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Abstract
Surface compositions play a predominant role in the efficiency and lifetime of membranes and cata­
lysts. The surface composition can change during operation due to segregation, thus controlling and
predicting the surface composition is essential. Computational modeling can aid in predicting the al­
loy’s stability, along with designing surface alloys and near­surface alloys which can outperform existing
catalysts. A computational model to predict surface segregation in ternary alloys is developed. The
model is based on Miedema’s semi­empirical model that is used to predict mixing enthalpies. The seg­
regation enthalpy is parameterized to describe pairwise interactions between nearest­neighbours and
then used in Monte Carlo simulations. Monte Carlo simulations enable to predict short­range ordering
in the surface and subsurfaces; both affect the performance of a material as a catalyst. The compu­
tational model obtained in this work is able to screen through a vast range of alloy compositions and
can qualitatively predict the alloy’s stability in a gas environment. In this thesis the model is applied to
design a novel ternary Pd­based material for membranes that can be used to separate hydrogen from
a gas mixture. Addition of specific amounts of Cu and Zr to Pd results in a material with reduced H2S
poisoning as compared to a pure Pd surface as well as an enhanced permeability. The computational
model obtained in this work allows to systematically assess the composition of ternary surface alloys
and near­surface alloys and is a large improvement over the trial and error approaches currently used.
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1
Introduction

Surface segregation is of great importance as the catalytic activity is mostly determined by the surface
layer [1], [2]. The surface composition of alloys can change during operation [3]. One or multiple ele­
ments can be enriched on the surface through a process called surface segregation, as shown in figure
1.1. Even minute changes to the composition of the surface layer or near­surface region can drasti­
cally affect the catalytic properties [2], [4]–[10]. Therefore, many applications require a control over
the surface composition. Examples include the production of polyethylene [11], controlling corrosion
[12], catalysts for the production of hydrogen and electrodes for CO2 conversion [13]. Furthermore,
controlling the surface segregation can lead to improved solar cells, light­emitting diodes, gas sensors,
thin film transistors and more [14]. The different composition of the surface layer is known as a surface
alloy (SA). Similarly, a different composition in the near­surface region is known as a near­surface alloy
(NSA). These SA’s and NSA’s can be designed in such a way that they outperform existing catalysts
[4]. Thus, controlling and being able to predict the surface composition is of paramount importance to
find multicomponent alloys with improved properties. Traditionally these alloys are optimized by trial
and error. A more systematic computational approach can reduce both the time and cost of optimizing
SA’s and NSA’s.

Figure 1.1: Segregation of red atoms to the surface layer.
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It is more clear than ever that fossil fuels will not have a predominant role as an energy carrier for our
future energy and transport systems. The drive towards a hydrogen economy has a great potential to
reduce the emission of greenhouse gases. However, certain challenges have to be overcome in order
to make the hydrogen economy a more realistic option. One of these challenges is the purification
of hydrogen. In many applications, such as general industrial applications, hydrogenation, and water
chemistry high purity (>99.95%) hydrogen is needed [15]. For polymer electrolyte membrane fuel cells,
ultra­pure hydrogen (>99.97%) and CO concentrations ≤ 0.2ppm are required [16]. Steam methane
reforming is currently the most common method to produce hydrogen with a purity of 74% [17].

Hydrogen can be purified by using various methods, among which are metal membranes. Metal mem­
branes can act as a selective barrier which allow certain gases to pass through while they stop others.
The intrinsic selectivity of palladium membranes towards hydrogen has been studied extensively over
the past decades and can help in producing ultra­pure hydrogen. The mechanism by which a Pd­
membrane separates hydrogen from other gases is shown in figure 1.2. Pure Pd­membranes have
numerous shortcomings, including a phase transition at a temperature below 570 K when hydrogen is
absorbed, leading to embrittlement [18], [19]. Furthermore, certain molecules, such as CO and H2S can
lead to surface poisoning thereby decreasing the rate at which hydrogen can adsorb to the surface [20].
Finally, Pd is a scarce material and the demand is expected to rise [21]. Alloying the Pd­membrane
with other metals can overcome these challenges [22]–[24].

