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ABSTRACT
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Date of Degree . [May 2024]

The importance of hydrogen (H.) increases its demand daily. Fortunately, the Pd-based membrane
method is promised to produce H.. The adsorption and dissociation of hydrogen on the membrane surface
are pivotal processes with profound implications on the H> separation through the membrane.
Understanding these phenomena is crucial for advancing the catalytic reactions and facilitating efficient
H> separation processes. In this research, we investigate the optimization of the adsorption and
dissociation properties of Pd membrane surfaces by doping the Pd membrane surface with other platinum
group elements (Pt, Ru, Rh, Ir, and Os). The main aim is to enhance the membrane's ability to selectively
adsorb and dissociate H> molecules, thereby increasing its efficiency in separating Hz from mixed gas
streams. Density functional theory (DFT) is used to build a thorough process of hydrogen interaction over
a Pd-based membrane. Atomic-level (quantum level) research was done on the hydrogen-Pd-based
membrane interaction. This level of quantum analysis predicts factors associated with Ha flux through the
membrane and provides insights into how the membrane feature would affect H, penetration. Accordingly,
the characteristics of Pd-based membranes such as binding energy and lattice parameters along with the
binding energy of various gases (H2, CO, and H»S) were estimated using DFT calculation and validated
against data from the literature. Subsequently, the evaluation of the hydrogen gas adsorption process

occurs at different locations on the membrane surfaces and different gas orientations on both bare Pd and
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the dilute alloy surfaces of Pd-X (X=Pt, Ru, Rh, Ir, and Os). The adsorption energy of Hz improved on all
the surfaces with the minimum energy of -1.24eV which was achieved on the bridge site on the PdlIr
surface. The H dissociation barrier path on top sites of all the surfaces is barrier-free except for bare Pd
and PdPt where the barrier is observed to be -0.069eV and -0.057eV respectively. Moreover, we
investigate the effects of pre-adsorbed gases on H» adsorption on the Pd-Pt surface. CO adsorption is
dominant and follows uniform trends on all the surfaces with the minimum adsorption of -2.73eV on
PdOs. Next is H2S which has -2.26eV as the minimum adsorption energy which was achieved on the

bridge site of PdOs. The effect of CO on PdPt is almost like that on the bare Pd.
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CHAPTER 1
INTRODUCTION

Energy direction changes now focus on renewable energy sources as per major to save the
environment from the effect of CO2 emissions [1]. CO, emission from fossil fuels has become a global
concern due to the deterioration of ecosystems caused by the emitted gases. This motivates a search for
supplements to the above-mentioned energy sources to achieve the goal of a greener future [2]. Among
the target sources to replace fossil fuels, hydrogen gains more concern because of its unique qualities
including zero carbon emissions [3,4]. Moreover, hydrogen is renewable which includes traditional
biomass, made up 14% of the world's energy in 2016 [5,6,7]. An economy based on hydrogen can play a
significant part in the transition. The hydrogen economy seems to be just around the corner because there
is so much research being done to improve methods of manufacturing hydrogen using renewable sources
[8,9].

Interestingly, hydrogen can be produced from various sources like water electrolysis, solar power,
nuclear power, and steam methane reforming [10]. Depending on the method used to manufacture
hydrogen, it is categorized as green, grey, blue, turquoise, or pink [11]. These describe the CO2 process
involved. Green hydrogen is commonly generated through water electrolysis, and no CO2 is emitted. Coal,
heavy oil, and natural gas used as feeds for methane reforming processes produce grey hydrogen which
emits CO2. When this CO2 released is captured and stored, blue hydrogen is obtained [12]. Turquoise
hydrogen involves pyrolyzing methane (natural gas) to produce hydrogen. Heat is used in the pyrolysis
process to transform methane into solid carbon and hydrogen gas. Then, like with blue hydrogen, the
carbon is collected. When referring to hydrogen produced by nuclear power, the term "pink hydrogen™ is
occasionally used. The heat produced by nuclear reactors can be used to power water electrolysis, which
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creates hydrogen. Although this process doesn't directly emit greenhouse gases, it has its own set of safety
and waste management issues that are tied to nuclear power [13].

Among the methods, steam methane reforming turns out to be the most widely used method to
produce hydrogen. Methane is a molecule that is difficult to activate, hence it is typically reformed at
temperatures much higher than those of other hydrocarbons [14]. A mixture of gases is obtained from this
method from which hydrogen can be separated. These gases are collectively called syngas which contain
H2, CO2, CH4, and CO, with respective percentages of 74, 18, 7, and 1 [8,15]. The techniques used in
hydrogen extraction from the mixture include cryogenic distillation, pressure swing adsorption, dense
metal membrane, etc. Comparatively, high purity levels can be achieved by separating hydrogen from a
hot gas mixture using dense metal membranes, which are both energy-efficient and very selective [16,17].
A pressure gradient acts as the driving force for hydrogen separation in a membrane. In essence, one end
of the airtight membrane receives a high-pressure feed gas mixture while the other side is kept at a
comparatively low pressure as shown in Figure 1. Large hydrogen partial pressures will start the mass
transfer mechanism. The impurity gases will be left behind when hydrogen moves through the membrane

[6,8].

O High pressure

%0 - NS R

Figure 1. Hydrogen gas passes through a highly selective membrane while impurities are blocked.
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The most promising and widely researched selective membrane is the palladium(Pd)-based membrane.

This is because of their higher Hz permeation rate as well as H selectivity. Pd-based membrane separates

H> with a purity of 99.99 percent [12,18]. However, there is a notable list of downsides to a Pure Pd

membrane.

(i)

(i)
(iii)

(iv)

1.1

A pure Pd membrane in the presence of Hz experiences embrittlement at temperatures below
300°C[8]. Similarly, deactivation occurs when carbonaceous contaminants settle at temperatures
higher than 450 °C.

Pure Pd foils made for commercial use are very expensive.

Pure Pd membranes at high temperatures (over 300 °C) are prone to gaseous molecules, such as
H>S, HCI, CO2, and CO, which can reduce their performance, especially H>S presence, which
leads to great H> flux loss[8,12],

There is a compromise between H, permeability and selectivity relative to the thickness of the
membrane and in turn its mechanical stability.

All these challenges are bottlenecks. Using computational approaches many insights advance the
understanding of Ha transport mechanism through the membrane and the effect caused by the
poisonous gases in the process. This information is relevant in choosing a better approach to
improve the membrane. Therefore, advancement in computational analysis using density
functional theory and classical Monte Carlo among many is highly needful to circumvent most of

the challenges with Pd-based membranes.

Methods of Hydrogen Production

There are various techniques for producing H: gas. Using alkaline water electrolysis is one of the

simplest and easiest methods. Significant drawbacks, however, including those related to energy usage,

security, robustness, and dependability, must be addressed. Steam-reforming methane is another technique
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for producing hydrogen. Several gaseous components are used in this approach to extract hydrogen.
Separating H> from the hot gas mixture could be accomplished using a variety of methods, including
membranes, pressure swing adsorption (PSA), and cryogenic separation. The temperature of the boiling
point is used to determine the separation process in the cryogenic distillation procedure. All other impurity
gases condense to produce a liquid phase, but H> stays in a gaseous state since it has the lowest boiling
point (-252.9 °C) [19]. This method separates H> with 99% purity, although it is only practical on huge
industrial sizes. PSA can be used to achieve high H purification (99 to 99.999%). The PSA separation
process involves passing the gas mixture through an adsorber material, which adsorbs other impurities
gases while allowing H. to flow through. The partial pressure of the impurity gases between the exhaust
and the feeding gas drives this process. Next, the system pressure is swung from the feeding pressure to
the exhaust pressure value, eliminating the impurity gases. Using a hydrogen-selective membrane is the
third method of separating H2 [20]. This method is likewise powered by a pressure gradient, in which one
side of the membrane is fed with a high-pressure gas mixture while the other side is kept at a low
pressure[19,21]. The membrane allows only H; to flow through it. Up to 900 °C can be reached as high

as an operational temperature and pressure range for the membrane separation process.

1.2 Mechanism of Hydrogen Permeation through the Membrane

Under the influence of a pressure differential, a multi-stage process drives the hydrogen
permeation mechanism through the membrane. The direction of flow is from high pressure to low
pressure. (i) The first step involves the diffusion of hydrogen molecules to the membrane surface, (ii)
followed by reversible dissociative adsorption on the Pd surface, (iii) the dissolution of atomic hydrogen
into the bulk material, and finally the diffusion of hydrogen through the bulk material. As the atoms travel
across the lattice of the bulk material, the electrons interact with the metal lattice until they cross the

membrane and (iv) the hydrogen atoms re-associate on the palladium surface[12,22]. Following that, the
4



molecular hydrogen (v) desorbs from the membrane surface and (vi) diffuses away from it as shown in

Figure 1.

1.3 Motivation and Significance of the Study

As Hz emerges as a key player in the transition to sustainable energy systems, studying H>
adsorption and dissociation on Pd-based alloy membranes is motivated by the pressing need for efficient
hydrogen separation and purification technologies. The significance lies in the unique properties of Pd-
based alloys, such as high hydrogen permeability and selectivity, making them promising candidates for
hydrogen purification and separation applications. Understanding the adsorption and dissociation
behavior of H2 on these membranes is crucial for optimizing their performance in processes like hydrogen
purification, fuel cell operation, and hydrogen storage. However, the species type and concentrations in
the gas mixture, the membrane's Pd-alloy percentage, the operating temperature, the configuration of the
system, etc., are some of the variables that affect the hydrogen purification process. Because so many tests
must be performed and because different geometry of separation systems require different experimental

setups, it is quite costly to investigate all these elements through experimentation.

1.4 Research Objectives
The overall objective of this work is to develop insights into the interaction between H2 and Pd-

based alloy surfaces to enhance the design and fabrication of advanced membrane materials with improved
properties.
Accordingly, it can be divided into specific objectives as follows:

(i) Investigate potential strategies for enhancing the catalytic activity and efficiency of Pd-based

alloy membranes in H, adsorption and dissociation processes.
(ii) Carry out a series of calculations of density functional theory (DFT) on pure Pd- surface (111)

5



and Pd-X (X=Pt, Ir, Os, Ru, and Rh) to identify the hydrogen adsorption energy and energy
barriers during the dissociative-adsorption processes and identify their dependence on dopants.
(i) Studythe impact of poisoning gases on the adsorption energy of hydrogen molecules on the most

preferred Pd alloyed surface.



CHAPTER 2
LITERATURE REVIEW

2.1 Pure palladium

Due to the polycrystalline nature of Pd membranes, they have a variety of facets, with low-index
faces (111), (100), and (110) receiving more research attention than high-index faces due to their higher
prevalence [23]. Depending on the crystallographic orientation of the surface, in general, it has the
following adsorption sites (i)top, (ii)bridge, and (iii)hollow through which the gases are adsorbed. H. and
other gases are usually adsorbed at a certain distance from the Pd-based membrane surface which is known
as the adsorption height. This height differs from one molecule to another, and it determines the reaction
rate and mechanisms. When the gaseous molecules are too far away from the surface, their interaction
with the surface becomes very weak. As the gases approach the surface, the interaction strengthens, and
each type of gas is attracted to certain adsorption sites on the surface. In metals like Ag, Cu, Au, and Pt
with (100) orientation surfaces, hydrogen may probably prefer to be adsorbed through hollow on FCC
Ag(100) and Cu(100) and the bridge on FCC Au(100) and Pt(100) [24]. However, on the Pd surface, the
hollow is probably the most stable for hydrogen adsorption. The variation in the atomic orientations of
the Pd surface may affect the adsorption energy and even change the preferential adsorption site for
H>[25]. It is interesting to know that the hollows in (111) and (211) surfaces are advanced compared to
(100) with addition of hcp and fcc hollow sites and these sites could show different potentials toward
hydrogen even though the adsorption energies between them were mostly reported to be slightly different
if not equal as reported that hydrogen adsorption energy on Pd(211) of 0.52eV to be similar for hcp and

fcc site [26]



Obviously, physisorption occurs due to the weak attractive Van der Waals force and as a result,
the process is reversible. However, moving closer of the H> molecules toward the Pd surface activates the
chemisorption reaction which is a strong and more specific interaction between the H> molecule and the
Pd membrane surface. It involves the formation of a chemical bond between the H> and the palladium
atoms. The chemisorption is not easily reversible because it results in H> molecules dissociating into
individual atoms (H) on the surface and subsequently, the H atoms preferentially diffusing into the
membrane lattice. Just as the adsorption site on the surface, the absorption site in the subsurface and other
membrane layers exhibit preference as to whether H-atom to move onto or not. The most important to
note is that hydrogen adsorption and dissociation occur on the surface. However, adsorption may also
occur in the subsurface. Hydrogen adsorption in the subsurface of Pd(211) was reported and the octahedral
site in the subsurface has an adsorption energy of 0.19eV which is slightly favorable compared to that of
the tetrahedral site with 0.18eV [26]. Ironically, the octahedral and the tetrahedral are considered the bulk
sites and should be associated with absorption instead of adsorption and the dissociated hydrogen atoms
could not be adsorbed again on the subsurface since the diffusion process begins immediately after the H
atom leaves the surface into the subsurface down to the bulk.

Although the conclusion that subsurface sites are energetically less favorable than surface
adsorption sites has not yet been verified experimentally, and subsurface mechanisms have many
scenarios that make it study more complex, it may be logical, since surface atoms are more unstable
compared to subsurface atoms due to their missing neighbor atoms and this could favor more hydrogen
adsorption reaction on the surface. However, the chemical composition, surface area, porosity, surface
charge, and other factors can greatly alter the adsorption and subsequently the diffusion behavior of

various surfaces [26].



