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Abstract: The use of hydrogen is pivotal for the energy and industrial transition in order to mitigate
the effects of climate change. As technologies like fuel cells, e-fuels, and the semiconductor industry
increasingly demand pure hydrogen, the development of efficient separation methods is crucial.
While traditional methods such as pressure-swing adsorption are common, palladium (Pd)-based
membranes are a promising alternative due to their energetic efficiency. This review summarizes the
recent advances in Pd-based membranes for hydrogen separation over the last six years. It provides a
theoretical overview of hydrogen permeation through membranes and examine the characteristics of
various Pd alloys adopted in membrane fabrication, discussing the advantages and disadvantages of
binary and ternary alloys, for different membrane types, including self-supported and supported
membranes, as well as the role of intermediate layers. Additionally, the membrane characteristics
used in some recent works on self-supported and supported Pd membranes are analyzed, focusing on
operational parameters like permeability, selectivity, and durability. Finally, this review emphasizes
the significant progress made in enhancing membrane performance and discusses future directions
for industrial applications.
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1. Introduction

One of the major challenges our society is facing today is represented by the effects of
climate change. According to the World Meteorological Organization (WMO), the mean
temperature on the Earth’s surface has reached a new record increase of +1.45 °C above
pre-industrial levels [1]. In this scenario, where the limit of 1.5 °C set during COP26
is close to being reached, the target is to mitigate global warming effects. Increasing
decarbonization and reducing greenhouse gas (GHG) emissions are the first steps towards
this goal. Hydrogen plays a key role in the energy transition because its combustion
or oxidation does not emit GHG. In addition, it can be produced by renewable sources,
completely avoiding these emissions [2]. Depending on the production process, hydrogen
can be categorized into different colors:

*  Brown or black: produced by coal (lignite or bituminous coal) gasification;

¢ Grey: produced via steam reforming of methane;

*  Blue: produced via steam reforming or gasification but with the adoption of Carbon
Capture Utilization and Storage (CCUS) technologies;

*  Turquoise: produced via methane pyrolisis;

*  Yellow: produced via electrolysis using the electricity from the grid;

e  Pinkorred: produced via electrolysis or thermo-catalysis through the energy (electrical
or thermal) derived from nuclear plants;

*  Orange: produced by biomass [3];
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e Green: produced using renewable sources [4].

Currently, hydrogen is mostly produced from fossil fuels, but novel production meth-
ods involving recycling, for example, of waste plastics [5], are being actively investigated.
Approximately 62% of global hydrogen is produced from natural gas, with or without
CCUS, and 21% from coal, with only 0.1% derived from electrolysis [6]. The International
Energy Agency reported a growing use of hydrogen predominantly within traditional
sectors, including the refinery and chemical industry. However, hydrogen adoption in
other sectors like heavy industry (hard-to-abate sectors) and transport is increasing [6]. In
the transport industry, besides recent research on hydrogen storage [7-9], pure hydrogen is
required for the adoption of Proton Exchange Membrane Fuel Cells (PEMFCs) which are
highly sensitive to carbon monoxide poisoning [10]. Hydrogen produced via electrolysis
is not widely used for this purpose, because the hydrogen adopted in fuel cells needs to
be particularly pure following the requirements stated in the ISO 14687:2019 [11]. There
are several physical and chemical methods used for hydrogen purification [12]. Among
the physical methods, the ones that guarantee the highest hydrogen purity are Pressure
Swing Adsorption (PSA) [13] and membrane separation, in particular with dense metal
membranes [14]. Various studies have been conducted on dense metal membranes, partic-
ularly for palladium-based (Pd) membranes, which represent the most widespread and
investigated types. In the last six years, several reviews on membranes for hydrogen sepa-
ration have been published. The most comprehensive ones include a summary of modern
hydrogen production technologies involving membranes and membrane reactors [15-18];
a review on the state of the art on the Water—Gas Shift reaction including membrane
reactors [19]; the performances of Pd-based membranes [20-22]; and the applications of
Pd-based membranes for low-pressure hydrogen isotopes in nuclear fusion [23]. The devel-
opment of Pd-based membranes is an active topic in the scientific community according to
the number of papers published in the last six years, with a peak in the number of articles
in 2020, as shown in Figure 1 and in Tables 1 and 2 (Scopus database). This review provides
an overview of the state of the art of Pd-based membranes and the significant progress and
direction taken by researchers in the last few years.
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Figure 1. Publications on Pd-based membranes for hydrogen separation in last 6 years.