Figure 1.2: Mechanism of permeation of hydrogen through a metal membrane. 1. Diffusion in gas 2. Adsorption
3. Dissociation into atomic H on the surface 4. Diffusion through membrane 5. Recombination to molecular

hydrogen 6. Desorption 7. Diffusion in gas

The aim of this thesis is to develop and verify a thermodynamic model that can predict the composition
and atom arrangements in binary and ternary alloys in the (near) surface region in vacuum or a gas
environment. This model will be based on an existing Miedema’s model in combination with Monte
Carlo (MC) simulations. The model should be able to allow relative fast screening of alloy compositions
to predict the alloy’s stability and to enable designing new SA and NSA systems. A focus towards
hydrogen separation membranes is shown as one of the practical applications of this model.

1.1. Effect of alloying elements on Pd­based hydrogen separation
membranes

Experimental and computational results on four Pd­based binary alloys (Pd­Ag, Pd­Au, Pd­Cu and Pd­
Ni) are reported extensively in literature. This chapter will therefore focus on these Pd­based alloys,
to compare the different computational models and the experimental results. Most of the research
related to Pd­based hydrogen separation membranes focus on Pd­Ag and Pd­Cu alloys because of
their improved permeability and poisoning resistance respectively.
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Surface poisoning
Hydrogen dissociation of Pd­membranes can be drastically reduced as a result of surface poisoning.
H2S can adsorb on the surface and remain adsorbed, thereby decreasing the number of active sites.
Pd­Cu membranes have improved poisoning resistance against H2S and CO [25], [26]. However, Cu
in the fcc phase decreases the permeability of the membrane [27]. Pd­Au membranes have improved
poisoning resistance against H2S but not against CO when compared to Pd­Cu membranes. Further­
more, adding Au increases the hydrogen solubility, leading to a larger permeability than Pd­Cu. Pd­Au
membranes are however less stable in operation than Pd­Cu membranes, which causes the perme­
ation rates to drop over time [28]. Lastly, the adsorption of hydrogen on Au is endothermic, which leads
to less favourable adsorption of hydrogen to Pd­Au membranes [29].

Permeability
Permeability is defined as the ability of hydrogen to diffuse through a metal membrane. Permeability is
a material constant, it is dependent on the temperature and independent of the membrane thickness
[30]. Furthermore, the permeability is a function of the diffusivity which is a function of the activation
energy for hydrogen diffusion and permeability is a function of the solubility which is dependent on the
solution enthalpy of hydrogen. Nordlander et al. computed heats of solution of hydrogen in various
transition metals and compared them to experimental results, showing that Y, Zr, Sc, Ti, Hf and La are
able to improve the solubility [31].

The crystal structure and crystal plane play an important role in the permeability of a dense metal
membrane. The bcc crystal structure has a larger permeability to hydrogen than fcc. Buxbaum et
al. developed a Nb (bcc) membrane with a Pd (fcc) coating [32]. The Pd is necessary for the fast dis­
sociation of hydrogen and the Nb is able to facilitate fast hydrogen permeation through the membrane.
The drawback of this membrane is the segregation of Nb to the surface, which lowers the hydrogen
flux. Similar experiments have been performed by Paglieri et al. for a V90Pd10 membrane and report
an increased permeability, however their membrane cracked when it was cooled due to hydrogen em­
brittlement [33]. Furthermore, Paglieri et al. conclude that hydrogen embrittlement increases with an
increase in the solubility of hydrogen. Morreale et al. report an improved permeability and improved
surface poisoning resistance of a Pd­Cu membrane in the bcc region at high temperatures [34].

Pd­Ag membranes have improved permeability and durability [35]. The permeability increases with a
factor of 2­2.5 at a composition of Pd76Ag24 compared to pure Pd and attribute it to the lattice expansion
[36]. Pd­Y has the highest reported permeability with a permeability of around 5 times that of pure Pd
and around 2 times that of the Pd­Ag membranes. The improved permeability is attributed to the
∼30% larger lattice size [37], [38]. Ke et al. compared the influence of the electronic structure and
lattice parameter on the solubility of hydrogen in Pd­alloys using DFT and report that the solubility is
mostly dependent on the electronic structure and report four correlations that lower the stability of the
hydride; 1. A higher binding energy of the host alloy, 2. a deeper hydrogen band relative to the Fermi
level, 3. deeper lowest s­like electrons in the valence band and 4. a deeper Pd d­band centre [39].