While the Pd-based membrane allows H. passage, the case with other gases is different. CO2, CO,
and H»S are present in the gas mixture from which H: is separated and their reaction processes on the
membrane are crucial to the stability of the membrane as well as the H process.

Jinfan Chen et al. analyzed the reaction processes of CO2 and CO on (100), (110), and (111)
surfaces of the Pd membrane [27]. The behavior of the surfaces when exposed to the gases reveals that
the perfect Pd surface resists the inhibition from COz and is inactive to CO»-CO catalysis which is limited
by the formation and dissociation steps of COOH [28].

Hydrogen sulfide (H2S) is another gas of concern, and its decomposition on (111) Pd surface is
easily achieved even when its adsorption on the surface is unstable[29,30]. When it decomposes into SH
and H they prefer to respectively migrate and bind at the bridge adsorption sites and FCC adsorption sites
instead of the original top site that is preferential for the H>S molecule. Alfonso et al. further claimed that
the adsorption of H»S is non-active from the gas phase and exothermic [29]. Similarly, Hyman et al. move
further to study the H,S dissociation on Pd(111), Cu(111), Ag(111), and Au(111) as well as Pd-alloys
under the effect of lattice constraint and electronic ligand and reported that the adsorption energy of HzS,
SH, and S are correlated with lattice constant. Accordingly, the Femi level, d-state density at the Fermi
level, and d-band center relative to the Fermi level are the determinants of H.S binding energy [31]. Also,
they confirm the top site as the most favorable for H2S adsorption and the H2S dissociation reaction is
exothermic as mentioned by Alfonso et al.

All these studies shed light on the adsorption, dissociation, and diffusion behavior of hydrogen
and some of the gases(CO, CO2, and H2S) contained in the mixture produced from methane reforming
on the Pd membrane. This will facilitate the design of efficient membranes for large-scale hydrogen

production.



2.2 Alloying effect

The alloying effect could improve the adsorption and dissociation of H2 on the Pd membrane
surface. Unlike pure Pd membranes, Pd-alloy membranes have collective properties from the individual
elements participating in the alloying. Hence, their properties are more enhanced than the pure Pd
membrane. PdCu is widely reported and considered one of the promising materials for hydrogen
separation. When Pd(FCC) and copper(FCC) are alloyed, they can form a solid solution where the two
elements are combined at the atomic level. If the content is within specified ranges, the resultant crystal
structure can stay FCC.

Although alternative crystal forms, such as body-centered cubic (BCC) or even an amorphous
structure, may be seen as the alloy's composition deviates from certain ranges. The precise composition
and processing conditions will determine the crystal structure of a PdCu alloy. However, hydrogen
adsorption and dissociation could be studied on any of the structures for a better understanding of the
material's behavior to hydrogen separation.

Liu et. al studied the FCC(111) and BCC(110) surfaces of PdCu(50:50) and found the
hydrogen(H2) adsorption to be more favorable on BCC(110) compared to the FCC(111). This is a similar
case with the dissociation where the hydrogen seems to dissociate more easily on BCC(110) than the

FCC(111) which complies with the experimental findings [32].

2.3 Effect of Coverage

When compared to other membrane types, dense metal membranes function between 300 and 600
°C, have excellent hydrogen selectivity, and provide higher flux rates. Dense metal membranes may
produce H. that is 99.99% pure, which is suitable for PEFCs that employ Pt catalysts that can be

contaminated by CO. The primary disadvantage is the high initial cost of the dense metal membranes,
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which are frequently based on Pd. And since flux is a function of membrane permeability and thickness,
efforts are being undertaken to deposit thin films of Pd onto porous substrates to decrease material costs
and boost H: flux rates.

Although pure Pd membrane has a unique selective priority for Hy, the process is always faced
with challenges mostly with the poisoning effect from other gases(CO, CO2, H2S) present in the feed.

These gases can severely poison the Pd-based membrane and destabilize the hydrogen’s transport
mechanism [33]. The magnitude of the effect of the poisoning gases depends on how they interact with
the hydrogen and the membrane, especially in competing for adsorption sites and the level of surface
coverage formed by the poisonous gases on the membrane surface. This coverage and competition for an
adsorption site affect the H, adsorption and permeation. These gases occupy most of the favorable sites
for H2 to be adsorbed and this metamorphoses into poisoning the membrane and subsequently declines
the flux rate of H.. However, Hz coverage is desirable, once H> molecules are adsorbed onto the Pd-
membrane surface, they undergo surface reactions where higher H> coverage promotes the dissociation
process of H, and its permeation becomes more favorable.

Song et al. studied the adsorption, diffusion, and permeation of H> on Pd(100) covered with Ho.
They reported two permeation mechanisms of Hx from the surface to the subsurface sites which were
recognized as monomer and dimer permeation pathways. The former is favorable at low H; coverage and
the latter at a saturated surface. The energy barrier of the dimer permeation pathway declines when the H-
coverage reaches a monolayer (ML) and for the monomer pathway, the barrier appears low when the
coverage is less than a ML [34]. In general, hydrogen coverage enhances its permeation. As the coverage
increases the probability of H to adsorb and later dissociate on the surface increases. This could be a favor
for H> to dissociate diffuse into the bulk and desorbed from the other membrane's surface (where the H-
atoms recombine to form pure Hy).

11



Liang. et al.[35] extend the research by considering the effect of coverage from other adsorbed
gases (OH, 02, and O) on the Pd(100) surface on the atomic mechanism for H diffusion into the
subsurface in addition to the H coverage. They calculate favorable pathways while varying the level of
each coverage. At 0.5ML, O2, O, and H. coverages decrease the H> diffusion barrier into the subsurface
of the Pd(100) while Hz> coverages of 0.25ML and 0.75ML increase the barrier for the forward process
which is in conformity with the Song. et al. since the two monolayers here are less than 1ML like their
report. The electro-properties, adsorption position at different orientations, as well as the spatial structure
of the adsorption gases always have an influence on the diffusion barrier and the adsorption locations.
Some orientations like horizontal are often reported to be more favorable to surface reactions compared
to vertical even though there may be exceptional cases in which the reverse is the case.

In addition, an exothermic diffusion pathway is observed at 0.5ML which could be linked to the
dissociation process of the gases as reported by Hayman et al. and Alfonso et al. Research on the choice
of gases to prevent overheating reactors may be built upon this. Also claimed that the presence of O, OH,
and CO. adsorption favors the subsurface sites for the chemisorption of hydrogen to be more stable, and
at different coverages of OH, hydrogen prefers the bridge site on the surface.

Considering methane reforming as the main source of feed to the membrane and it supplies a
mixture of gases(Syngas) hydrogen inclusive, Abuelyamen et al. cover the Pd membrane with Hz, CO,
CO», and CHj4 each at varying coverage and study the hydrogen adsorption on these coverages and reveal
the effect of the carbon-bearing species on the adsorption process of the hydrogen. Findings exposed that
hydrogen easily adsorbs at the top site on the Pd surface when it is horizontally aligned, CO has more
poisoning effects than others, and its adsorption energy is the greatest.

Moreover, they confirmed the decrease in the physical adsorption barrier of hydrogen at its higher
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coverage like the earlier report. When compared to CO which adsorbed (energy of -1.887eV) close to the
surface(1-1.5Angstrom), CO2 and CH4 have low adsorption energy(respectively, -0.255eV and -0.194eV)
due to their long adsorption distance of 3A° and 2.6A° respectively from the surface. While performing
adsorption calculations, it is important to have similar initial heights for all gases on the surface as a
reference for easy comparison. It may sometimes be difficult to comprehend the results. Like in this case,
CO; and CH4 have energies that are higher in value but because of their distance when related to CO
which has low energy in value, they are assumed to be the least obtained energies even though are higher
in value however, the CO shows a high poisoning effect. Nevertheless, the chemisorption energy which
is about 3 times that of physisorption increases with an increase in hydrogen coverage up to 1ML then
decreases. When the chemisorption becomes more positive it might be unlikely to have extreme coverage,
and the H2 extreme adsorption energy may appear at high coverage only if the covering hydrogen
atoms(H) are well dispersed on the surface without blocking the H2 adsorption sites.

The fact that CO has the greatest poisoning effect compared to other gases is widely reported, and
insights into its transport mechanisms are of paramount importance in understanding how it happens. Also,
it may help to improve hydrogen permeability and selectivity through the Pd membrane in its presence.
The CO adsorption sites might be competitive with that of hydrogen or a different thing that results in
hindering the H2 transport in the presence of the CO. However, Abuelyamen et al.[27], and like
experimental findings reveal 0.5ML CO coverage appears to form a surface reconstruction of the c(4x2)
phase on Pd(111), Hooshmand et al. attempted to verify the exact site for which such adsorption happens.
Using coverage up to 0.5ML with CO, the study showed that CO prefers only a particular type of site but
not a combination. Either favorably adsorbs on (i) FCC or HCP hollow sites only or (ii) an intermediate
site between FCC and bridge sites. [36] Meanwhile, any other site is unfavorable for CO molecules to

adsorb and reconstruct the surface. Fortunately, those sites differ from the favorable sites where H> is
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absorbed. Many studies show that Hy prefers the top, and this is a clear indication that the effect of CO
might come from a different cause but not certainly H. adsorption site blockage. Furthermore, findings
show that H, adsorption decreases notably below 600K by CO, while the CO- dissociation step above
750K shows the same effect on (100) and (110) Pd surfaces. Carbon deposition is seen on (100) Pd slab
when the rate-limiting steps for H, + CO reactions on all the surfaces are associated with the COH species
dissociation.[28]

Another most poisonous is H»S. It was discovered to completely limit H2 penetration in pure Pd
membranes at concentrations above 100 ppm [31]. The sulfur compound poisoning of metallic surfaces is
a highly critical issue that affects several industrial operations.

Sulfur adsorption on surface sites can be used to explain how H»S poisoning of palladium-based
membranes results in a reduction in the active surface area of the membranes. For hydrogen separation,
the procedure entails a few dissociative stages. Chemical reactions between the adsorbed sulfur and the
membrane may result in palladium sulfide compounds on the surface which potentially clog the
membrane's pores or active sites, depending on the amount of H>S present and the surrounding
circumstances. Through displacement of the crystalline lattice, this corrosion product can cause the
membrane performance to deteriorate over time since PdS is less permeable to H» than pure palladium
[8,37,38]. Interestingly, this challenge is minimized to enhance the membrane performance in H>
separation and other applications. Among the prominent methods is Pd-based alloying, other methods
include surface modification, nanostructuring, thin film deposition, membrane microstructure control, etc.

[5,39].
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CHAPTER 3
BACKGROUND AND RESEARCH METHODOLOGY

3.1 Methane Reforming of Natural Gas

The process of turning hydrocarbons into hydrogen is known as steam reforming technology. Since
natural gas is widely available, simple to use, and reasonably priced, it is the main feedstock [5]. A method
for turning hydrocarbons into H: in the presence of steam was first presented by Motay and Marechal in
1968 [40]. Later, Badische Anilin- & Sodafabrik (BASF) patented the industrial update of this method in
1912, while Dieffenbach and Moldenhauer patented it in 1909 [12,41]. On a smaller scale, the novel
membrane reactor technique offers cost-effective hydrogen generation. Due to their potential for gas
separation and their use in steam reforming, dense metallic membranes have received special attention.
The low mechanical resistance and limited tolerance to sulfuric chemicals and unsaturated hydrocarbons
of a Pd membrane are its drawbacks. Nevertheless, there has been a lot of interest in high Hz permeability,
which results from high Hz purity and recovery.

More than 90% of the hydrogen produced in the World is generated using natural gas steam
reforming (NGSR), one of the most popular ways for producing Hz [42]. Methane is a vital constituent of
natural gas. However, the geology of the reservoir affects its composition. For this reason, the required
purification procedures must be carried out to adhere to the specifications established by environmental
agencies and pipeline corporations. Table 4 displays the specifications for pipeline-quality natural gas
depending on the upper bound of its composition.

Since most of the research deals with catalyst deactivation, kinetics, and energy evaluation
for industrial reforming, there have generally been less investigations on hydrogen generation in
membrane reactors, particularly Pd-Ag membrane reactors [5].
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Another popular industrial method for producing hydrogen is methane steam reforming
(MSR), which was first presented in 1930 [14]. MSR is a cost-effective process whose feedstocks include
gases and liquid hydrocarbons. It produces 40-50% of the world's hydrogen. The process is carried out at
pressures of 13-20 bar and temperatures between 800 and 1100 °C. Since this type of reaction is
endothermic, it must be conducted at extremely high temperatures. However, to maintain the reaction and
obtain a high methane conversion, a significant heat flux must also be applied to the reaction system.
Consequently, a substantial portion of fixed and running expenses were identified because of the necessity
of transferring heat from an external source to a high-temperature catalytic system, setting a crucial goal
for process intensification.
Pretreatment of the raw feedstock, reforming to produce synthesis gas, conversion to a
hydrogen-rich gas, and purification to gather hydrogen are the several processes that make up the MSR

process. The following are the three primary reactions occurring:

CH, + H,0 & CO + 3H,, AHSy = 206 k] mol™? 0.1
CH, + 2H,0 & CO, + 4H,, AHSg = 165 k] mol™? 0.2
CO + H,0 & CO, + Hy, AH%s = —41 k] mol ™ 0.3

0.1 and 0.2 are endothermic processes. Better efficiency might be attained via (i) The endothermic process
might be powered by steam produced by a reformer burner powered by the pressure swing adsorption of
purge gas. (i) Reusing raw resources [43].