Table 1. Publications on Pd-based membranes for hydrogen separation in last 6 years.

Year Number of Publications
2024 11
2023 14
2022 14
2021 21
2020 28

2019 18
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Table 2. Major investigators of Pd-based membranes for hydrogen separation in the last 6 years.

Researcher Number of Publications
Gallucdi, F. 11
Sanz, R. 7
Calles, J. A. 7
Alique, D. 7
Martinez-Diaz, D. 5
Chen, W. H. 5

2. Hydrogen Permeation through Membranes

Membranes are defined as selective barriers that allow some substances to pass
through while blocking others. Hydrogen permeation through selective membranes has
been extensively studied. An overview of membranes used for hydrogen purification is pro-
vided in Figure 2. There are four major types of membranes: inorganic, metallic, polymeric,
and proton-conducting membranes. Inorganic membranes can be divided into mesoporous
and microporous membranes, depending on the porous dimension; for example, zeolites
belong to micro-porous membranes. Proton-conducting membranes are divided into dense
ceramic membranes, which include perovskites, and cermet membranes. Dense metallic
membranes include Pd-based membranes, which are the most used ones due to the specific
characteristics of Pd. Palladium (Pd), which was discovered in 1803 by William Hyde Wol-
laston, has the capacity of dissociating hydrogen gas into its mono-atomic form, absorbing
about 600 times its volume in hydrogen [24]. This is due to its electronic configuration 1s?
2s? 352 4s? 3d10 4p® 4d1°0 55; the overlapping energy bands between the 4d and 5s orbitals
of Pd confer the property of accepting donor electrons from other atoms [25]. Hydrogen
permeation happens in seven steps, as illustrated in Figure 3:

Diffusion of molecular hydrogen through the surface of the membrane;
Dissociation of molecular hydrogen on the palladium surface;
Dissolution of atomic hydrogen into the bulk metal;

Diffusion of atomic hydrogen through the bulk metal;

Association of atomic hydrogen on the palladium surface;

Desorption of molecular hydrogen from the surface;

Diffusion of molecular hydrogen from the surface [26].
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Figure 2. Types of membranes used for hydrogen separation.
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Figure 3. Adsorption-desorption mechanism in Pd-based membranes, adapted from [27].

The permeation of hydrogen (H;) through a metallic membrane follows the steady-
state diffusion mechanism of a gas into a metal, modelled by Fick’s law in Equation (1):

aC
=D 1
J=-D5; ™
where | is the diffused flux, D is the diffusion coefficient, and dC/dx is the concentration
gradient. In gas diffusion, both concentration and pressure gradient participate. For gases,
the relationship between concentration and pressure is a constant set by Henry’s law in
Equation (2):

Sy = Cgas

P )
where S is a constant defined as the ratio of the non-dissociative gas concentration in a
solid or liquid at dilute concentration Cg,s to its vapor pressure Pggs. Typically, obtaining
information on the concentration gradient is challenging, and Fick’s law (Equation (1))
is rearranged using Henry’s law (Equation (2). The constant Sy is also referred to as the
solubility S and it is measured as a concentration per unit of pressure. The Hy molecule is
dissociated in the atomic form before permeation through the membrane, and the German
chemist Adolf Sieverts refined Henry’s law, demonstrating that for diatomic gases, such as
Hy, the solubility is a function of the square root of the pressure:

Ch
Su =
12

PH2

)

Equation (3) is called Sieverts’ law. Substituting Sieverts’ law in Equation (1)
and rearranging:

aP/? AP}/?
=D-S§S. 2 ~¥D.S. 2
Jo, =D S — DS — ()

where Ax is the membrane thickness, which can be approximated by x. The H flux is
expressed in mol- m~2-s~land (Equation (4)) can be rearranged to obtain the moles that go
through the membrane, multiplying with the active membrane surface (A) and the time (¢)