Hydrogen embrittlement
Pure Pd undergoes a phase change from α to β when operated at 571 K and a pressure below 20 bar
[40]. The lattice parameter changes from 3.89 Å to 4.02 Å, and thus results in a∼10% volume increase.
This phase change results in a distortion of the metal lattice and induces internal stresses in the lat­
tice structure, leading to embrittlement. Operating Pd membranes below this critical temperature will
increase the hydrogen embrittlement. However, operating the Pd­membrane above this temperature
will make the membrane more susceptible to surface poisoning [41]. Increasing the solubility in order
to improve the permeability will also reduce the resistance to hydrogen embrittlement [42]. Ag, Au, Cu,
Y and Pt can decrease the critical temperature of the Pd­membrane, allowing for lower operating tem­
peratures [17], [43], [44]. Additionally, the difference between the lattice parameter of the α to β phase
also decrease, reducing the induced stresses. Sakamoto et al. report that the difference between the
lattice parameters of the α to β is also reduced by addition of Ti, Zr, Nb, Ta, Pt and Ru to Pd [45].
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Conclusion on the effect of alloying elements
The perfect Pd­based hydrogen membrane does not seem to exist. Instead, Pd­based hydrogen sepa­
ration membranes should be designed for a specific operation. Different operations will require different
priorities when it comes to hydrogen separation membranes. One alloying element can improve one
property of the membrane while decreasing the performance of another property, e.g. the addition of
Cu will improve the poisoning resistance while lowering the permeability. Some general conclusions on
the alloying elements can be drawn. Adding Cu while staying in the fcc phase will improve the poison­
ing resistance [46], decrease embrittlement [47], decrease the cost but also decrease the permeability
[17]. Adding Au will improve the poisoning resistance, improve the permeability [43] and decrease
embrittlement [47]. Adding Ag will improve the permeability [37] and decrease embrittlement [47]. The
effect of Ni on Pd­based hydrogen separation membranes is not reported well in literature.

1.2. Computational background for surface segregation
Several computational methods have been developed to describe surface segregation in binary alloys.
These models compute the segregation enthalpy ∆Hseg at 0 K which is then used to compute the
surface segregation. Density functional theory (DFT) is an ab initio method to compute the segregation
enthalpy and is one of the most used computational models in materials science and is able to describe
a many­body system by using functionals of the electron density. The tight binding (TB) model uses
a parameterized electronic band structure and is similar to the linear combination of atomic orbitals
method, which is faster but more approximate [48]. The embedded atommodel (EAM) and the modified
embedded atommodel (MEAM) use an interatomic potential to approximate the energy between atoms
[49], [50]. An alternative to these methods to compute the segregation enthalpy is the semi­empirical
Miedema’s model which can be used for binary and ternary alloys which contain at least one transition
metal [51]. The previously reported models are computationally more intensive than Miedema’s model
[48], [52]. The advantage of the theoretical models is that they give a more fundamental understanding
of the segregation enthalpy, whereas thermodynamic and semi­empirical models rely on experimental
data.

Langmuir­McLean equation
The Langmuir­McLean (LM) equation can estimate the surface composition with the segregation en­
thalpy and the bulk concentrations [53]. Due its mean­field nature it assumes a perfectly random solid
solution and is shown in equation 1.1.

χA
surf

1− χA
surf

=
χA
bulk

1− χA
bulk

exp
(
−∆Hseg

RT

)
(1.1)

Where χA
surf is the surface composition of element A, χA

bulk the bulk composition of element A, R the
gas constant and T the absolute temperature. For ∆Hseg > 0 element A will segregate to the surface
and for∆Hseg < 0 element B will segregate to the surface. An oscillating enrichment of the surface and
subsurface layers is sometimes seen in experiments. An example of this oscillation is shown in figure
1.3 for the Pd­Ni system and is often the case for alloys with a negative mixing parameter. Although it
is possible to predict this oscillating enrichment with the LM equation, it is not possible to predict the
ordering within the layers which affects the efficiency of catalysis [4], [54].
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Figure 1.3: Composition depth profiles calculated for Pd­Ni by Rousset et al. at 800 K for 10 at.% and 50 at.%
bulk Pd showing an oscillatory enrichment [55].