This kind of reaction requires catalysts, which are necessary to speed up the process. As
previously said for the MSR processes, catalyst sizes and shapes play a significant role in ensuring that

the catalysts can function at high operating temperatures and pressures. Furthermore, catalysts made of
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noble metals, such as Pd, Rh, Ir, Ni, and Ru, are very effective in this process [43,44].

The architecture of reactors is equally important in MSR procedures. For example, pressure
is a crucial design parameter since, in most cases, Hx pressure requirements are as high as 20 bar.
Reformers are therefore designed to operate between 20 and 26 bars [12,14]. For this kind of high-pressure
application, a compact design is therefore seen to be very appropriate, which lowers the cost of materials.

To further guarantee a decrease in energy loss, materials that withstand heat should be carefully chosen.
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Figure 2. A schematic representation of a device used in a Pd-based membrane reactor for H2 permeation and MSR
reaction[12].

Reactor tubes, for instance, are constructed of materials resistant to heat (Ni alloy). An
annulus is formed between the tube and the membrane in Figure 2, which shows a detailed membrane
reactor in which the Pd membrane is fitted within the stainless-steel tube reactor. The inner volume
functions as the permeate side and the annular chamber as the retentate side. Using a K-thermocouple, the

temperature of the catalyst and the reactor are closely monitored. In general, Ni-based catalysts are chosen
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because they are less expensive than other types. A catalyst like Ru is employed in a membrane reactor as
opposed to a traditional equilibrium reactor. While hydrogen is eliminated from the reaction area, the

typical equilibrium reactor's low operating temperature increases the likelihood of coke production [45].

3.2 Synthetic Gas or Syngas (Partial Pressure Reaction)

Through an oxidation process with steam and oxygen, a variety of carbon feedstocks, including
natural gas, oil products, and biomass, may be converted into synthetic gas, or syngas, which is primarily
composed of hydrogen, carbon monoxide, and carbon dioxide.

In the industry, MSR is widely utilized for syngas production. Carbon decomposition, catalyst
sintering, and explosion danger can all arise from standard operating circumstances. Table 1 displays the
maximum component composition for natural gas pipelines.

Consequently, a different approach called partial oxidation of methane with oxygen is
suggested. However, using pure oxygen has its major disadvantages. Because a membrane reactor's
membrane is oxygen-perm-selective, air is used as a substitute within one. The engineering of membrane
reactors combines the normal features of catalytic reactions with the membrane's separation qualities. As
a result, since a greater methane conversion at low temperatures is obtained, they are recommended as a
viable path toward the manufacture of syngas.

The following is the exothermic partial oxidation process that yields syngas.

CH, + 0.50, & 2H, + CO AHZ%g = —519 kJ mol ™! 0.4

Table 1. Maximum limit for components composition for pipeline natural gas quality [12].

Component Butane Nitrogen Carbon- Propane Ethane Methane
Dioxide

Max. 2 4 4 5 10 >96

(mol%)
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3.3 Hydrogen Separation Techniques

The syngas gas produced through the methane reforming process, primarily (H2, CO, COa,
CHa, and H»S), do not chemically react easily with one another because of the higher reaction barrier. For
this reason, syngas remains as a mixture of gases that could be separated into individual gases, a chance
that warrants H. separation. Three commercial processes now available provide different levels of purity;

some are employed on large industrial sizes, while others may be scaled down for portable purposes.

3.3.1 Pressure swing adsorption (PSA)

PSA is a process in which a gas combination is passed through a large surface area adsorber that
permits hydrogen to flow through the material while adsorbing impurities gases. At high gas partial
pressures, impurity gas species are adsorbed onto an adsorbent material and, conversely, desorbed at lower
partial pressures. Zeolite is a prominent adsorbent substance. By adjusting the system pressure from the
feed to the exhaust (tail gas) pressure and performing a high-purity hydrogen purge, the contaminants may
be eliminated. To provide a steady flow of feed, product, and tail gas, several adsorbers are employed in
this cyclic process. Every adsorbent material goes through an identical swinging process, although the
stages are spaced apart throughout. The partial pressure differential between the feed and tail gas of
impurity gases is what powers PSA. Generally, a 4:1 pressure ratio between the feed and tail gas is needed
for hydrogen separation.

PSA has two primary benefits: it can generate hydrogen with high purity levels, up to 99.999
percent, and remove contaminants down to parts per million (ppm). The PSA unit's tail gas is often used
as fuel at low pressures, which offers an inexpensive advantage. Nevertheless, compressing the tail gas
results in significant expenses that are equal to or greater than the unit's purchase price.

Therefore, it is crucial to choose a tail gas pressure. An important trade-off arises between tail gas
20



compression costs and hydrogen purity when the tail gas pressure of the PSA system is increased [13].
The infrastructure and operational scope are further disadvantages. PSA can be applied on medium to

large industrial scales; however, smaller portable scales are not practicable for its application.

3.3.2 Cryogenic distillation

Due to the low temperatures used during the whole process, this approach is extremely energy-
intensive. Because the constituents of the gas have different boiling points, cryogenic distillation may also
separate a feed gas combination, just like other distillation methods do. As the impurity gases cool down,
a liquid phase forms. Since H, has the lowest boiling point of the mixture—252.9 1°C—it stays in a
gaseous condition. The extracted hydrogen's low purity levels, at about 99 percent, are a significant
drawback [46]. Additionally, the expense of gas compression to keep the process running at cryogenic
temperatures is significant; that being said, the collected H is easily stored in a liquid state [47]. Cryogenic

distillation is perfect for big industrial scales, much like PSA, it is not fit for small-scale applications.

3.3.3 Hydrogen selective membrane

A pressure gradient is what propels H separation in a membrane. In essence, a hermetically sealed
membrane has a high-pressure feed gas combination delivered to one end while the pressure on the other
side is kept comparatively low. Massive partial pressures of hydrogen will start a process called
mass transport. As hydrogen starts to move over the barrier, the impure gases are left behind. The
performance and applications of each of the six primary types of hydrogen-selective membranes may be

ascertained by determining certain characteristics [47,48].
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Table 2. The characteristics of several kinds of hydrogen-selective membranes are taken directly from Al-
Mufachi et al [8].

Dense polymer Micro-porous ceramic Dense metallic Porous carbon Dense ceramic
Temperature range (C) = 100 200-600 300-600 500-900 GO0-900
H; selectivity Low 5-139 = 1000 4-20 = 1000
H; flux Low G0-300 GO-300 10-200 G-80
(%10 *molm %s )
at AP=100 kPa
Stability issues Swelling, compaction, Stability in H,0 Phase transition Brittle, oxidising Stability in CO5
mechanical strength
Poisoning issues HCl, 50,, CO» H2S, HCl, CO Strong adsorbing HaS
VAPOUrs, organics
Materials Polymers Silica, alumina, Pd alloy Carbon Proton conducting
zirconia, titania, ceramics (mainly
zeolites SrCe0s_ 5 BaCeOs;_;)
Transport mechanism Solution/diffusion Molecular sieving Solution/diffusion Surface diffusion; Solution/diffusion
molecular sieving (proton conduction)
Development status Commercial by air Prototype tubular silica Commercial by Johnson Small membrane Small samples
products, linde, BOC, membranes available Matthey; prototype modules commercial, available for testing
air liquide up to 90 cm. Other membrane tubes mostly small samples
materials only small available up to 60 cm (cm?) available for
samples (cm?) testing

For easy comparison, Table 2 lists all the challenges, and qualities linked to each kind of membrane.
Because the membranes have no moving components and can function at a wide variety of pressures and

temperatures, they are highly scalable on both industrial and portable sizes, preventing system wear [49].

3.4 Membrane Process Terminologies

A membrane's feed or upstream side is the side with high gas pressure, whereas the opposite side
is referred to as the downstream or permeate side (see Figure 1 in Chapter 1). Although permeation can
happen in both directions, it will favorably occur in the direction of low pressure. The stream of gas onto
the gas flow that remains on the feed side after permeation occurs is referred to as the retentate flow, and
it is appropriately titled feed flow. The input flow is referred to as the sweep flow on the opposite side,

and the term "permeate flow" refers to the outflow.

3.4.1 Permeability

There are several meanings for the term "permeability.” However, for this research, it refers to the
assessment of a gas's ability to penetrate a solid material. Permeability is mathematically described and

discussed in terms of Fick's diffusion laws. One crucial consideration for H, separation is the hydrogen
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flow over the membrane. The quantity of hydrogen moles that diffuse along a perpendicular unit cross-
sectional area in a unit of time is defined as flux in this context. A variation of Fick's first rule may be
used to describe steady-state gas fluxes across a thick solid membrane, as shown by the following

equation.

D ac 0.5
0x

J =

where D is the diffusivity, or diffusion coefficient, J is the flux of the diffusing species, and 0C/0x is the
concentration gradient. In this derivation, the negative sign, which specifies the direction of gas diffusion,
can be ignored. It should be highlighted that variations in a system's chemical potential can be the root
cause of all common driving forces, including gradients in concentration, pressure, temperature, and
electromotive force. As a result, flux is ultimately determined by a gradient in chemical potential.

Furthermore, permeability is a material constant that is unaffected by the thickness of the membrane.
Moreover, the following Arrhenius-type equation expresses permeability, a temperature-dependent

characteristic.

_E 0.6
Q= <poeXp(R—75p

where T is the absolute temperature, R is the gas constant, E,, is the activation energy for permeation, and
@, is the maximum permeability at infinitely high temperatures. In the same way, diffusivity Equations.

0.7 and 0.8, respectively, demonstrate how an Arrhenius-type connection controls (D) and solubility (S).

D= Doexp(ﬁ
—Es 0.8
S = Soexp(ﬁ
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where Es is the hydrogen enthalpy of solution, Ep is the activation energy for hydrogen diffusion, and Dq
and So are the diffusivity and solubility, respectively, at infinite temperature. Furthermore, figure 0.9
defines E,, the activation energy for hydrogen permeation, as the total of the activation energies for
solubility and diffusivity.

3.4.2 Porous selective membranes

Many porous materials are currently available for separating hydrogen, usually by a procedure
known as molecular sieving. Zeolites, Vycor glass, sintered metals like nickel, and a variety of ceramics

including alumina and zirconia are examples of commercially accessible porous materials.

3.5 Dense Metal (Palladium) Membrane

It's critical to comprehend the rationale behind the widespread use of metals like Pd in the
hydrogen separation industry. Many different metals may dissolve hydrogen to form metal hydrides or
interstitial solid solutions. While certain metals can produce stable hydrides at ambient temperature, others
can only absorb hydrogen at extreme temperatures and pressures [8,50].

The Pd metal is perfect for separating hydrogen because it can break down molecules of hydrogen
into atomic forms that can diffuse quickly through its lattice. In addition, Thomas Graham found in 1866
that this metal can absorb hydrogen up to 600 times its volume while retaining its physical characteristics
and structural integrity [51]. Pd membranes were not scaled up from laboratory settings for the nuclear
fission industry until the 1950s due to a rising need for hydrogen isotope separation. Since then, Pd
membranes have increasingly often been utilized in the semiconductor industry for highly pure hydrogen

synthesis [8,51].
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Pd, discovered by William Hyde Wollaston in 1803, is a malleable, easily worked silvery white metal
with a melting point of 1555°C and a density of 12.023gcm™[8] . It is widely used in the automotive
industry for catalytic converters. It possesses a total of 46 electrons, and ionic configurations of [Kr]4d®
and [Kr]4d® when they form ions with a +2 or +4 charge respectively. Between the 4d and 5s energy
bands, there are overlapping energy bands that are typical of transition metals. This results in Pd’s strong
affinity for donor electrons coming from other atoms. Pd's unique chemical and metallurgical interactions

with other elements are because its 5s band is filled first before the high energy 4d [8,52].

3.5.1 Poisoning Mechanism

Poisonous gases including CO, H2S etc. have the potential to bind to the active sites on the surface.
Most of the sites are favorable for H.. When these sites are occupied by the poisonous gases, H2 could not
be able to adsorb again on the surface because of the unavailability of active site. This is how the poisonous

gases compete with Hy for binding sites and decline the separation of Hz over time [27].

3.6 The Density Functional Theory(DFT) and Method

DFT is a quantum mechanical method used to investigate the electronic composition and behavior
of atoms, molecules, and solids. The electron density, which completely describes the electronic system,
is the key idea in DFT. The ground-state electron density is the sole factor that affects the external potential
and total energy of the system, according to the Hohenberg-Kohn theorems, which form the basis of DFT.
A crucial part of DFT is the Kohn-Sham equations, which divide the complicated many-electron systems
into hypothetical, non-interacting electrons traveling in an effective potential [53]. We can write the

equations as follows:

2

A 0.10
Hysp;(r) = (— — 2+ Veff(T)) Yi(r) = gapi(r)

2m
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Here, Hy; is the Kohn-Sham Hamiltonian, V(¢ (r) is the effective potential, ¢; are the orbital energies,

and m is the electron mass.

DFT has been extensively used to predict properties including electronic structure, energy gaps,
vibrational frequencies, and reaction routes. However, it depends on the choice of exchange-correlation
function, which approximates the elusive exchange and correlation terms found in the real many-body
wave function.