A
Q:]-A-t:D~S-;-AP}1€2-t (5)
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The product between the diffusivity and the solubility is the permeability K defined
as the property of a gas to diffuse through a solid material. Differentiating the moles with
respect to time, an expression for molar flow is obtained in Equation (6):

~ A 1/2
Q=K-2-APY ©)

The definition of the permeability K leads to a simplified expression for the Hy flux is

reported in Equation (7)
prn _ pn

]Hz =K- (le) 7)
where PJ' is the H; partial pressure on the feed side, P’ is the H, pressure on the permeate
side, and 7 is the coefficient for the diffusion mechanism that can vary between 0.5 and 1,
depending on the type of membrane (metallic or porous). Both solubility S and diffusivity
D follow an Arrhenius-type relation, and so does the permeability. These relations are
reported in Equations (8)—(10):

—Eg

S=Sp-eRT (8)
_ED

D =Dy e®F 9)
—Eg

K= KO -eRT (10)

where Eg, Ep,Ek are the activation energies. The three activation energies are linked by
Equation (11):
Ex =Es+Ep (11)

To normalize the permeability, typically, the permeance is reported, defined as the
ratio between permeability and membrane thickness (Equation (12)):

K
Ke=— =] =Ke (P — F}) (12)

Another important parameter is selectivity, which is defined as the membrane’s ability
to allow one specific gas to diffuse through while restricting others. This is typically esti-
mated by evaluating a gas mixture containing two elements (A and B) using Equation (13):

§ = (]/A/]/B)permeate

13
(yA/yB)feed (13)

Two other important parameters adopted to evaluate the performance of membranes
are based on molar ratios:

* recovery S, defined as the ratio between permeated and feed gases, reported in
Equation (14):
s, =1 (14)
i

where g, is the permeate flow and g is the feed flow.
*  volume reduction VR, defined as the ratio between feed and retentate flow, reported
in Equation (15):

VR = ’Z]l (15)

3. Characteristics of Palladium and Its Alloy Membranes

Dense membranes are characterized by the highest hydrogen permeability at a wide
range of temperatures. The metals that exhibit the highest hydrogen permeability in-
clude niobium, vanadium, tantalium, and palladium. The first three metals provide
hydrogen permeabilities in the order of 1077 and 10~° mol- m~!- s~1. Pa=%5 [28]. How-
ever, their hydrogen permeability is effective only between 350 °C and 650 °C, as they
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are susceptible to significant hydrogen embrittlement due to their Body-Centered Cubic
(BCC) structure [29]. Palladium, on the other hand, provides lower hydrogen permeabil-
ity (around 1078 mol- m~!. s~1. Pa~05) but at a wider temperature range [28], due to its
Face-Centered Cubic (FCC) structure, which makes this metal more resistant to hydrogen
embrittlement [29]. However, at the temperature of 295 °C, called critical temperature
(Tc), there is the coexistence of two phases: an interstitial solid solution («) and a Pd
hybrid phase (). Both have the FCC structure but different lattice parameters, and their
coexistence occurs in a lattice volume expansion of 10% that generates internal stresses,
which can lead to membrane failure after repeated sorption and desorption cycles [30].
Another drawback of using palladium membranes is poisoning by other molecules such
as carbonaceous species, carbon monoxide and propene, and hydrogen sulfide. Carbon
monoxide interferes with Pd active sites, blocking hydrogen adsorption in these sites [31].
Propene poisoning, on the other hand, involves the decomposition of the molecule on
the membrane surface into species that modify the electronic structure of Pd, reducing
its ability to dissociate molecular hydrogen in atomic form [31]. The carbon monoxide
poisoning effect decreases with temperature, while propene poisoning increases with
temperature [31]. Hydrogen sulfide poisoning involves two steps:

1.  Adsorption on the Pd-based membrane surface;

2. Dissociation of hydrogen sulfide:

HyS — H" + SH™
SH™ — H' + 8%~
The sulfur ion adsorbed in Pd bulk is bound into the FCC structure and blocks hydro-
gen adsorption in the contiguous sites [32]. Furthermore, the increasing cost of palladium
over the years drove the research towards exploring palladium alloys to overcome these
limitations. The palladium price in the last 16 years is reported in Figure 4.
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Figure 4. Palladium price over last 16 years [USD/toz] [33].