Monte Carlo simulations
Monte Carlo simulations are a different method which can be used to predict surface segregation and
have the advantage that they introduce a lattice, thereby lifting the mean­field assumptions of the LM
equation. Therefore, MC simulations are capable of predicting and including eventual short­range
ordering (SRO) effects. MC simulations are however computationally more demanding than applying
the LM equation. The effect of SRO is shown in figure 1.4. The left figure shows no SRO, the middle
and right figure have the ordered region outlined in blue. Besides ordering, clustering of atoms can also
occur. Above the order­disorder temperature the effect of SRO can be neglected, as shown by Ropo
et al. [56], where the effect of SRO has been neglected and the results of their research agrees with
the model of Ruban et al. [57], which includes SRO by using MC Simulations and other experimental
results [58].

Figure 1.4: Three different types of ordering that consist of the same composition, the left figure shows no
ordered regions, the middle and right figure show an ordered region outlined in blue, from Owen et al. [59].

1.3. Surface segregation in binary alloys
Extensive experimental and computational literature is available on the surface segregation in Pd­based
binary alloys. The fcc phase and the crystallographic (111) plane is considered in a vacuum environ­
ment in this work, unless stated otherwise. In binary alloys, the reduction of the surface energy is the
predominant driving force for surface segregation [60], [61].

Various characterization methods have been employed to obtain experimental data on surface and
subsurface compositions. Low­energy ion scattering spectroscopy (LEIS), also known as ion scattering
spectroscopy (ISS) is an analytical tool that provides information on the atomic composition of the
surface layer [62]. Scanning­tunneling microscopy (STM) can be used to observe the surface layer.
Auger electron spectroscopy (AES) and X­ray photoelectron spectroscopy (XPS) are used to study
the near­surface region [63], [64] and low­energy electron diffraction (LEED) can be used to perform
measurements of the surface layer and near­surface region [65]–[68].
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Surface segregation in Pd­Ag
Table 1.1 shows the reported experimental data for Pd­Ag and table 1.2 shows the computational data.
All authors report a segregation of Ag to the surface. Ruban et al. [57] use DFT in combination with
MC to model surface segregation at the same bulk composition (Pd67Ag33) as measured by Wouda
et al. (STM) [68], Noordermeer et al. [66] (AES and LEED) and Kuijers et al. (AES) [63]. The results
obtained by Ruban et al. show a lower segregation of Ag compared to the experimental results of ap­
proximately 5 at.%. Ruban et al. compare their results against those of Wouda et al. and argue that this
difference is due to theoretical approximations, such as neglecting lattice vibrations and relaxations in
the computational model. Furthermore, the computational model was run at slightly lower temperatures
(720 K and 800 K) than the measurements of Wouda et al. However, Noordermeer et al. performed their
experiments at even lower temperatures (673 K) and show very similar results to those of Wouda et al.
Additionally, Ropo et al. performed DFT calculations on a very similar composition (Pd70Ag30) at 600
K and report similar results to those of Ruban et al. [56]. Therefore, it is expected that the difference
between the computational and experimental results is predominantly determined by the theoretical
approximations.

Zhao et al. and Vurens et al. report a substantially lower surface segregation of Ag than experimental
and computational results [69], [70]. Vurens et al. argue that their prediction of the lower segregation of
Ag can be attributed to the large uncertainties in the input parameters used. Wouda et al. report that the
high Pd concentration reported by Vurens et al. can be attributed to neglecting or underestimating the
influence of the surface energies, i.e. the influence of the mixing enthalpy is overestimated [68]. Zhao et
al. report that Miedema’s model underestimates the surface segregation in Pd­Ag and that Calculation
of Phase Diagrams (CALPHAD) gives quantitatively a better accuracy compared to experimental data.
Furthermore, SRO will have an effect which is not included in the LM equation. The effect of SRO
reduces with increasing temperatures where the order­disorder phase transition takes place. Ropo et
al. [56] neglect the effect of SRO and their results agree with the model of Ruban et al. [57], which
includes SRO by using MC Simulations. However, the temperatures used by Zhao et al. are 300 K
lower and SRO could have an effect and explain the large difference between their results and the
experimental results of Wouda et al. [68] and Yi et al. [67].