Another important technique that is mostly used together with the DFT is the Nudged Elastic
Band (NEB). NEB is a technique for examining how atoms and molecules change during chemical
reactions and structural transformations, as well as their transition states and reaction routes [54,55]. The
goal of NEB is to identify the most likely transition state and the corresponding reaction pathway by
concentrating on the energy landscape along a reaction path. To determine the lowest energy pathway that
connects the start and final states of a reaction, the approach first defines an "elastic band™ of images
between them. This "elastic band" is then iteratively adjusted to discover the lowest energy pathway. NEB
aids in the understanding of the energetics of reactions and the movement of molecules between various
configurations.

As powerful computational tools, they are extensively used in the study of Pd-based
membranes. The mentioned limitations to the Pd-based membrane are systematically studied [23]. One of
the early research projects in hydrogen separation and storage was conducted by Kelly M. et al., which
confirmed the potentiality of DFT in fastening materials discovery when they used its calculations to
screen large metal-based systems with favorable capacities and thermodynamics for hydrogen storage in

metal hydrides with application in hydrogen separation [56].
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Surface

Figure 3. Palladium bulk material with a generated slab of six-layer surfaces.

In the density functional theory (DFT), a system that involves the interaction of several bodiesis
described through its particle density rather than the wave functions of these bodies. The theorem of
Hohenberg-Kohn (HK) is considered the basis for DFT. Where the system properties are taken to be
functionals of ground state density only. With the help of the Born- Oppenheimer (BO) approximation
and Kohn-Sham (KS), the DFT calculation becomes available employing so-called exchange-correlation
(XC) potential. For a system involving nuclei and electrons, the time-independent Schrodinger

equation and Hamiltonian equation can be written as:

Heorp (R}, {ri}) = EY R}, {r}) 0.11

u Z z z Z,Ze z Z,e? 0.12
tot = 2M; R1 Zme 2 | 2 |rl—r]| — |R; — 1]
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where P({R1},{ri}) is the total wave function of the system and E is its total energy. The first two terms of
the right-hand side of equation 0.12 represent kinetic energy for the nuclei and electrons, respectively.
The other terms represent the potential energy of Coulomb interaction of nucleus-nucleus, electron-
electron, and nucleus-electron, respectively. If the Schrodinger equation is solved, then every piece of
information about the system would be known, nevertheless, it is impossible to do so practically.
Considering that nuclei have a much heavier weight than electrons, thus, they move much slower compared
to electrons. Accordingly, Born and Oppenheimer made an approximation of separating the nuclei and
electrons movements. Where the nuclei are fixed when the electrons are moving. This leads to two

separate Schrodinger equations:

H 0({r}; {R;}) = VAR HO({r:}; {rR,}) 0.13
|- %5 V& + VARD | 0RY) = EB(RY) 0.14

A ZZje? e? 162 0.15
Ho = = Xig Vi + %Zl,jm + %Zi,jm_ Zl'i|RZITi|

The movement of the nuclei can be obtained by solving equation 0.14 after obtaining eigenvalues of the
energy V(E) from equation 0.13. This approach is considered the starting point for the DFT, where the
nuclei are considered to form an external potential field in which electrons are moving. KS replaced the
interacting system with an auxiliary non-interacting system whose particle number density is the same as
the interacting system. Accordingly, the auxiliary Hamiltonian is reduced to equation 0.16. For asystem
of N-non-interacting electrons, the Schrodinger equations of N-electrons (equation 0.17) should be
solved to obtain the ground state. The density of the auxiliary system can be written in terms of the single-
electron orbitals as in equation 0.18. Then the KS one-particle potential can be considered as the sum of

external potential, Hartree potential,and an exchange potential as expressed in 1%, 2" and 3' terms of
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equation 0.19, respectively. Since the KS potential and the energy density are connected, these equations
must be solved in a self-consistent manner. After that various quantities can be calculatedsuch as electron

density of states, total energy, band structure, forces, etc.

Hys = —%\72+VK5(7“) 0.16
Aispi (r) = e (r) 0.17
C 0.18
n() = ) i)l
Vis(r) = Ve () + 0Eu[n()] + OExc[n(r)] 0.19

on(r) on(r)

3.6.1 Calculation Procedure of DFT

In this work, a numerical model is developed using DFT calculation to study the H separation
through a solid Pd-membrane. The characteristic features of the H, permeation through the membrane
would be obtained by conducting a series of DFT calculations using a plane wave-based program
(Quantum ESPRESSO software) where the interaction of H with the Pd-based membrane would be studied.
The steps required to completethe work can be summarized as follows:

(a) Calculate the correct unit cell volume of the solid membrane:
The membrane is built starting from the atom level by structuring the atoms ata unit cell of FCC. Then, the
unit cell volume is calculated by varying the lattice parameter until we get the volume that has minimum

equilibrium energy (as shown in Figure 4) which will be used for the study of hydrogen interaction with
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the membrane, so the hydrogen will diffuse through this volume.

Figure 4. Energy-volume curve while varying the lattice parameter of the unit cell.

(b) Construct the actual surface of the membrane:
The FCC unit volume will be cut to the low-index surfaces (111) as shown in Figure 5 or a supercell cut to
slab of (111) surface(Figure 3) to study the adsorption and dissociation of H, on these surfaces. The atoms
on the surface will be relaxed so their location will change to minimize energy. Accordingly, the surface

energy can be obtained as:

Esurface = Lrelaxed—surface — Ebulk 0.20
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Figure 5. Crystal planes of Pd(111) plane at low-index surfaces.

(c) Determine the sites for gas adsorption and dissociation:
At the top layer of the membrane surface, the hydrogen molecule may sit at different sites, at the top of
the Pd-atom, on the bridge between two Pd-atoms, or at the hollows (i.e. in the center between Pd-atoms).
Figure 6 shows the four available sites of surface (111). The site type, at which the hydrogen will sit, affects
the adsorption process because there is different energy for each site. So, the site with the low state of

energy will be the one that H, would prefer to be adsorbed on it.

[e) Top

[:] Bridge
A FCC Hollow
Y A HCP Hollow

Figure 6. Sites available for FCC structure.
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The adsorption energy of the molecule gas on the surface can be defined as:

Eqas = Esiab+nx — Esiap — YEHm, 0.21

where E;,, +nx 1S the total energy of the simulated cell which contains the membrane slab and gases, and
Eqp 1S total energy of the system without the gas of interest which we want to get its adsorption energy,

yEy, is the energy of gas alone, and y is several molecules. Thus, X can be H,/CO,/CO/CH, or H-atom. In

the case of X representing H-atom, the value of y is equivalent to half of the total number of H-atoms, and
in that case, Ex is multiplied by y. To calculate E,ys of H, at co-adsorption with poisoning gases
(CO,/COICHy,) or to the presence of various coverage of H-atoms that have dissociated from previous
steps, Egap+nx represents the energy of the all system including the slab and any molecule of H-atoms
except H2 molecule.
(d) Specify the adsorption orientation.

The hydrogen molecule may stick to the membrane surface at different orientations, hence, the orientation
that makes the minimum energy of the state will be the preferred orientation. Accordingly, this step

represents how the H> molecule will sit on the available sites of the Pd-surface (Figure 7).

Vertical orientation Horizontal orientation

e e

Figure 7. The orientation of gas molecule adsorption at the membrane surface.

Determine the lowest adsorption energy for the different combinations of steps ¢ and d (orientation and
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sites) to define where the H, will sit on the membrane surface. Investigate the location where the
dissociated H-atoms will site: After the hydrogen molecule sits on the membrane surface it will dissociate,
hence, it is required to define the location where the H-atoms will sit on the surface (it is the location
where the hydrogen atoms will have the lowest energy). The H-atoms will also have favorable sites
like the case of the H, molecule. This location is the final state of the dissociation process.
(e) Finding the barrier of H, dissociation to hydrogen atoms:

After the Ho molecule gets adsorbed at the surface, the H> atoms may take different paths to reach a
minimum state of energy on the membrane surface (i.e. final state of dissociation which is obtained from
step f). This could happen on different paths, so it is required to specify the path with minimum energy.

Accordingly, the barrier will be decided according to the path that gives minimum energy by using NEB.

c Gas molecule

Adsorption process

I Dissociation process

ii| ‘ (Gas atom

Figure 8. Dissociation of the gas molecule to gas atoms.

(f) Obtaining the hydrogen diffusion path:
Once the dissociation process is complete, the Hz atoms start to diffuse through the bulk material.

Similarly, there may be different paths that the atoms may take to diffuse and maneuver through bulk
33



membrane atoms. Consequently, it is required to determine the diffusion path that has the lowest energy
using the NEB method. This method is used to obtain saddle points and minimum energy pathways
between two known states (reaction and product states). It was conducted by optimizing several
intermediate reaction coordinates to their lowest possible energy. It is conducted by adding spring forces
along the band between intermediate states and by projecting out the component of the force due to the

potential perpendicular to the band.

3.6.2 DFT Parameter Optimizations

At the beginning, a vc-relax model is used to optimize the lattice constant. The vc-relax model brings the
system to its ground state by allowing both cell size and atomic position to relax. The obtained lattice
constant is used for the optimization of kinetic energy cutoff for wave functions (ecutwfc) and K-points
(the sampling points in the first Brillouin zone of the material, i.e. the specific region of reciprocal space
which isclosest to the origin (0,0,0)). The optimization of ecutwfc and K-points is conducted using the
self-consistent field (SCF) calculation method which solves the electronic structure at fixed atoms
position. After that, scf calculation is performed for different lattice constants. There are 4 Pd atoms per
unit cell representing the periodic reparationof the atoms to form the FCC structure. The length of the
cubic cell represents the lattice constant value. The results (i.e. lattice constants and their corresponding
total energies) are fit to the equation of state to obtain the equilibrium-lattice constant and the bulk
modulus. A 2" order Birch equation of stat is used for the fitting. Then, the equilibrium-lattice constant
is used to calculate the total energy of the bulk material. The binding energy is obtained by taking the
energy difference when the Pd-atoms are gathered in the bulk and the state where the atoms are far away
from each other, so they no longer interact with each other. The later state (i.e. the Pd-atoms are far away

from each other) is considered a reference state for the energy-volume curve.
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3.6.3 Optimization of ecutwfc and K-points

The calculation of the vc-relax model reveals that the lattice constant of the Pd is around 3.937
Angstrom. This value is used for the ecutwfc and K-points optimization. The ecutwfc ranged between 30
and 500 examined. The total energy concerning eachecutwfc is shown in Figure 9. The total energy
stabilizes around (-18017.96 eV) after ecutwfc value of 200. The K-points are investigated for a range of
2 to 14 where it was shown that the total energy stabilizes after K-points equal 6 at -18017.96 eV (Figure
10). Accordingly, ecutwfc and K-points of 200 and 6 are used to optimize the lattice constants. Lattice
constants ranging between +10 percent of the initial value (3.937 Angstrom) are calculated and used as
fitting data for the equation of state. It turns out that a lattice constant of 3.948 Angstrom leads to the
smallest total energy as depicted in Figure 11, and hence it is considered as the lattice constant for the Pd
(FCC). Furthermore, the fitting data of the equation of state indicates that the material has a bulk modulus
of 169.375 GPa/atom.

Figure 11 shows the total energy at different lattice-constant along with the binding energy. An
energy reference value is considered where the atoms of the Pd bulk material are far away from each other,
so they do not interact together. Accordingly,a DFT calculation is performed for 1 Pd atom at a unit cell.
Due to the periodic boundary conditions, the atom will interact with the next cell’s atom, so different cell
lengths are examined until enough distance between Pd atoms prevents any interaction between the
periodic atoms. The results are summarized in Figure 12. At a distance greater than 7.5 Angstrom the
energy of the Pd-atom fixed at -4500.556 eV and does not change which indicates that the Pd atoms are
no longer interact with each other. Thisvalue is for 1 Pd atom, so it is multiplied by 4 to compare it with
the energy of bulk Pd material which has 4 periodic atoms in the unit cell of FCC structure.
Accordingly, all represented data in Figure 11 are shifted by the energy of the Pd bulk when the atoms are

far away from each other (i.e. 4500.556 x 4 = -18002.217 eV). So, the reference energy at large lattice-
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constant is replaced by zero eV instead of havinga value of -18002.217 eV. Table 3 summarizes the results

for this part of the calculation. The lowest total energy of the Pdecc bulk (with 4 periodic atoms) is 3.935

eV/atomand it also represents the binding energy.
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Figure 9. Convergence of total energy concerning ecutwfc.
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Figure 10. Convergence of total energy with respect to K-points
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Figure 11. Change of total energy with the cell volume.
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Figure 12. Interaction of 1 Pd atom due to periodic boundary conditions at different distances apart from each
other.
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Table 3. Results summary of DFT calculation for Pd bulk

Parameter Value
ecutwfc 200
K-point 6
Lattice-constant (A) 3.948
Binding energy (eV/atom) 3.935
Bulk modulus (GPa/atom) 169.375

3.6.4 Pd-surface Preparation

This part aims to relax the atoms at the Pd surface (111) and get the surface energy andfinal
positions of the atoms. Once the bulk Pd (FCC) is prepared, it cuts at the plane surfaces(111) as shown in
Figure 3 and Figure 5. Accordingly, atoms at the surface become only bonded from one side. Thus, those
atoms at the surface of the Pd-membrane move to reduce their energy. Consequently, a relaxed model of
DFT calculation is required to find the new position of those atoms. To model the atoms at the surface, a
vacuum area is made above the surface to prevent the interaction of atoms at the surface with the others
due to the periodic boundary condition of the calculation. A relaxed model is used for calculation as it
allows the atoms to move, and it also solves the electron structure. A similar pseudopotential file of Pd
material applied in the bulk calculation is used for the surface relaxation calculation. Also, similar
parameters of ecutwfc and K-points are applied so the results of both bulk and surface calculation are
comparable. The unit cell representing surface 111 is hexagonal with dimensions of 5.52x5.52x25 A and

it has 12 Pd atoms. The resulting geometry out of the plane cut is represented in Figure 13. Five layers of
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atoms, in the z-direction, are considered for the surface relaxation as shown in Figure 13b. The three bottom
layers are fixed to represent the bulk atoms, while the two top layers of atoms are set free to relax in a new
position to represent the surface. A large vacuum area is introduced above the top layer of atoms to ensure
that there is no interaction of atoms at the top surface layer with the bulk atoms (i.e. fixed atoms at the
bottom) reflected at the top of the unit cell as depicted in Figure 14. Compared to the bulk system, the
binding energy of atoms after surface cutting becomes small because the atoms are bonding from one
direction only. The bulk Pdecc has a binding energy of -4.935 eV/atom. This value becomes less negative
when bulk material is cut through the plane (111) (-4.631 eV/atom). This binding energy is normalized
by the total number of atoms in the unit cell. For instance, the unit cell for the surface relaxation of 111
has 12 atoms, so the total energy of that unit cell is divided by 12(no. of atoms). Then, the binding energy
(eV/atom) is obtained by taking the difference between the normalized cell total energy and the energy of
the normalized unit cell that has atoms apart enough from each other to prevent any interaction between

them.