3.1. Palladium Alloys Adopted in Membrane Fabrication

The most investigated and commercially adopted Pd alloy is the silver alloy with Ag
content between 20% and 25%. The Pd-Ag alloy is less expensive than pure Pd, can be used
at lower temperatures due to lower T, (around room temperature), and provides higher
permeability values than pure Pd; on the other hand, Pd-Ag alloys are more sensitive to
CO poisoning than pure Pd because there are less Pd active sites [31]. Another drawback of
Pd-Ag membranes is the formation of Hy bubbles on the grain surface at high temperatures
(above 450 °C), independent of the fabrication method [34]. Other Pd alloys that have
been explored contain copper, ruthenium, gold, yttrium, and nickel. A summary of the
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advantages and disadvantages of Pd alloys is reported in Table 3. Pd-Cu alloys are also
well-investigated membranes, because of their chemical and thermal stability. Cu has
been shown to reduce the temperature where the membrane is subjected to hydrogen
embrittlement [35,36]. Jia et al. investigated the behavior at high temperatures and found
that the Hp flux permeation started to decrease after reaching 650 °C [37]. However,
reversible loss of Hy permeation and selectivity towards H,S were reported by Acha
etal. [38]. Gold is also a well-known alloying element with Pd because it enhances hydrogen
permeability over pure palladium. Dalla Fontana et al. evaluated the influence of CO,
CO,, and H3S on a supported Pd-Au membrane, reporting a nearly complete resistance
to COy, but higher poisoning from CO and HjS. In the presence of CO, the membrane
showed a loss of 89% of H, permeance, recovered after 1 hour in the presence of only Hj
at process temperature (400 °C). In the presence of H,S, they reported a loss of 34% of the
original permeance, which could be recovered only by increasing the process temperature
to 500 °C for 12 h [39]. Pd-Y is the alloy that guarantees the highest permeability, but it
has difficulties in realization, and corrosion problems limit its adoption. Sensitivity to
hydrocarbons and carbon monoxide have also been reported [40]. Ruthenium is indicated
for low-temperature application compared to other alloys (below 200 °C) [41] and provides
a resistance to H;S poisoning, as reported by [42]. On the other hand, Pd-Ru membranes
showed a reduction in Hj selectivity at 550 °C and bubble formation on grain surface
deteriorating the membrane [43]. Omidifar et al. [44] fabricated a 2 um thick Pd82-Nil8
membrane via electroless-plating (ELP) to reduce cost. When they tested the permeance of
the membrane in pure H, and with other contaminants, they showed an infinite selectivity
towards Ny, reduced permeance with pure Hy compared to other Pd-Ni membranes with
higher Pd concentration, and a reduction of around 50% in permeance in the presence of
contaminants like CO and CO;. The stability test reported no changes in H, during the
150 h of the test. The authors conducted a cost analysis, demonstrating that the Pd-Ni alloy
had a 38% lower specific cost compared to a pure Pd membrane.

Table 3. Advantages and disadvantages of binary Palladium alloys.

Element Advantages Disadvantages Ref.
*  Lessexpensive Sensible to CO poisoning
Silver (Ag) ® Commerc.lz‘llly adopted ) Sensible to H,S poisoning [25,31,34,35]
. Less sensitive to hydrogen embrittlement Low durability
. Increased Hydrogen permeability
J Higher mechanical stability and durability
. Resistance to CO poisoning
Copper (Cu) o Resistance to C3Hg poisoning Sensible to H,S poisoning [25,35-38,45]
. Resistance at high temperatures (until 650 °C)
. Higher permeability than Pd
. Higher permeability than Pd Sensible to CO poisonin
Gold (A et b y P & 37,39
old (Aw) . Resistance to CO, poisoning Sensible to H,S poisoning [ |
. - Realization difficulties
Yttrium (Y) *  Highest H, permeability Sensible to CO poisoning [25,40,46]
Corrosion problems in oxidative activation
. Low temperature permeation (below 200 °C) Hydrogen selectivity reduced with the
Ruthenium . Good thermal stability temperature above 550 °C; [41-43]
(Ru) e Mechanical properties Bubble formation on grain surface at .
. Resistance to H,S poisoning high temperatures.
Reduced permeation than pure Pd
Nickel (Ni) ~ °  Reduced cost than pure Pd Sensible to CO poisoning [44]