Wouda et al. report a depletion of Ag in the second atomic layer [68], which is confirmed by the DFT
results of Ropo et al. [56], [71]. Ruban et al. report that this is an ordering effect and notice an oscillating
enrichment of Ag and Pd below the surface in Pd50Ag50 and Pd67Ag33 for both the (111) and (100)
plane at 800 K. The effect is more pronounced on the (100) plane, which is also observed by Rousset
et al. [55]. The increase of surface segregation in the more open (100) surface compared to the (111)
plane can be explained by the fact that surface energies are proportional to the number of broken bonds
[72], [73]. Therefore, the difference between the surface energies of Ag and Pd is increased by the
lower coordination number of the surface [57]. Furthermore, an oscillating segregation is seen for the
Pd25Ag75 system on the (100) plane but not for the (111) plane. The 5th atomic layer is bulk like [3].
The computational methods of Rousset et al. [55] and Vurens et al. [70] report a similar oscillation.

The effect of a CO adsorption has been studied by Kuijers et al. using AES at 673 K at different com­
positions. Kuijers et al. report Ag segregation, the segregation is suppressed slightly when compared
to the same system at the same temperature in a vacuum [63].

Table 1.1: Experimental surface segregation in Pd­Ag in vacuum for the (111) plane by various authors.

Ref. Method Temperature (K)
Composition
bulk (at.%)

Composition
surface (at.%)

Kuijers [63] AES 673 Pd67Ag33 Ag segregates

Noordermeer [66] AES, LEED 700 Pd67Ag33 Pd5­10Ag90­95
Wouda [68] STM 720 Pd67Ag33 Pd5Ag95

920 Pd67Ag33 Pd11Ag89
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Table 1.2: Computational surface segregation in Pd­Ag in vacuum for the (111) plane by various authors.
*Modified mean­field model that includes subsurface layers.

Ref. Method Temperature (K)
Composition
bulk (at.%)

Composition
surface (at.%)

Zhao [69] Miedema + LM 600 Pd75Ag25 Pd48Ag52
820 Pd67Ag33 Pd37Ag63

Rousset [55] Miedema/EAM + MC 800 PdxAg100­x Ag segregates

Ropo [56] DFT + Mean­field* 600 Pd70Ag30 Pd12Ag88
900 Pd70Ag30 Pd20Ag80
600 Pd50Ag50 Pd10Ag90
900 Pd50Ag50 Pd15Ag85
900 Pd30Ag70 Pd3Ag97

Ruban [57] DFT + MC 800 Pd25Ag75 Pd1Ag99
Pd67Ag33 Pd12Ag88
Pd50Ag50 Pd15Ag85

Vurens [70] Miedema + MC 870 Pd70Ag30 Pd46Ag54
Ropo [71] DFT + LM 0 Pd50Ag50 Pd0Ag100

300 Pd50Ag50 Pd8Ag92
600 Pd50Ag50 Pd19Ag81
900 Pd50Ag50 Pd25Ag75
1200 Pd50Ag50 Pd28Ag72

Ouanasser [74] TB­model + LM 1000 Pd75Ag25 Pd10Ag90
Foiles [75] EAM + MC 1000 Pd50Ag50 Pd24Ag76

Surface segregation in Pd­Au
Table 1.3 shows the experimental results and table 1.4 shows the computational results reported in
literature for Pd­Au. All authors report a surface segregation of Au and the experimental results agree
with each other. Boes et al. [48] performed DFT calculations on Pd50Au50 and Yi et al. [67] performed
experiments on the same composition and their results agree quantitatively. The computational results
obtained by Boes et al. predict a segregation of 4 at.% Au larger than what Yi et al. find in experiments.
Zhao et al. also performed calculations on the same composition and predict a segregation of 2 at.%
Au larger than what Yi et al. find in experiments [76]. Another study by Zhao et al. studied surface
segregation in Pd75Au25, their results are also in agreement with the results report by Yi et al. [69].
Zhao et al. [69], [76] and Creuze et al. [77] use the LM equation to compute the surface segregation
which neglects SRO and their results agree quantitatively with computational and experimental results.
Therefore, the effect of SRO seems to be negligible when determining the surface composition for Pd­
Au at temperatures of 600 K and above. At temperatures below 700 K, experimental determinations of
the equilibrium surface composition are hampered due to kinetic limitations of diffusion [48].