Figure 13. Atoms arrangement for surfaces (111). (a) Top view and (b) front view
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Figure 14. The Pd unit cell is used for surface relaxation.
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CHAPTER 4
ADSORPTION AND DISSOCIATION OF HYDROGEN ON
PALLADIUM SURFACE DOPED WITH PLATINUM-
GROUP ELEMENTS

4.1 H2 Physisorption Process

Most H> applications on metal surfaces require hydrogen molecules to easily adsorb and dissociate
on the metal surface. A good instance is in the H> separation and purification via a Pd-based membrane
[27,57]. Reference always gives a better image of any study. Accordingly, we include the bare Pd among
other doped surfaces while studying the two primary surface processes(adsorption and dissociation) of H
on the metals. For most applications, the H. surface process begins with the physisorption of the H>
molecule onto the surface thus, we begin by studying the energetics of H, adsorption on bare Pd, PdPt,
PdIr, PdOs, PdRu, and PdRh surfaces through the careful determination of the most favorable physical
binding sites, the orientation of the molecule relative to the surface, the reactive separation distance
between the molecule and the surface, and the related binding energies. These were achieved considering
all the surfaces while treating each at a time through the following: (i) Firstly, the available sites were
defined as TO, T1, B, FCC, and HCP on each surface, though all the surfaces were built base on a similar
facet (111), the only difference is the TO a top site of a dopant which originally replaced a Pd atom on a

bare Pd surface at the doping process.
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Figure 15. (A) Dissociative adsorption energies of H2 on Pd-X surfaces with (B) corresponding relaxed geometry

and final bond length.

Unlike the basic homo atomic metal system, two different top sites (Pd and the dopant) are also

available on the (111) perfect Pd-X surface, which was previously defined as T1 and TO respectively. In

a similar vein, B represents the bridge location that develops between a Pd atom and a Pt atom. The surface

features two types of hollow sites in addition to the top and bridge sites: both hollow sites are produced

by two Pd atoms and a Pt atom, however, one of the hollow sites (shown by HCP) is covered below by

the first sub-layer (atoms in light grey) while the other hollow site (shown by FCC) is covered by the

second sub-layer atom (atoms in lightest grey). In Figure 16, every location is displayed. (ii) These sites

were utilized and H2 molecules were arranged across each of the well-defined adsorption sites to determine

the best stable adsorption orientation for Hz on the perfect Pd-X (111) surfaces.
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Figure 16. The available adsorption sites on Pd(111) surface with T(top), B(bridge), FCC, and HCP
are the hollow sites.

There are 15 Pd atoms and one Pt atom summing up to 16 atoms on the uppermost layer of the (2
x 2) supercell. Surface H2 coverage (0n2) is defined as the quantity of H> molecules that bond to one
surface Pd atom per surface. A single H, molecule on a (2 x 2) supercell is equivalent to 6012 = 0.06 ML
using the above definition. (i) Pd-top site (T1): The results from Kumar et al. and Abuelyamen et al.
concur that at this coverage, in the most stable adsorption geometry, the H, molecule bonds on top of Pd
(T1 site) in an activated state with an H-H bond length of 0.85 A[27,32,57]. Irrespective of the Pd-X
surface, all the H> molecules that were initially located at the Pd top sites, including those that are far and
near the doping atom gave almost the same value (0.85A) of bond length for the bonded H2 (see T1 in
Figure 15B). In this configuration of adsorption, H> attaches itself to the Pd surface in such a way that the
palladium-hydrogen distance (dps-n) is 1.72 A, and the molecular axis is parallel to the surface. For this
configuration, the H-H bond length (dn-w) is around 0.85 A, and the adsorption energy is determined to
be —0.32 eV. This is a general observation on all the surfaces and based on such energy, the H> molecule

could only bind to the Pd atom despite the presence of a dopant and adsorbed but not dissociated.
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(i1) Dopant site (T0): however, apart from the geometry given above, a noteworthy instance is noted; H»
may dissociate easily on top of Pt, Ir, and Os (TO-sites) in their respective Pd-X surfaces. This is observed
due to the respective minimum energies -0.96eV, -1.21eV, and -2.20eV identified from the relaxed H>
molecules. These energies are enough to enable the H> molecule to dissociate easily and were achieved
when Hz was initially placed at TO sites of PdPt, and PdIr and PdOs surfaces. After the dissociation, the
H-atoms move to the hollow sites; on PdPt, the atoms separated 2.9 A with positions at FCC and HCP
hollow sites(FH), similar positions were utilized by the dissociate atoms on PdIr and PdOs with dn of 2
A and 1.9 A respectively. However, in a similar situation, the energies obtained for the relaxed H.
molecules on PdRu and PdRh could be categorized as transitional energy instead of dissociative energy
because the H is still in molecular form though the dw.+ elongate to 1 A on the two surfaces. Moreover,
the H-atoms in all the dissociative cases move very close to the surface with dx-u of approximately 0.98
A. (iii) Bridg site (B): Apart from the dissociation notice on top of some dopant above, a great one is seen
virtually on the bridge sites on all the doped surfaces. H, molecule dissociates clearly on this site with
each H-atom moving to again the opposite bridges(BB) on PdRu, PdlIr, and PdOs after separating with a
distance (du-r) 2.32A, 2 A and 1.93 A respectively. In addition, the dissociated atoms on PdRh and PdPt
are located at FCC and HCP hollow sites(FH). In hydrogen separation and purification using Pd-based
membranes and in a hydrogen fuel cell, dissociation of Ha is highly desired. (iv) HCP and FCC hollow
sites: The H> molecule elongates and finally dissociates into H-atoms, one atom remains at the FCC
hollow site while the other relocated to the nearest FCC hollow site on PdRu(dn-1 = 2.86A). This is the
geometry with final H-atoms which were initially placed at the FCC site on PdRu and PdRh with the H-
atoms separation(du-) of 2.86A and 2.9A respectively. Except for H-atoms on PdRh originally at the
HCP site dissociated by taking both FCC hollow sites opposite to each other(FF) and separated(du-+ )

2.55A apart. All other sites adsorbed H in its molecular form with a geometry either horizontally(h) or
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vertically(v) where H; rotates to vertical orientation and moves far above the surface with dx.n = 2.75 A
and the bond length remains almost like the initial (0.75 A). The proximity of the bridge site to the dopant
could be the reason for such a similar effect on Hz. Since the H. molecule moves away from most of the
FCC and HCP hollow sites on the perfect Pd-X(111) surfaces then, there is a probability that H-atoms are
more favorable only in their atomic form but not the molecule. Figure 15 shows the details of the

explanation above. These surfaces present enough sites where H. dissociation becomes more favored.

4.2 Charge density difference analysis on H2 dissociation.

To further confirm the occurrence of H» dissociation on the Pd-X surfaces, an analysis of the
electronic charge density difference (EDD) was carried out to observe the interaction of the H-atom with
the surface at their final relaxed states through the concept of high occupied molecular orbital (HOMO)
and lowest unoccupied molecular orbital (LUMO) spaces. To summarize the situation, the cases at TO
were selected and charged density analysis was performed on the final relaxed states of H-atoms on the
Pd-X surfaces as shown in Figure 17. The idea for this selection is because the observation on TO sites
could be used to judge the events on the other site based on the energy relations. Thus, the electron density
difference isosurface maps were carefully studied and used to depict the electron transport between the
transition H2 molecule and the Pd-X surfaces. The HOMO-LUMO concept can be understood as follows;
when an atom loses electrons it moves to the LUMO envelope, whereas if an atom gain electrons it goes
to the HOMO. Based on this concept, if the H> molecule dissociates into its atoms or remains as a molecule
after interacting with the Pd-X surface can easily be confirmed. As seen in Figure 17, the green and blue
areas, respectively, reflect electron accumulation (HOMO) and depletion (LUMO). Usually, hydrogen
takes charge from the surfaces generating a strong covalent interaction, but in the same line, electron

interaction allows hydrogen to move on metal surfaces in each case [24].
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Figure 17 Electronic charge density difference (EDD) plots of relaxed H2 interaction with the doped Pd
surfaces.

Starting with an investigation of the H. interaction with the bare Pd surface as a reference, it is
observed that the two H-atoms are still within the HUMO envelope after their relaxation on the surface.
A scenario that signifies that the H-atoms do not give away their electrons(no charge transfer) and are still
bonded with each other, hence remaining in their molecular form. On the other hand, the H> molecules on
PdPt, PdOs, and PdlIr are in the LUMO envelope this means the H-atoms lose their electrons during the
dissociation reaction process, disintegrate into H-atoms, and move down to interact more with the surfaces
because they become more reactive (H*). These three surfaces record a clear potential to dissociate H2
molecules available on their top sites. However, the H-atoms on PdRu and PdRh lie between the HOMO
and the LUMO envelopes. These atoms do not completely release their electrons, though the portion into
the LUMO is more compared to the part that remains in the HUMO. This indicated that the H> molecules

are at the transition state to dissociate into H-atoms but not yet fully dissociated. Additional energy, though
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very little may be required for the H> molecule to disintegrate completely at the TO site on these two
surfaces.
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Figure 18. Mapping the CDD of the final state of H2 initially at TO sites on Pd-X surfaces with their
corresponding dissociative energies.

Now, that the events that occur at the relaxed states of the H> molecule which were initially located
at the top of the doping atoms designated as TO are known, we map the CDD with their respective energies
in Figure 17 and discuss the rest of the events on the other sites (T, B, FCC, and HCP). Since the CDD of
final relaxation of H2 on PdRu and PdRh surfaces with respective final energies -0.79eV and -0.92eV
confirms that the H. molecules are at the transition state to dissociation, then all the states where the final
energies are minimum than those in the case of PdRu and PdRh surfaces should be enough for H> molecule
to dissociate into H-atoms readily. These include the H> molecules which were originally located at the
bridge sites on all the Pd-X surfaces, followed by those at FCC and HCP hollow sites on PdRu and PdRh.
All other geometry results only in the physisorption of the H> molecule. Figure 17 demonstrates the events

through the mapping between the CDD and the final state energies of Hs.
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4.3 H2 Dissociation Barrier Path

Dissociation is barrier-dependent. When the barrier leading to dissociation cannot be overcome,
the reaction will be hindered and hence, dissociation will not take place [58]. This is the reason why some
energies need to be supplied to the system to facilitate the reaction by lowering or removing the activation
barrier. Because of the importance of understanding the H» activation barrier for the dissociation to occur,
the dissociation barrier of H» for the cases studied above was determined using the NEB. The NEB is a
potential method used to calculate the activation barrier path for a reaction. We maintain the same
selection as those considered for CDD analysis. It focused on all the Pd-X surfaces while limiting the
scope of the H> dissociation for the H2 molecules that were initially located on the TO which may later
dissociate. Usually, the physisorption stage of Hz is considered the initial state, and the dissociated stage
is the final to perform the activation barrier calculation. However, it is more accurate to start from far
beyond the physisorption stage. Because it will provide the whole picture of the process right before the
physisorption, down to the point where the H> completely dissociates. Considering the top sites as earlier
mentioned, H; is located on the top site on each Pd-X surface at 10 A above the surface as the initial state.
Furthermore, H-atoms were positioned at their most favorable dissociative sites as the final and then, the

reaction path was determined. Figure 19 demonstrates the configuration in a graphical view.
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Figure 19 The initial and final geometrical configuration for nudge elastic band (NEB) calculation.