Stability

Sensible to CO, poisoning
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Ternary Alloys

Following the recent coating techniques, various Pd-based ternary alloys were investi-
gated. Bosko et al. [21] published a review on the performance of Pd-Ag-Au, Pd-Cu-Au,
and Pd-Cu-Ag supported membranes. De Noojer et al. [47] tested the influence of HS on
various Pd-Ag-Au membranes, demonstrating that increasing the Au percentage does not
affect the recovery of the membrane from H,S contamination. In order to reduce membrane
costs, ternary alloys, including nickel, were tested. Escalante et al. [48] tested four ELP
Pd-Ni-Au membranes with nickel percentages ranging from 29 to 54%, showing nearly
infinite selective stability to N, and good thermal stability after hydrogenation and de-
hydrogenation cycles at different temperatures. As expected, palladium concentration had
the strongest influence on permeability. Indium was tested as an alloying element to modify
lattice parameters, resulting in increased permeation properties. Chen et al. [49] prepared
two Pd-Ru-In membranes via ELP with In concentration of 1 and 2%, respectively. Indium
positively affects H, permeation by doubling and increasing by 50% the H, permeability
compared to Pd-Ru membranes at 350 and 500 °C, respectively.

3.2. Membrane Types

Equation (7) links the H; flux that crosses the membrane to the membrane thickness,
showing their inverse proportionality; the thicker the membrane, the higher the H; per-
meating flux. At the same time, the increasing cost of palladium over the last 10 years,
reported in Figure 4, drove researchers to investigate various fabrication methods to reduce
the thickness of the membranes. Pd-based membranes are categorized into two main types:
self-supported and supported, based on whether a porous substrate is used to support
thick Pd layers. Figure 5 illustrates this classification of Pd membrane types.

TN

Pd-Membranes

-

A ="
Self-supported Supported
~— N

—/—\
With Intermediate
Layer

N’

L 7~

Without intermediate
layer

N

Figure 5. Pd-based membrane configurations.

3.2.1. Self-Supported Membranes

Self-supported Pd-based membranes were typically fabricated through cold rolling,
but electroless plating (ELP) was also adopted to achieve a defect-free and mechanically
stable 25 pm thick membrane [50]. Currently, research on self-supported membranes is
mostly focused to the nuclear sector, more specifically in tritium breeding, a technology
adopted for recycling tritium after the deuterium-tritium (D-T) fusion reaction, where the
product is a stream of helium and tritium. Wang et al. [51] tested a cold-worked 80 um
Pdg,Ys self-supported membrane for H, permeation in H, /He streams. The membrane,
tested with Hy concentration of 0.1% mol and 0.33% mol, exhibited a permeability of
3.43 x 1078 mol-m~1-s~1.Pa~?? at 400 °C. The tests were conducted with variable flow
rates (from 7 to 21 standard liter per minute, SLM) and the H, recovery showed a decrease
with increasing flow rate (from 97.74% to 95%) at 21 SLM with 0.33% mol of Hj in the
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mixture. Combining the properties of Pd-Y and Pd-Ag alloys, Fuerst et al. [52] tested a
76 um self-supported Pd-Ag membrane in a mixture of deuterium (3.95%) and helium in
various combinations of feed pressure and temperature, with permeate pressure of 1 Pa,
observing that the permeation values were lower than the values reported in the literature
both in pure deuterium and in the mixed gas test. Jazani et al. [53] tested a Pdgy Ag15Y3 alloy
following the condition y + 3x < 24 for Pdyoo—x—yAgyYx [54]. They fabricated a 38 pm
thick self-supported membrane by cold rolling and evaluated the performances at 400 °C
and pressures ranging from 1.0 to 3.0 bar. The permeation tests showed a better fit, with
an n-value of 0.9, attributed to the presence of Ag and Y. The test achieved a permeability
of 1.95 x 1078 mol-m~1-s71.Pa~05, which is higher than Pd-Ag membranes and lower
than membranes with higher Y content, as reported in the literature. They also tested
the performance with different gas mixtures, Hy and Ny, CO,, CHy, and CO, reporting
decreases in H, permeation in the following order: CO > CO, > CHy4 > Nj. The highest
reduction in H, flux was observed in the test with 40% CO.