An oscillating enrichment of Au followed by a second atomic layer enriched in Pd is reported by Rousset
et al. [55] and Boes et al. [48] using computational models. Yi et al. confirm an enrichment in the second
atomic layer using XPS. Foiles reports a near bulk composition for the second atomic layer at 800 K.
Boes et al. conclude that the enrichment of the second atomic layer is the result of SRO, which favours
Pd­Au interactions over Pd­Pd and Au­Au interactions [48]. However, these interactions are expected
to be weak, as they do not have a significant impact on the surface composition.
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Gao et al. performed experiments to observe the effect of a CO atmosphere on the segregation of the
Pd­Au system and report that at CO pressures larger than 13.3 Pa, Pd segregation is greatly enhanced
[78]. This is confirmed by the computational models of Zhao et al. and Soto­Verdugo et al. [69], [79].
Furthermore, the model of Zhao et al. report Pd segregation when Pd­Au adsorbs and/or absorbs
hydrogen, and report Pd segregation when oxygen is adsorbed.

Table 1.3: Experimental surface segregation in Pd­Au in vacuum by various authors.

Ref. Method Temperature (K)
Composition
bulk (at.%)

Composition
surface (at.%)

Yi [67] LEIS, XPS 800 Pd50Au50 Pd18Au82
Pd25Au75 Pd6Au94
Pd75Au25 Pd35Au65

Hetzendorf [80] LEIS + XPS 773 PdxAu100­x Au segregates

Swartzfager [81] LEIS 875 Pd40Au60 Pd5Au95
Pd60Au40 Pd30Au70

Table 1.4: Computational surface segregation in Pd­Au in vacuum for the (111) plane by various authors.

Ref. Method Temperature (K)
Composition
bulk (at.%)

Composition
surface (at.%)

Zhao [69] Miedema + LM 600 Pd75Au25 Pd29Au71
Boes [48] DFT + MC 800 Pd50Au50 Pd22Au78

Rousset [55] Miedema/EAM + MC 800 PdxAu100­x Au segregates

Foiles [75] EAM + MC 800 PdxAu100­x Au segregates

Zhao [76] Miedema + LM 800 Pd50Au50 Pd20Au80
Creuze [77] DFT + LM 800 PdxAu100­x Au segregates

Surface segregation in Pd­Cu
The reported surface segregation obtained by experimental and computational methods is shown in
table 1.5 and 1.6 respectively. In general no, or a small Cu segregation is observed. This is explained
by the competition between two effects, the surface energy effect causes Cu to segregate, while the
elastic energy causes Pd to segregate. Although pure Pd and Cu are fcc metals, a bcc region exists
as shown in the Pd­Cu phase diagram in figure 1.5 [82].
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Figure 1.5: Pd­Cu phase diagram, showing a bcc region, from Nayebossadri et al. [82].

Rocherfort et al. and Noordermeer et al. report a small Cu segregation under vacuum, however their
papers focus on the interaction between the alloy and a gas atmosphere and do not report the tem­
perature at which their LEIS experiment were performed [83], [84]. Miller et al. show that the surface
composition is dependent on the temperature at which the LEIS spectrum is obtained, which makes it
difficult to draw any hard conclusions from the reported surface segregation from Rocherfort et al. and
Noordermeer et al. [64]. Additionally, the composition used by Rocherfort et al. can be in the bcc phase,
depending on the temperature, although Zhao et al. report that the difference in segregation between
the fcc and bcc state is small [69]. Priyadarshini et al. performed high­throughput characterization on
three different Pd­Cu alloys and report Cu segregation at all temperatures and compositions [85]. The
computational results report no or a small Cu segregation, with the exception of the work from Vurens et
al. which reports significant Cu segregation [70]. Vurens et al. shows that the accuracy of their results
is limited due to the inaccuracy of the parameters that are used.