The investigation of the activation barrier path reveals that H2 molecules diffusing to the Pd
surface will begin to experience the effects of the surface at image 4 due to the influence of energy around
(-0.0035eV). These molecules will continue to move closer to the surface minimizing the energy of
interaction until they are physisorbed, in a situation in image 8. Due to the presence of a little activation
barrier of -0.069eV, the H2 molecules could not directly proceed with the dissociation process. The barrier
is the limitation to the H2 dissociation that accounts for extra external energy. In hydrogen separation and
purification application, this could reduce the number of dissociated atoms which is in direct proportion
to the flux achieved through a Pd-based membrane. Syngas diffused to the membrane at high pressure and
extreme temperature. The temperature will serve as extra energy to overcome the barrier present on a bare
Pd surface and the pressure drives the dissociated H-atoms based on its gradient. Similarly, a barrier (-
0.057eV) to H2 dissociation was observed on the PdPt surface when the H2 molecule physisorbed with
an energy of -0.06eV at image 7. After overcoming the barrier, the H2 molecule will dissociate into H-
atoms with energy -0.94eV(image 10). Although the barriers on both the bare Pd and PdPt are low, the

extra energy of an equal amount (Conservation law of matter) must be added to overcome it [59].
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Table 4. The dissociation barrier and relaxed dissociative energy of H2 on Pd-X surfaces

Material Dissociation Barrier Final Dissociative Energy
Pd -0.07eV -0.93eV
Pd-Pt -0.06eV -0.94eV
Pd-Os - -1.13eV
Pd-Ir - -1.16eV
Pd-Rh - -1.05eV
Pd-Ru - -1.06eV

However, the H> molecule on PdOs, PdIr, PdRu, and PdRh dissociated directly without a barrier.
The H2 molecules diffused toward these surfaces and began to feel the influence of these surfaces right
from as low energy as -0.0089eV, -0.0079eV, -0.006eV, and -0.0055eV respectively. These energies
continuously decrease without any jump up or down the last final dissociation state (see image 10 of each
concerned reaction coordinate in Figure 20). Interestingly, for H> applications where H. dissociation is
desirable, these surfaces are the best candidates because no extra energy is required for the H2 molecule
to readily dissociate into its atomic form. Unlike the bare Pd and PdPt surface, H> molecules might not
have to be physisorbed at any point before dissociating. The physisorption, which is considered the starting
point for the H» surface process on Pd-based membrane is no longer valid regarding the doped
surfaces(PdOs, PdIr, PdRu, and PdRh). Moreover, in hydrogen fuel cells where H> dissociation is one of
the main drivers that supply the charges(H+) needed to the output, additional catalysts are usually added
to the electrodes to foster the H. dissociation process. Fabricating electrodes covered with these kinds of
surfaces will greatly enhance the H> dissociation on the electrode, thereby improving the yield of the cell.
Table 4 presents the Dissociation activation barrier along its energy for final relaxed state of the dissociated
atoms.

On a general note, the dissociation of H> on PdRu, PdRh, PdOs, and PdIr surfaces reveals a
distinctive characteristic — the absence of a dissociation barrier along the reaction path. This distinctive

feature points towards a "barrier-free” reaction, indicating that H> can potentially undergo dissociation on
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these surfaces without the need for external energy inputs. Combining PGEs creates surface alloys that
allow surface electrical and geometric structures to be modulated, hence controlling the catalytic processes
that take place on the catalyst surface [25]. This phenomenon challenges the conventional expectations of
energy barriers in dissociation reactions, suggesting a unique reactivity on these doped Pd surfaces. This
novel’s insight into the reaction dynamics of H> on specific doped Pd surfaces opens avenues for further

exploration and application in catalysis and material science.
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Figure 20 The energy profile of Hz dissociation on atop sites doping atoms (T0) of Pd-X surfaces (Xi= Os,
Ir, Pt, Ru and Rh)
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4.4 Catalytic Enhancement Analysis

To better analyze the general enhancement in the catalytic property of all the surfaces above, we
investigated the interaction of the H> molecule with the bare surfaces of Pt, Ir, Os, Ru, and Rh and related
to the alloy surfaces. We focus on the TO site only since the aim is to have a comparison between the bare
surfaces and the Pd-X surfaces. The relaxed H2 molecules on these surfaces were visualized in Figure 21.
Except for the bare Ir surface where the H, molecule relaxed by dissociating into atoms, all other pure
surfaces could not favor the direct dissociation H.. The H> molecule was only physisorbed, which is the
tendency for the existence of a barrier to the dissociation. Furthermore, a charge density analysis was
carried out on the bare surfaces to have clear information on how the H> molecule finally relaxed on them.
The CDD reveals that the H2 on the bare Ir surface greatly dissociated into H-atoms separated by a distance
(dun) of about donating their electrons and moving to the LUMO and becoming more activated.
However, the H, on Pd and Pt are more in their molecular form with the H-atoms bonded within the
HUMO envelope. However, Rh, Ru, and Os surfaces almost dissociate the H> molecule though not
absolutely because the H-atoms do not completely leave the HUMO into the LUMO(see Figure 22). This
means that the H> molecules on these surfaces are in a transition state to final dissociation. Compared to
the Pd-X surfaces, it is obvious that the surface alloy effect contributes to the dissociation of H». Since all

the Pd-X surfaces studied earlier presented greater potential for H dissociation than just the bare surfaces.
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Figure 21. Comparison of Hz relaxation state on bare Pt-group surfaces and the Pd surface when doped with
the atoms from the pure element.
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In addition, we compare the details of Hz adsorption on bare surfaces with their relaxed bond
length(BL) and final relaxed height(AdH). The minimum H: adsorption energy on bare surfaces is -
0.91eV which was achieved on the Ir surface followed by the other energies in ascending order of
magnitude -0.68eV<-0.66eV<-0.62eVV<-0.4eV<-0.31eV respectively obtained on Os<Ru<Rh<Pt<Pd.
The change in the bond length from the initial (0.75A) which is the H-H bond length in gaseous form,
on Os, Rh, and Ru is almost equal between 0.97-0.99 A whereas, it elongates to 0.94A and 0.85A on
Pt and Pd surfaces respectively. In a similar vein, the H> moved near the surfaces from the initial height
of 1.8A and relaxed at 1.65A, 1.57A, 1.61A, 1.63A and 1.7A above bare Os, Rh, Ru, Pt, and Pd
surfaces. The H2 molecules moved a little from their original height toward the surfaces and relaxed,
signifying that the molecules were adsorbed. However, the H> molecule moves from the initial 1.8A

down to 1.04A; closer to the surface and dissociated as confirmed by the CDD analysis above.

Figure 22. Electronic charge density difference (EDD) plots of relaxed H: interaction with the pure platinum
group element surfaces.
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On the other hand, the H2 molecules relaxed at 1.3A, 1.37A, 1.55A, 1.52A, and 0.96A above Pdlr,
PdOs, PdRh, PdRu, and PdPt after the H-atoms are separated a distance(du-+) of 1.93A, 1.79A, 1.01A,
1.15A, and 2.88 A respectively. Figure 23 shows the relationship between the relaxed energy of H-atoms
when dissociated or H2 molecule to the relaxed height and the H-H separation(BL). Although the H2
molecules on Pd-X surfaces were weakly attracted to the surface; meaning they did not move far from the
initial height closer to the surfaces, still the H2 molecule readily dissociated on the surfaces. This could
demonstrate how strong the potential of the Pd-doped surfaces is to dissociate H2 molecules even a bit far
above the surface. Hence, doping the Pd surface with the PGEs would massively enhance the catalytic

property of the Pd surface.
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Figure 23. A combined graph of relaxed height (AdH), relaxed bond length (BL), and the relaxed energy of H2
on pure (A) platinum-group surfaces and the doped Pd surfaces (B).

Additionally, the reaction barrier plots were combined to facilitate a clear analysis of the intriguing
enhancement in the catalytic ability of the Pd surface shown in Figure 24. The plot showcases distinct

energy scales at which H dissociates and relaxes, as indicated by the red circles. Furthermore, the
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dissociation of H> on PdPt is highlighted with a barrier energy of 57meV, potentially suggesting a less
favorable dissociation compared to the 70meV barrier on a bare Pd surface. Except for the PdPt surface,
all the other Pd-X surfaces have no barrier. This nuanced comparison underscores the subtle yet impactful

differences in the catalytic behavior of Pd surfaces when doped with other Pt-group elements.
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Figure 24. Combined energy profile for Comparison of all the doping materials to understand the catalytic
enhancement in the Pd surface.

Unlike the bare surfaces, the adsorption of H2 on Pd-X surfaces becomes more favorable (see
Figure 25). The energies required for H, to adsorb and possibly dissociate decrease upon the alloying of
these surfaces. The minimized energy for H> to physisorption on the surface is a great indication that the
Pd-membrane surface could be extremely active in terms of catalysis when the surface is carefully
decorated by the dopant. The effect that enhances such property could be attributed to the dilute region
where the dopant where surrounded by the host Pd-atoms. Based on this note, the minimization of H»
adsorption energy on doped-Pd surfaces suggests a more efficient utilization of the catalyst. Lower

adsorption energies imply that H> molecules can adsorb and desorb more readily, promoting turnover rates

56



in catalytic reactions. This increased turnover rate is crucial for the overall efficiency of catalytic
processes, making doped-Pd surfaces promising candidates for various applications, such as

hydrogenation reactions in chemical synthesis or fuel cell technologies[25].
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CHAPTER 5
HYDROGEN TRANSPORT PROCESSES ON Pd-Pt
SURFACE

5.1 Surface and Alloy Model

We model a slab that represents a crystallographic plane (111) to study the surface chemistry
happening on the Pd-Pt. We considered a (3x3) supercell of (111) surface to investigate the adsorption,
dissociation, and hydrogen [60]. A five-layer-thick slab is used to maintain a balance between the
precision of the calculations and the computational cost, with the atoms in the bottom three layers fixed
at their bulk interplanar distances and the remaining atoms free to relax. The super-cell has a size of 11.85
x 11.85 x 45.92, periodic boundary conditions in all directions, and the analysis considers a 2x2x1
Monkhorst-Pack grid. The slab system would contain 180 atoms due to the FCC crystal structure of the
membrane. To prevent interaction between periodic images, a vacuum size of 20A along the slabs' vertical
axes was established [61]. To find the most favorable adsorption sites in terms of energy, several positions
for reaction intermediates on the surfaces were considered. Regarding the alloying, we consider the
computational cost again at the same time accuracy of our calculation and added only one Pt atom on the
surface to represent the alloying percentage keeping in mind a justification from statistical mechanics. The
presence of one alloy atom in the calculation is enough to observe the effect of alloying because we
consider the influence of the alloy atom on the adsorption and dissociation behavior on its neighboring Pd
atoms and vice-versa [62]. Therefore, adding many alloy atoms (Pt) makes no difference instead increases
the cost of the calculations because of the many interactions between other Pd and Pt atoms within the

slab.
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5.2 Computational Cost Analysis

The challenges associated with the cost of Density Functional Theory (DFT) calculations in
analyzing gases on a metal surface stem from the computational demands of accurately modeling the
electronic structure and interactions within the system [63,64]. DFT is a powerful method for studying
molecular interactions, but its application to gas-metal surface systems requires extensive computational
resources [63,65]. The complexity of the metal surface, the number of atoms involved, and the intricate
nature of gas adsorption processes increase the computational cost substantially. Achieving high-level
accuracy often necessitates employing advanced methods and larger basis sets, further escalating the
computational expenses [64]. These challenges highlight the trade-off between computational accuracy
and feasibility, underscoring the need for innovative approaches to enhance the efficiency of DFT
calculations while maintaining a fair cost.

5-layers 3-layers 2-layers

Fixed

2

Fixed

Figure 26. Surface Culmination of Pd-Pt Slab

Indeed, employing surface culmination strategies helps strike a balance between computational
accuracy and cost in DFT calculations for gas-surface analyses. These methods often focus on representing
the metal surface through simplified models or employing periodic boundary conditions to simulate a
finite portion of an extended surface, reducing the number of atoms considered. This allows for a more
efficient treatment of electronic interactions while maintaining the essential features of the metal surface.