3.2.2. Supported Membranes

As an alternative to self-supported membranes, in the last two decades, researchers
have focused on reducing membrane thickness to improve hydrogen permeability and
reduce costs. Thicker Pd layers require a porous substrate as support for mechanical and
thermal stresses. The major investigated supports are metallic or ceramic ones, in particular,
porous steel support (PSS) and alumina (Al,O3), both in & and v structures [55,56].

Stainless steel supports offer suitable thermal expansion coefficients for industrial
devices but present challenges in preparing ultra-thin H; selective films due to high surface
roughness and large pores. In recent years, various characteristics of Pd-PSS membranes
were tested. Chen et al. [57,58] evaluated the impact of vacuum operation on a 7 um thick
Pd membrane deposited on a PSS substrate modified with «-Al,O3 particles. In all their
tests of H, permeation alone and with other gases (N, CO, CO,), they observed a positive
influence of vacuum operation despite the same pressure gradient and the presence of
contaminants; the higher the degree of vacuum, the greater the permeated flow rate of
H,. However, the improvement in vacuum decreased with increasing temperatures. Tosto
et al. [59] evaluated the effects of concentration polarization effect by N and inhibition
effect by CO in three membranes prepared by Electroless Pore-Plating (ELP-PP) and ELP on
PSS supports. The lowest concentration polarization and inhibition coefficients were found
in the ELP-PP membrane without intermediate layers. PSS supports were also adopted by
Peters et al. [34] to evaluate the formation of Hp bubbles on grain boundaries of the surface
of Pd-Ag membranes.

Ceramic supports facilitate the preparation of ultra-thin Pd layers due to lower rough-
ness and controlled pore distribution, but they face challenges regarding thermal resistance
and device fitting. Studies on the concentration polarization and competitive adsorption
were conducted by Yue et al. [60] on Pd-Al,O3-supported membrane fabricated with ELP.
Magnone et al. [61] tested the effect of the ELP temperature on the H, permeation with a
Pd-Al,Os-supported membrane, demonstrating that higher ELP temperature produced
higher H, molar flow rate. This relationship was validated by the thicker Pd layer obtained
with increasing process temperature.

In addition to PSS and Al,O3 supports, the durability of Pd-supported membranes on
tantalium support was investigated by Park et al. [62], highlighting the connection between
loss of permeation and temperature; higher temperature correlated with faster reduction
of Hy permeated over time. Tests on Pd-Cu and pure Pd on Ta support membranes were
performed [63], demonstrating higher stability (losing only the 50% of the H, permeated in
6 h) instead of lower permeability compared to the pure Pd membrane. Yttrium-stabilized
Zirconia (YSZ) was investigated as a support under a Pd-Au ELP-fabricated membrane [64].
The authors tested the effect on H, permeation with a binary mixture of 50% H; and
50% CO with different Au percentages and showed that the alloy with 41% of Au exhibited
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no degradation in the presence of CO through the entire test period. A summary of the
characteristics of the membranes reviewed above is provided in Table 4.

Table 4. Membrane characteristic of some of the recent works regarding self-supported and supported
Pd membranes.

Preparation

H, Permeability/

Membrane Method Opg [um] T [°C] AP [kPa] Permeance XH2N2 Ref.
Pd-Y Cold-Rolling 80 400 25-300 343 x10°8M N.D. [51]
Pd-Ag Cold-Rolling 76.2 400 ~90 ~8x107° M N.D. [52]
Pd-Ag-Y Cold-Rolling 38 400 200 1.95 x 10-8 M ) [53]
Pd/v-Al,O3 ELP 8.8 350 100 ~4 %1076 @ 345 [55]
Pd-Au/a-Al,O3 ELP 8 400 50 3.87x107% @ 500 [56]
Pd/Modified-PSS ELP 7-8.53 320-380 202.6 1.47-2.07 x1076 @ 92—c0 [57,58]
Pd /PSS ELP-PP 20 395 200 ~25%x1074@ >1000 [59]
Pd-Ag/PSS MS 10 450 400 34x10°8M 39,000 [34]
Pd/Al,O3 ELP 5 350 30-100 49 x 1079 7935-37,640 [60]
Pd/Ta ELP 1 450 250 59-122 x1078 M N.D. [62]
@ Permeability in mol'm~1-s71.Pa=05; (2) Permeance in mol-m~2-s~1-Pa—05.