Cheng et al. performed kinetic MC simulations and verified their results against the experimental find­
ings of Priyadarshini et al. and report good agreement [85], [86]. Substantial experimental research on
Pd­Cu alloys has been devoted to the (110) plane, which shows Cu segregation [64], [87], [88]. Several
authors report an oscillatory depth profile of a Cu­rich surface and a Pd­rich second layer on the (110)
plane in vacuum [64], [87], [88].

Khanra et al. performed calculations on the (100) plane and report a Pd segregation for a hydrogen
coverage of more than 0.75 monolayer [89]. Zhao et al. report a Pd segregation at 600 K with a
monolayer hydrogen adsorbed. Pd segregation is also reported for 0.5 monolayer adsorbed and when
hydrogen is absorbed. An increasing oxygen adsorption results in an increase of Cu segregation. For
a >0.25 monolayer CO adsorbed Pd will segregate, all computations are at 300 K at a composition of
Pd50Cu50 [76]. The experimental result of Mousa et al. confirm a Pd segregation in a CO atmosphere
for Pd50Cu50 at 550 K [90].
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Table 1.5: Experimental surface segregation in Pd­Cu in vacuum for the (111) plane by various authors.

Ref. Method Temperature (K)
Composition
bulk (at.%)

Composition
surface (at.%)

Zhao [76] LEIS, XPS 1000 Pd60Cu40 Pd50Cu50
Priyadarshini [85] LEIS, XPS 700 Pd48Cu52 Pd20Cu80

900 Pd48Cu52 Pd24Cu76
700 Pd40Cu60 Pd17Cu83
900 Pd40Cu60 Pd19Cu81

Rochefort [83] LEIS, LEED, XPS ­ Pd50Cu50 Pd45Cu55
Noordermeer [84] LEED, AES ­ Pd75Cu25 Pd70Cu30

Table 1.6: Computational surface segregation in Pd­Cu in vacuum for the (111) plane by various authors.

Ref. Method Temperature (K)
Composition
bulk (at.%)

Composition
surface (at.%)

Zhao [69] Miedema + LM 600 Pd75Cu25 Pd74Cu26
Cheng [86] Kinetic MC 700 Pd48Cu52 Pd22Cu78

900 Pd48Cu52 Pd23Cu77
700 Pd40Cu60 Pd16Cu84
900 Pd40Cu60 Pd18Cu82

Rousset [55] Miedema/EAM +MC 800 PdxCu100­x ”near bulk”

Vurens [70] Miedema + MC 870 Pd54Cu46 Pd70Cu30
Foiles [75] EAM + MC 800 PdxCu100­x ”close to bulk”

Zhao [76] Miedema + LM 1000 Pd60Cu40 Pd52Cu48
Gallis [91] TB­model + LM 1400 PdxCu100­x ”segregation

not very

pronounced”

Surface segregation in Pd­Ni
Table 1.7 shows the experimental results and table 1.8 shows the computational results for surface
segregation in Pd­Ni alloys. All authors report a strong Pd segregation to the surface. This can be
explained by the strain energy induced by the larger size of Pd atoms compared to Ni atoms [92]. The
computational results of Rousset et al. and Helfensteyn et al. agree quantitatively with the experiments
and include the strain energy [55], [92]. Miegge et al. report a possible surface enrichment of Pd in the
second layer. Rousset et al. report a Pd­enrichment of the first 3 layers when the bulk stays below 20
at.% Pd, when the bulk has more than 20 at.% Pd, Ni will start to segregate to the second layer. Derry
et al. report an oscillating enrichment in Pd50Ni50 on the (100) surface using LEED. These results were
confirmed by Helfensteyn et al and Poyurovskii et al. [92], [93]. Zhao et al. report a Pd segregation with
hydrogen adsorption and Ni segregation with hydrogen absorption. When both hydrogen adsorption
and absorption are considered, Ni will segregate [69].
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Table 1.7: Experimental surface segregation in Pd­Ni in vacuum for the (111) plane by various authors.