Furthermore, using specialized functionals or basis sets tailored for surface calculations can enhance
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accuracy without significantly escalating computational expenses. However, we performed an analysis of
H> adsorption on three different surfaces we culminated. The culmination started with a five-layer slab
with three bottoms fixed and the top two were allowed to relax. Next the last two bottom layers were
removed to form the three-layer slab. Later the remaining fixed bottom layer was removed leaving the top
relax two which forms the two-layer slab with the lower layer fixed and the upper relaxed as shown in
Figure 26. H, was located on all the sites at 1.8 A° height above the surface. The relaxed energy where
estimated and plotted in Figure 27. On T1, FCC1, and HCP1, H. are adsorbed but dissociated on TO and
B1. However, all energies computed considering each case of the three culminated slabs (5-layer, 3-layer,
and 2-layer slabs) virtually show the same result. This indicated all three slabs can ensure accurate results
and drag the computational cost while using slabs with fewer atoms. Therefore, we continue the

calculations using the 3-layer slab after these estimations.
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Figure 27. Hydrogen adsorption on the available sites of culminated 5layers, 3layers, and 2layers surfaces

5.3 H2 Physisorption on Pd-Pt (111) surface
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H> separation membrane performance is usually weighed based on the membrane’s ability to easily
adsorb and dissociate hydrogen molecules on the surface and allow its permeation through it[35,66]. The
first two steps in the H. transport mechanism on the surface of the membrane are adsorption and
dissociation. Hence, the adsorption and dissociation processes of H> molecules on the Pd-Pt(111) surface
are reported here. We position H2 on all the available adsorption sites on the surface with different
orientations (vertical and horizontal) to calculate the most favorable location and orientation of H2 on the
surface. Unlike the pure Pd surface with lowest index Pd(100) and Pd(110), two hollow sites (FCC and
HCP) and two types of atop sites are present, which are denoted as T1, T2, and T3 for Pd-atoms and TO
for Pt-atom respectively. The reason for considering three different Pd atop sites is to study the influence
of the added Pt-atom on both the near and far Pd-atoms. Also, there are three bridge sites defined by B1,
B2 and B3. B1 sites are between a Pd and Pt atop sites, while B2 and B3 are bridge sites located between
two pairs of Pd atoms opposite to the Pt atom across FCC1-Hollow and HCP1-Hollow sites respectively.
Additionally, two types of hollow sites are present on the surface: one located just above the first
subatomic layer in light blue (designated as HCP1 and HCP2) and the other above the second subatomic

layer in white (designated as FCC1 and FCC2). In Figure 28, all the sites mentioned are presented.
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The total number of atoms on the upper layer of the (3x3) supercell with (111) index is 36 atoms
(35-Pd atoms and 1-Pt atom ). The amount of H> molecules that bind to the surface for each surface Pd
atom is how we define the surface hydrogen coverage (012). According to this definition, one H, molecule
translates to H> = 0.16 ML on a (3 x 3) supercell. The H> molecule attaches to Pd (T1, T2, and T3) at this
coverage in the most stable adsorption orientation (Horizontal) in an activated state with an H-H bond
length of 0.75 A. With a dpg-11 0f 1.80 A, H2 binds to the surface of Pd (T1, T2, and T3) in this adsorption
configuration, keeping the molecule axis parallel to the surface. The H-H bond length (dw-w) in all the
three Pd atop sites(T1, T2 and T3) is determined to be around 0.85 A, and the adsorption energies for this
configuration are found to be about -0.303 eV, -0.321 and -0.323 respectively (see Figure 29). Similar H-
H bond length was reported by Kumar et. al with a little difference in the adsorption energy of (-0.35eV)
compared to T1 while studying the H, adsorption on a top site of Pd on PdCu. The slight difference could
be attributed to the presence of Cu instead of Pt on the surface [57]. Moreover, the H, adsorption on each
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top site of Pd atoms occurs at 1.71 A (dpa-H2) above the surface irrespective of the atom’s location except
for T1 where H2 is adsorbed at 1.72 A just 0.01 A above the height in the cases on T2 and T3. Although
H2 was adsorbed on the Pd atom (T1) next to the Pt atom doped on the surface at slightly higher height
and energy compared to the rest Pd tops, however, this signifies the effect of the doped Pt on the adsorption
H2 on Pd.

In addition, at similar H2 geometry and its adsorbed height (deg.+2) On T1, T2, and T3, H2
dissociated directly into individual atoms on TO (Pt-atom) as shown by energy in Figure 29 and visually in
Figure 30 (TO). with the minimum dissociative adsorption energy (-0.93eV). An interesting dissociation
happens when H2 descends from its initial height of 0.8 A to 0.98 A very close to the surface. The H2
molecule dissociates into its atoms. One H-atom relaxes on the FCC site and the other on the HCP as
shown in Figure 30. The Pt atom (TO) on the surface demonstrated high affinity to H2 molecule and this
may be the justification why the adsorption energy of H2 on T1 is higher. Unlike H2 on the top site of Pd
(T2 and T3) atoms that are far away from the doping Pt atom, the forces pulling H2 on Pd top (T1) from
the doping Pt (T0), must be compensated by the pushing forces to sustain the adsorption of H2 on the T1.
This results in the increase of adsorption energy on T1. However, the presence of Pt on the surface
minimized the overall adsorption energy of H2 on all the available sites on the surface. This is observed
from the change in the adsorption energy of H2 on bare Pd surface in the absence of Pt and with the Pt
doped on the surface in the following manner: at T1pq-part (EH2 = -0.024€V to -0.320eV), at Blpg-part (En2
= -0.025eV to -0.993eV), at FCClpg.part (Enz = OeV to -0.139eV) and at HCP1pg.papt (Enz = OeV to -
0.139%V). Compare the Hz adsorption energies of H2 on all the corresponding sites in Figure 31 and Figure

33.
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Figure 29. Hz adsorption energy on Pd atoms in the presence of Pt with their corresponding final relaxed bond
length and height of Hz from the surface.

Similarly, the dissociation of H> molecules was observed on the bridge site (B1) next to the Pt
atom (TO) as shown in Figure 30 (B1-H). H: is also dissociated into H-atoms, and the relaxed position
taken by the dissociated atoms is still the FCC and HCP but different from those occupied when the
dissociation happens on the Pt. The atoms relaxed with a dissociative energy of (-0.99eV), which is more
minimum than the previous energy when dissociated on the Pt(see Figure 31). It became interesting when
we observed that sizes of FCC and HCP hollow sites could only accommodate an H-atom at a time. This
observation came when Hz molecules were initially placed on the FCC and HCP site at 1.8 A above the
surface. Remember that the dissociated H-atoms on TO and B1 preferentially relaxed on FCC and HCP
sites, however, now that the whole H> molecule instead of just the H-atom was placed on these sites, each
of the H> molecules rotates vertically while maintaining the same sites to allow one head of the H-atom
in the molecule to relax first into the site with the other H-atom on top(Figure 30, FCC1-H and HCP1-H).

Unlike the relaxation of H-atom which happens near the surface, the rotation of the H. molecules occurs
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far above these sites with dsec-2 and dnep-2 0f 2.8A and 2.7A, and bond length between the H-atoms(d-
n) of approximately 0.75 A and 0.62 A respectively. This shows how the two sites prefer to accommodate
an H-atom at a time, be it a single H-atom or a head of H-atom in its molecule. Also, this clearly proves
the claim that metals adsorbed hydrogen in their atomic form and thereby act as hydrogen “sponges” [59].
Table 5 has the summary of H» adsorption and dissociative adsorption energies with the height and bond
length for the relaxed H> molecules or H-atoms. The H. molecules placed on all other adsorption sites end
up in any one of the above-mentioned top sites. Therefore, H> molecules on Pd-Pt surface must dissociate
before they can enter the subsurface and begin permeation into the membrane. This is consistent with the
H> transport process on the palladium (Pd) membrane, which is the breakdown of molecular H; into
individual hydrogen atoms (H) on the membrane's surface. On the other side of the membrane, these
hydrogen atoms recombine to create H> molecules after diffusing through the Pd lattice. Sieverts' law of

hydrogen permeation describes this process[32,67,68].

TO-H T1-H B1-H FCC1-H HCP1-H
o P%S%r 06 o0 0600 he'%e
Initial 0 O0Oe O% O« P‘o' O¢ 'O‘QOOQ ) @O ¢
geometry oe <0 o 00 b D OO CD’ (] )
oe oo ‘be 0 Pe o¢ P9
)00 (o 00 LO9 00001008
YO, OO he” D¢ .00 000 00 ¢ 00 |
0o € PL )% 00 6 5D
Relaxed )@ - OO0 D& ©¢ ,00:°00 D000 ¢ DO (
womet ) 6° O be’ D L 00 06 )’ De’ $%S°
‘00 ¢ roe e 00 (%% 0 .00

Figure 30. The initial and final relaxed geometry of Hz on Pd and Pt top sites of perfect PdPt(111) surface. Pd
top layer atoms in dark-blue while the light-blue represents the first sub-layer atoms and Pt is grey color.
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Table 5. H2 Binding Energy (eV) on bare Pd(11) and a Pd-Pt(111) Surface at 0.25ML Coverage.

Adsorption Bare Pd Adsorption Pd-Pt

Site H2 cO H2S Site H2 CO H2S
TO - - - TO -0.96 -1.91 111
T1 -0.33 -1.54 -1.03 T1 -0.32 -1.52 -1.04
Bl -0.34 -1.82 -1.01 Bl -0.99 -1.91 -1.12
FCC1 -0.01 -1.99 -0.95 FCC1 -0.13 -2.01 -1.11
HCP1 -0.33 -1.99 -1.04 HCP1 -0.13 -2.00 -1.73

5.4 H2 Chemisorption and Dissociation on Pd-Pt (111) surface

It was seen that H» dissociates on TO and B1, with relaxed energy of the H-atoms being far
minimized than when on other Pd sites, then, we can say that the presence of Pt as a dopant has a great
influence on the dissociation of H, molecule on the surface. Since the adsorption of H2 on top of Pd top
sites(T1, T2, and T3) is fair compared to the dissociative adsorption of TO and B1, though, we could not
easily capture the physisorption of H2 on TO and B1 even after so many careful adjustments of the initial
height(dro-n2 and dei-+2), the H2 molecule keeps dissociating until at about 2.4 A height above the surface
where the H, molecules move away, signifying that the H> molecule is no longer feeling or interacting
with the surface. We therefore consider placing H2 molecules at 10A height on TO and B1 sites above the
surface (to capture all the events behind and through the challenging adsorption stage till the point of
dissociation as shown in Figure 32) as the initial configuration to study the H> dissociation (marked as 1 in
Figure 8(a) and demonstrated in Figure 7 as initial state). To find the final configurations, two H are placed
at various possible adsorption sites like bridge and hollow sites. We found that in the most stable geometry,
the two H atoms are adsorbed on two adjacent hollow sites (fccl and hcpl) for both cases (TO and Bl
tops) which are formed by two Pd atoms and a Pt atom (marked as 10 in Figure 8(a) for TO only). This
agrees with the final relaxed state of the H> molecule observed while studying the H> physisorption as

explained earlier and shown in Figure 5. The dissociative adsorption of two H atoms is about -0.96eV and
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-0.99eV for dissociation on TO and B1 respectively, which are thermodynamically more stable than that
of adsorption of molecular hydrogen. A reaction pathway was established for H, dissociation starting from
the above-mentioned initial and final configurations, and the minimum energy path obtained from the CI-
NEB calculation is presented in Figure 33 (a) and (b). The du-u, which is about 0.75 A in the initial state,
is stretched to 1.56 A at the transition state and finally to 2.9 A at the final relax state of the H-atoms. The
dissociative adsorption goes through a precursor state and the classical barrier for H> dissociation is
estimated to be 57meV on TO and no barrier was observed for the dissociation of H> that was initially on

Bl.

3.5

25

15

> Spacing

1 } —e—H2_Adsorption

0.5 | —e—H2_bond_length

0l —e—Relax height

05 | /\/—
4t

-1.5

Energy<

TO ™ B FCC HCP

Initial site

Figure 31.Relationship between bond length, adsorption height and energy of Hz on the available sites on Pd-
Pt surface.
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Figure 33. Dissociation barrier path of H; initially placed on TO in (a) and on B1 in (b)

5.5 Electronic Charge Density Difference Analysis of H2-PdPt
Interaction

Nonetheless, the Pt atom's valence electron configuration may be the cause of the low barrier to
H. dissociation at the TO (Pt-atom) location. Pt is in the valence electron configuration 6s'5d°. In contrast
to Pd atoms with valence electron configurations of 5s°4d*°, the Pt atom possesses two kinds of partially
filled orbitals (i.e., s and p). The dissociative adsorption of H> on a metal surface may be described by

these orbitals and the surface s- and d-electrons. The Hz molecule orbitals start to overlap with the surface
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s-electrons as they get closer to a metal surface. This is confirmed by the electronic charge density
difference plot of H. interaction shown in Figure 34. The H s-electron is therefore rejected (by the Pauli
exclusion principle) for a substrate atom whose valence electron states are completely occupied, leading
to a high energy barrier. The following is how the surface d-electrons participate. As H. gets closer to the
surface, charge is given back to the H» anti-bonding state from the surface d-states and from the H> s-
orbital to the surface d-states. It may be expressed as follows: H. dissociation on the surface is enhanced
by the interaction between the surface d-electrons and molecules orbitals of H>. The H s-electron repulsion
is consequently mild for Pt where there is empty surface s- and d-states, but H, dissociation is enhanced,
leading to a very low energy barrier [59,69]. Therefore, our result shows that H» should easily dissociate
on Pd-Pt surface due to the low dissociation barrier on TO(Pt top site) as shown in Figure 33(a) and barrier

free on the bridge site (B1) in Figure 33(b).

Bare Pt Surface PdPt Surface

"OEJ
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Figure 34. Electronic charge density difference of H2 interaction with bare Pt and Pd-Pt alloy surfaces.