3.2.3. Intermediate Layers

To overcome the limitations of metallic supports, researchers are investigating the
adoption of ceramic intermediate layers. These layers should possess a thermal expan-
sion coefficient that aligns between the metal support and the Pd-based membrane [65].
One of the most promising intermediate supports is cerium oxide (CeO;) for Pd-based
membranes deposed on PSS [65]. Salome Macedo et al. [66] tested three different particle
sizes of CeO; (0.1, 3.4, and >10 um) as an intermediate layer on a Pd-based membrane
on AISI 316L SS support with deposition of palladium by ELP-PP. The medium particle
size (3.4 um) that resulted in a Pd layer thickness of 6.3 um exhibited the highest Hj
permeability (3.19 x 10~% mol-m~!-s~!-Pa~) and high H, selectivity in a test conducted
with Nj. Martinez Diaz et al. [67-69] tested the adoption of various types of CeO; as
intermediate layers in Pd-PSS membranes fabricated by ELP-PP, including raw, Pd-doped,
and mesoporous ceria (pore size between 10 and 12 nm) as an intermediate layer for a
resulting 10 um thick Pd membrane and different flux directions. The testing configura-
tions, determined by the sequence in which the feed gas encountered them, is referred
to as either IN-OUT or OUT-IN (Figure 6). In the IN-OUT configuration, the feed gas
initially interacts with the PSS layer, followed by the Pd-based membrane, a configuration
typically adopted in self-supported membranes. Conversely, in the OUT-IN configuration,
the feed gas first comes into contact with the Pd-based layer and subsequently the PSS
substrate. The permeation tests resulted in higher Hy permeability with the mesoporous
CeO, (1.03 x 108 mol-m’l-s’l-Pa’O'S) than other tests, an infinite selectivity towards
N (higher than 24,000), and an assessment of the thermal and mechanical stability of
the new membranes. Graphite as intermediate layers was also tested [70], showing an
ideal selectivity towards N, and a good mechanical stability in the two configurations,
OUT-IN and IN-OUT (see Figure 6). Other intermediate layers adopted on PSS substrates
are zeolites, like NaY and silicoaluminophosphate zeolite (SAPO-34) [71,72]. The zeolites
were deposited by vacuum-assisted seeding and secondary growth, and the Pd-based layer
was obtained by ELP. In the two series of experiments, the authors reached a H, permeance
of 3.81 x 107* and 2.47 x 10~* mol-m~2.s~1.Pa~%5, respectively, a selectivity towards
N, of 736 and 866, and also a proof of their stability in tests of 130 and 260 h at 450 °C.
Sanz-Villanueva et al. [73] used Pd-doped Santa Barbara Amorphous silica (SBA-15), which
is widely used as support for catalysts, as an intermediate layer on a PSS support with the
Pd layer deposited through ELP-PP. They assessed the positive influence of pre-activating
SBA-15 with Pd nuclei on H; permeance, on the reduction of the Pd-based layer, and on
the mechanical and thermal stability.
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Figure 6. In-Out (a) and Out-In (b) configuration for supported membrane with intermediate layer.
The impact of the absence of an intermediate layer was also investigated by Iulianelli
et al. [56] using a Pd-Au/Al,O3 supported membrane, demonstrating that the presence
of the intermediate layer did not affect the activation energy but increased the membrane
resistance to thermal cycles and degradation. De Moura Silva et al. [74] analyzed the
effect of adding a graphene oxide (GO) layer on a Pd/Al,O3-supported membrane on Hy
permeation and selectivity towards Nj and reported a significant increase in membrane
selectivity. Zeolite-like materials, such as Nantronite, were tested as an intermediate layer
on Al,Oz-supported membranes to avoid costs connected to the adoption of ultra- or nano-
filtering ceramic substrates. Huang et al. [75] analyzed the permeation and the stability of
Nantronite 15-A as an intermediate layer for Pd/Al,Os membrane and found an increase
in Hy flux and selectivity after 192 h of testing at 450 °C and a pressure gradient of 1 bar.
Another support investigated in recent years is niobium (Nb) and its alloys. In these
supported membranes, an intermediate layer is required because of the inter-diffusion
of Pd into Nb at high temperatures. Graphene used as intermediate layer for Pd/Nb
membranes [76] was found to be inefficient because of cracking, following the diffusion
of Pd into the support. Liang et al. [77] tested the adoption of a hafnium nitride (HfN)
layer to inhibit the inter-diffusion of the Pd into the Nb3(Ti35CO35 support. The membrane
was prepared by magnetron sputtering (MS) with a resulting Pd-based layer of 1 um, and
decreases in Hy were detected only at high temperatures (above 550 °C). A synthesis of
experiments with intermediate layers in Pd-supported membranes is reported in Table 5.
Table 5. Recent works adopting intermediate layers on supported Pd membranes.

