 

sputtering conditions (targets power, deposition pressure, HiPIMS pulses duration and so 

on), we achieved good and encouraging coatings. The deposition of a metal layer with the 

correct stoichiometry and good adhesion to the substrate was the main task. HiPIMS mem-

branes completely outclassed DC magnetron sputtering membranes, and HiPIMS technology 

revealed as a very competitive technique. In order to apply a bias to the insulating substrate, 

we split the deposition process into two parts, depositing a thin porous metal layer before 

the main deposition in order also to create an interlayer that can reduce problems due to 
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the different thermal expansions. Once all the sputtering parameters were optimized, the 

preparation of a high number of membranes in a very short time was possible, demonstrat-

ing that big production rates can be pursued. This work extended the uses of HiPIMS tech-

nology, since we demonstrated that this technique can be used not only to prepare hard 

coatings (the main HiPIMS application) but even membranes for hydrogen separation, with 

the requirements of a very fine control of final alloy composition and adhesion to the sub-

strate. 

Moreover, in this work we investigated alternative metals to prepare membranes for hydro-

gen separation and purification, to meet the European Community guidelines concerning the 

use of critical elements. We investigated two alloys (both vanadium based alloys): a binary 

alloy and a ternary alloy. These membranes, prepared by HiPIMS and DC magnetron sput-

tering, were successfully deposited onto ceramic substrates. The binary alloy was deposited 

by HiPIMS and the experience gathered with palladium-silver alloy was very useful to find 

the correct parameter combinations. The ternary alloy, prepared by DC magnetron sputter-

ing, was deposited onto the ceramic substrate after a preliminary series of tests performed 

onto dense stainless steel, to find the best sputtering conditions, which involved the use of 

low pressures and high bias voltages. Vanadium alloys needed a very thin layer of palladium 

or palladium alloys on both sides to promote the dissociation and re-association of the hy-

drogen molecule. This requirement prevented us to thermally treat at high temperatures (> 

400°C) the membranes, in order to favour a better crystallization of the alloy or a complete 

conversion into the desired phase, due to the intermetallic diffusion between palladium pro-

tective layers and vanadium core. 

As to zeolite membranes, we studied a simplification of the synthetic process, in order to 

prepare zeolite membranes in only one step. We studied the ageing step of hydrogel and the 

hydrothermal synthesis, finding suitable experimental conditions to prepare pure hydroxy-

sodalite membranes. The fine tuning of the synthesis was not ordinary, since small variations 

of the experimental parameters brought about the growth of membranes with different 

characteristics, as to surface coverage of porous substrate and phase. A mixture of zeolite 

type A and hydroxy-sodalite was the final choice; membranes having the double zeolite 

phase showed a really good ceramic substrate surface coverage, with nice gastight proper-

ties, which made them good candidates for permeation tests. 
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All membranes were tested in a permeation test station entirely developed at CNR-ICMATE, 

including design of the apparatus and the Labview interface developed to control the per-

meation measurements. Palladium based membrane showed promising hydrogen perme-

ance values, once compared to other reference membranes having the same layout and 

similar thickness (≈ 5 μm). Apparently, membranes did not show defects after the permea-

tion test, but a further study (thicker membranes) is underway in order to improve the selec-

tivity parameter, since it is well below the state-of-the-art palladium membranes.  

V-Pd alloy showed promising permeance values, with a good stability for all the duration of 

the permeation test. No comparison with other similar membranes was possible, since it is 

the very first time that this alloy is prepared by PVD process; these first results are very en-

couraging and justify the expectation about this alloy, a really good candidate to develop a 

new generation of membrane for hydrogen separation. On the other hand, the theoretical 

alloy V-Ni-Ti, although the as prepared sputtered samples seemed to be promising, showed 

membrane failure during permeation testing, and no permeance values were collected. 

Zeolite membranes showed encouraging permeance performances. 

13.2. Future works 
 

The next part of the research involves the gathering of permeation data concerning thicker 

Pd-Ag(23 wt%) and V-Pd membranes, to better comprehend the mechanisms involved in the 

permeation process and improve the selectivity parameter and improve selectivity. The alloy 

preparation onto ceramic substrate is only a part of the entire research work, since, after the 

deposition, membranes have to be tested to verify their performance and reliable testing 

conditions must be found and approved. 

However, this research demonstrated that our membrane concept prototypes work well and 

the entire production chain, from the ceramic substrate preparation to the alloy deposition, 

combines well developed sequential steps with high production rates. 
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