5.6 Adsorption of CO and H2S on Pd-Pt surfaces
Surface poisoning of Pd base membrane is one of the great challenges hindering the wider
application of Pd-based membrane. Poisoning gases can influence the binding energy of H, molecules to

the Pd-membrane or inhibit the accessible adsorption sites, which can influence the adsorption of H;
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molecules. Finding the most likely location and orientation for these poisoned gases to bond to the Pd-Pt

surface is essential to examining the effects of these gases. On the Pd-Pt(111) surface, Figure 25 depicts

the initial and relaxed geometry of CO gas at various locations with different orientations in the diluted

region. A 3x3 slab was used for the computation; however, for clarity's sake, only a portion of the slab is

included in the figure.
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Figure 35. The initial and relaxed orientation of CO on the available site (TO, T1, B1, FCC1, and HCP1)

in the dilute region on the Pd-Pt(111) surface.
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The adsorption energy of CO and on the Pd-Pt surface(111) is shown in Figure 36. It was observed
that when CO is adsorbed at a vertical orientation with the oxygen atom positioned near the Pd-Pt surface
(cases in the last block of Figure 35(e)), the binding energy of CO on the Pd-Pt surface decreases. This
vertical orientation results in a binding energy of just -0.14 eV for the four adsorption sites of the top,
bridge, fcc, and hcp hollow, and the CO goes far beyond the surface from its original height of 1.8 A to
4.17 A. An indication that CO has a lower chance of being adsorbed at these locations with such
orientations on the surface. Furthermore, all initial geometry of CO at the horizontal orientation is relaxed
to a vertical orientation with carbon atoms facing down close to the Pd surface as seen in Figure 35 block
(@), (b), (c), and (d) a similar behavior that was observed on a bare Pd (100)[27]. This means CO always
prefers such geometry irrespective of the facet and possibly the composition of the surface since the
presence of Pt on the Pd-Pt surface does not affect such behavior. Another observation is that Pd and O
do not spontaneously want to interact for a reason which could result from the nature of their valence
electronic configurations. The most negative adsorption energy of CO is about -2.0eV which was achieved
at the FCC, and HCP hollow sites with vertical CO orientation while C-atoms close to the Pd surface (
situations in block (b), (c), and (d) ). The CO relaxed at 1.4 A above the Pd surface. The bond length of
C-O slightly elongates after the physisorption process from around 1.140 A (at the gas phase) to about
1.189A.. Furthermore, depending on the initial distance between the CO molecule and the Pd surface, it
has been noted that occasionally, the CO molecule relaxes at a location other than the one it was initially
given. Figure 36 presents more information about the energy of these instances. Moreso, the T1 sites also

exhibited large adsorption energies of -1.52 eV.
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Figure 36. Adsorption energy of Hz, CO, and H:S on (a) the available sites of bare Pd(111) and (b) Pd-Pt(111)
surfaces.

In comparison, the minimum adsorption energy of CO on Pd-Pt(111) surface (-2.0 eV) is slightly
higher than the adsorption energy of CO on bare Pd(111) of -1.99 still obtained on hollow hcp and hollow
fcc sites. Hence, the presence of Pt does not significantly affect the adsorption of CO on the surface and
generally, Pd(111) could be more susceptible to CO poisoning compared to the bare Pd(100) which
adsorbed CO with the energy around 0.117 eV as reported by Abuelyamen et. al [27]. In Figure 36, the
adsorption energy of CO on bare Pd and Pd-Pt is presented among others.

Similarly, the adsorption energy of H2S on Pd-Pt was investigated, starting with the determination
of the minimum energy orientation then followed by the most favorable adsorption site. H.S was oriented
such that the two H-atoms attached to the sulfur kept varying in coordinates. We denoted ‘n’ as negative,
and ‘p’ as positive which are attached to the XYZ axis to logically define the possible orientation to
analyze as shown in Figure 12. When H»S was initially oriented with H-atoms as pXpY meaning one H-
atom in the positive X direction and the other H-atom in the positive Y-direction, it relaxed after
dissociating into HS and H with the most minimum energy (Label ‘H’ in Figure 37). The HS binds to Pd-
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atom and the H binds to Pt as shown in Figure 37 (pXpY). Moreover, for all other possible orientations,
H>S relaxes mostly to pXpY and in few cases to nXnY, or pXnY or nXpY geometries, hence H.S
adsorption and dissociation can easily be achieved while in pXpY orientation. Then, we consider this
orientation to further determine the most favorable adsorption site for H>S adsorption. Figure 38. Shows
the initial and relaxing geometry of H,S on the top, bridge, and the hollow sites. Regarding the site, H.S
is adsorbed with minimum energy of -1.03eV and -1.73eV on HCP for both bare Pd and Pd-Pt respectively
(Figure 36 (a) and (b)). The adsorption of H,S is non-active from the gas phase and is exothermic [29].
The adsorption energy of H2S, SH, and S are correlated with lattice constant. Accordingly, the Femi level,
d-state density at the Fermi level, and d-band center relative to the Fermi level are the determinants of H.S

binding energy [31].
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Figure 37. H2S orientations with their respective relaxed energies.
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Though the Pd-Pd surface could be vulnerable to H2S poison, it can play a major role in processes
that require the dissociation of H>S such as petroleum refining, waste-water treatment, sulfur recovery

among others. Dominic et. al claim that H>S dissociation is exothermic with a low barrier and that its
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decomposition on Pd(1 1 1) surface is facile [29]. , it dissociates to produce an additional H-atom to the
total number of dissociated atoms on the surface and the hydrogen content n (hydrogen per metal atoms
ratio) and the coefficient of diffusion Du are isothermally related [70]. This implies that Pd-Pt surface

could potentially produce hydrogen from H2S as a feed.
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Figure 38. The Initial and relaxed geometry of possible sites for H2S adsorption on Pd-Pt Surface

5.7 Effect of CO and H2S on H2 Adsorption on Pd-Pt Surface

CO and HaS could greatly affect hydrogen processes such as permeance on a bare Pd membrane
surface [71]. The CO and H>S either compete with H. for adsorption sites, thereby blocking the chances
for Hz to get absorbed on the surface, or completely poisoning the surface and compromising its primary
function. How soon H,S poisoning develops is unknown due to the large variations in Hz and H2S
concentrations and site availability [30] However, studying these effects is of paramount importance
especially when attempting to improve the properties of a Pd membrane. The CO and H.S effects on H>
adsorption were investigated on the PdPt surface to observe the improvement that doping Pt on the Pd
membrane surface can make. On a bare Pd membrane surface, CO was observed to inhibit hydrogen

permeation through the membrane and lead to deviations from Sievert’s law [28,72]. Depending on how
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the metal is used, such as in fuel cells, the presence of CO may passivate the surface and reduce the
performance of the device [73]. However, it was observed here that H> adsorption energy is almost the
same both alone and in the presence of CO. H» adsorbed equally with and without CO with energy -
0.32eV, -0.33eV, and -0.34eV when initially at TO, T1, B, and HCP respectively. The only case where H>
adsorption varies, with and without CO is when initially at the FCC hollow site where the energy is
0.006eV and -0.13eV without CO and with CO respectively. Fonseca et. al, also calculated the adsorption
of H2 on a hollow FCC site of a Pd surface in the presence of a pre-adsorbed CO and obtained an energy

0.11eV lower than on bare surface [73,74].
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Figure 39. Hz adsorption on bare Pd surface, in the presence of CO and H2S

On the other hand, H2S strongly affects H> adsorption. The Hz adsorption energy becomes greater.
It adsorbed weakly by 0.99eV when it was initially at TO and T1, moreover, when the Hz was originally
located at FCC, B, and HCP, it relaxed and adsorbed with the energy of 0.90eV, 0.26eV, and 0.20eV
respectively. Figure 39 presents the adsorption of H2 on a bare Pd without any poison gas and with two
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poison gases each.

However, when platinum is doped onto the bare Pd surface, the adsorption of H> on PdPt surfaces
is highly enhanced. The adsorption energy is minimized to as low as -0.96eV with H; at its initial site TO,
-0.32eV at T1, -0.99¢V at FCC hollow, and -0.14 when it is at HCP initially. Moreover, in the presence
of pre-covered CO, the H, adsorption is affected when it is initially located at bridge site(B) where the
adsorption energy increased from -0.99eV to -0.32eV and minimized from -0.14eV to -0.32eV at HCP
hollow site. Apart from the case where H> was located initially at the bridge and at the HCP hollow, H>
adsorption remains the same with respect to other sites(T0, T1 and FCC) just as those on bare Pd (see
Figure 15). Furthermore, in the presence of H.S, again the H, adsorption is good. It is adsorbed from its
initial positions TO, T1, B, FCC, and HCP to its relaxed geometry with energy -0.90eV(TO, B), -
0.32eV(T1), -0.30eV(FCC) and -0.88eV(HCP). The adsorption for the case of TO, B and HCP site are
dissociative. Rupprechter et. al [75] studied the dissociative hydrogen adsorption on CO-recovered
Pd(111) for CO coverages between 0.75 and 0.33 ML and concluded that H adsorption is very unlikely.

The H-H bond break takes place somewhat distant from the surface before the adsorption.
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Figure 40. Figure 14. H, adsorption on PdPt surface, in the presence of CO and H2S
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5.8 Comparative analysis of improvement between bare Pd and PdPt
surfaces

It is observed that the PdPt(111) surface exhibits significant adsorption of H> even in the presence
of CO and H,S compared to Pd. To examine the consequences stemming from CO adsorption, we
computed the energy required to adsorb a hydrogen atom onto a surface that already had a CO molecule
pre-adsorbed. The energy of adsorption of H> on both Pd and PdPt surfaces in the presence of the pre-
covered CO are virtually the same with a difference only in the case where the H> initial site is TO(Figure
42a). This similarity can be associated with the nature of the CO adsorption on the two surfaces. The CO
adsorbed on the PdPt surface with nearly equal energy to the energy it adsorbed on the Pd surface(Figure
18a). This means the PdPt surface resists further effect of CO in addition to enhancing H:

adsorption(Figure 16).
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Figure 41. Hz adsorption on Pd and PdPt surfaces
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In contrast, H. adsorption is greatly enhanced on the PdPt surface in the presence of H»S. It is
weakly adsorbed on bare Pd with more positive values; 0.99eV, 0.26eV, 0.9eV, and 0.20eV when the
initial location of H2 is TO-T1, B, FCC, and HCP. Compared to H» adsorption in the absence of H,S on
bare Pd(see Figure 16), it will be noticed that the presence of H>S woefully increases the energy required
for the adsorption of Hz on the surface. The change in the adsorption energy toward more positive values
can be attributed to the modification of the metal d band caused by its interaction with the H,S states.
Although H>S adsorbed more on PdPt relative to the bare Pd surface(Figure 43b) however, on the PdPt
surface, the adsorption of H; records minimum energy when Hz originates from TO, T1, B, FCC, and HCP
and relaxed with energy -0.9eV and -0.3eV(Figure 42b). This is a great improvement and the H> might

dissociated before adsorbing for the case with the most negative energy(-0.9eV).
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5.9 Delta Analysis of H> adsorption in the presence of poisoning gases

Table 6 presents the summary of our findings, pointing out the differences between the energetic
processes on bare Pd and the PdPt alloy surface. The magnitude of the differences will give a clear image
of how the doping impacts the membrane surface processes. Concerning bare Pd which is always the
reference, the first and second columns are energies of H. adsorption with and without CO, and their
delta(difference) is computed on the third column. Furthermore, the fourth and fifth columns hold energies
at which H, adsorbed with and without pre-covered H;S and the last column contains their
difference(delta). Similarly, all the above energies corresponding to those on PdPt were computed as well
and displayed under the Pd-Pt section in the table. Taking account into the variations of these energies we
can justify that:

(a) H2molecular adsorption is greatly favored to dissociation on PdPt.
(b) The effect of CO on H> adsorption is almost similar on the two surfaces(bare Pd and PdPt).
(c) The effect of H2S on hydrogen adsorption is minimal on PdPt.

(d) The CO delta is comparable while the H.S delta shows the PdPt has less H» adsorption effect compared
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to bare Pd.

Table 6. Difference between H: adsorption energy with and without CO and HzS on Pd-Pt in comparison to

that on bare Pd surface.

Sites Bare Pd Pd-Pt
H2Eﬂﬂ5 H2Eﬂﬂ5+co 6(H2ads+CO] HZEads+st 6('E[la1:]s+]§[2 S) HZEadS H2Ead5+(‘-0 6(H2adS+CO) HzEadSHﬂS 6('E[la1:]s+]§[2 S)

€V) | (V) s (eV) s (eV) (eV) P (eV) s
T0 - - - - - -0.96 0.963 0.001 -0.902 0.062
T1 | -0.33 | _0.329 0.001 0.987 1317 -0.32 | 9300 0.012 -0.298 0.022
B | -034 | _p329 0.007 0.260 0.596 -0.99 | o319 0.674 -0.898 0.095
FCC | -0.01 | _0.126 0.132 0.902 0.895 0.13 | 10 0.003 -0.302 0.163
HCP | -0.33 | _0.332 0.004 0.204 0.539 -0.13 | o318 0.181 -0.877 0.740
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CHAPTER 6
CONCLUSION AND RECOMMENDATION

6.1 Conclusion

We investigated the performance of the Pd and Pd doped with other platinum-group elements on
H> surface processes for H» application. The Pd-doped surfaces adsorbed more H, molecules by
minimizing the energy required for H, to bind to the surface. These surfaces further dissociate those
adsorbed molecules into their atoms. The dissociated atoms relaxed mostly in the hollow sites on the
surfaces. H, adsorption and dissociation are the first two processes on metals and are desirable. Therefore,
for most H> applications, especially Ha purification and separation through Pd membrane and H. fuel cell
with Pd electrodes, doping Pd surface will enhance the catalytic properties of the Pd used and hence
improve the yield. Specifically, for H, separation and purification applications, doping the surface of bare
palladium with few atoms of platinum will greatly resist the CO effect on the palladium-based membrane
surface and burst the H. adsorption to the dissociative adsorption even in the presence of CO and H.S
which are known to be the most poisonous gases to the hydrogen surface processes on Pd-based

membranes.

6.2 Future Recommendations

The research objectives of this study were accomplished with much effort. Still, there's always
space for development. As a result, the following recommendations for expanding the work are

provided:

e Exploring the hydrogen permeation through the doped Pd-alloy membrane.

¢ Investigate the permeation of hydrogen on binary Pd-alloy with other metallic materials.
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e Investigate ternary doped Pd-alloy on hydrogen adsorption, dissociation, and permeation

instead of using binary alloys of Pd-membrane.

e More poisoning gases can be investigated such as CO2 and CH4.
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