Membrane Pr;f;ﬁé?n Opg [um] T [°C] AP [kPa] };,zef;r‘;:sﬁ?tc;/ XH2IN2 Ref.
Pd/Ce0, /PSS ELP-PP 10 400 25-300 5.98 x 10~* (1) >10,000 [66]
Pd/CeO, /PSS ELP-PP 154 400 100-200 537 x 104 (V) >10,000 [67]

Pd/Doped-CeO, /PSS ELP-PP 9.1 350-450 100-200 4.46-639 x 1074 () >10,000 [68]
Pd/Mesoporous-CeQ, /PSS ELP-PP 10 400 100-200 1.03 x 1073 () >24,000 [69]
Pd/Graphite/PSS ELP-PP 17 400 100 401 x 104 M >10,000 [70]
Pd/NaY /PSS ELP 7 450 100 62x1074M 736 [71]
Pd/SAPO-34/PSS ELP 9 450 100 71x107 @ 866 [72]
Pd/Doped-SBA-15/PSS ELP-PP 7.1 400 50-250 381 x104® >2500 [73]
Pd/GO/AlL,03 ELP 091 450 100 24 x107°° 2 © [74]
Pd/NA-15A/Al,O3 ELP 2 450 100 ~3.05 x 1073 (1) ~3500 [75]
Pd/G/Nb MS 0.1 450 500 1.83 x 1072 ©) N.D [76]
Pd/HfN/Nbsg Tigs CO3s MS 1 250-400 600 265 x 1078 (3 N.D. [77]

(1) Permeance in mol-m2-s~1.Pa=05; (2

Permeance in mol-m—2-s~1-Pa—1;3 Permeability in mol-m1.s71.Pa—05,

4. Conclusions

In the last few years, there has been a focus in research on the development of new
palladium (Pd) alloys to address the limitations observed in commercially available mem-
branes used for hydrogen separation. Notably, considerable attention has been given to
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Pd-Au binary and various ternary alloys due to their potential to improve permeability and
enhance resistance against poisoning species. Among membrane types, supported mem-
branes have emerged as the most extensively studied. On the other hand, self-supported
membranes have found their applications in the nuclear field, where they can be used to
separate low-pressure hydrogen isotopes from helium streams in tritium breeding. Ef-
forts to enhance the stability and durability of supported membranes have led researchers
to investigate the integration of intermediate layers. These layers play a crucial role in
optimizing the membrane’s performance under various operating conditions. For the
future, there is a growing emphasis on reducing energy consumption associated with
hydrogen separation processes. Most of the membranes reviewed in this article belong
to laboratory-scale applications. The development of pre-pilot [78] and pilot plants for
hydrogen permeation is a pivotal step towards validating and scaling up these membrane
technologies for industrial applications. These initiatives are expected to pave the way for
the broader adoption of hydrogen separation membranes across various industrial sectors,
such as e-fuel production.
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