Ref. Method Temperature (K)
Composition
bulk (at.%)

Composition
surface (at.%)

Michel [94] LEIS, XPS 900 Pd8Ni92 Pd76Ni24
Miegge [95] LEIS, XPS 870 Pd1Ni99 Pd20Ni80

Pd5Ni95 Pd50Ni50

Table 1.8: Computational surface segregation in Pd­Ni in vacuum for the (111) plane by various authors.

Ref. Method Temperature (K)
Composition
bulk (at.%)

Composition
surface (at.%)

Zhao [69] Miedema + LM 600 Pd75Ni25 Pd97Ni3
Rousset [55] Miedema/EAM + MC 800 PdxNi100­x Pd segregates

Helfensteyn [92] EAM + MC 600 ­ 1000 PdxNi100­x Pd segregates

Poyurovski [93] EAM + MC 600 Pd50Ni50 Pd segregates

Conclusion on surface segregation in Pd­based binary alloys
Segregation in Pd­based binary alloys is well studied and different driving forces can play a dominant
role. Among others, surface segregation is dependent on the gas environment, temperature, enthalpies
of mixing, surface energy, size mismatch of the atoms and the entropy contribution. In general, the
surface energy is the dominant driving force [60], [61]. An example of the different dominating effects
is seen when comparing the Pd­Cu and Pd­Ni system. Cu and Ni have similar atomic sizes and are
smaller than Pd. This size mismatch induces a strain term which would lead to Pd segregation, as is
the case for the Pd­Ni system. In the Pd­Cu system, the size mismatch is however compensated by the
surface energy, which causes a balancing and a small Cu segregation is reported on the (111) plane
in vacuum. Additionally, Ag and Au are chemically very similar [96]. At the same compositions and
temperature, literature consistently reports larger Ag segregation than Au. One possible explanation
could be a difference in the amount of electrons occupying the d­band. If the occupation of electrons
is higher for Ag than for Au, the binding energy between Ag­Pd will be lower than Au­Pd. The lower
binding energy between Ag­Pd can explain the larger segregation seen for Ag [97].

1.4. Surface segregation in ternary alloys
Surface segregation in binary alloys has been studied extensively. This is not the case for ternary
alloys, even if (or perhaps because) the compositional space is larger. Pd­Ag­Cu and Pd­Cu­Au mem­
branes have seen considerable attention due to their H2 separation capabilities, especially from sulfur
contaminated mixtures [18], [98]. Composition spread alloy films aid in speeding up obtaining results
experimentally, as has been showed by Yin et al. and with a similar process by Galipaud et al., although
these experiments remain costly and time­intensive [99], [100]. An example of a composition spread
alloy film as shown in figure 1.6.
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Figure 1.6: Representation of a composition spread alloy film, covering the entire composition range of a
Pd­Cu­Au alloy from Yin et al. [99].

Surface segregation in Pd­Cu­Au
All constituents in the Pd­Cu­Au alloy are fcc, however a bcc region emerges upon mixing, as shown
in figure 1.7 at 823 K, similar to the Pd­Cu alloy.

Figure 1.7: Phase diagram of Pd­Cu­Au at 823 K from Jia et al. [28].

Yin et al. performed surface segregation experiments on 164 different bulk compositions in the entire
range of Pd1­x­yCuxAuy using a composition spread alloy film. The bulk is measured by EDX and the
surface under vacuum at 500 K and 600 K using LEIS [99]. From these experiments it is concluded
that Au has the highest tendency to segregate, while Pd is always depleted from the surface. Higher
temperatures lead to an enhanced segregation of Au. Cu segregates to the surface when the Au
concentration is below approximately 20 at.%. Yin et al. compare their results against the three binary
alloys contained in the ternary alloy (i.e. Cu­Au, Au­Pd and Pd­Au) as the composition spread alloy film
is truly spanning the entire Pd1­x­yCuxAuy range. For Pd­Au, Yin et al. report a Au segregation which
is in agreement with the literature reported in the previous section. For Pd­Cu the results were similar
to the work of Priyadarshini’s [85]. However, the work of Yi et al. reports a bulk like composition at
the surface around a Pd50Cu50 composition, which is not reported by Priyadarshini et al. It is argued
that this is the result of the very fast cooling using liquid nitrogen which can freeze the PdCu into
the high­temperature fcc phase [88]. Furthermore, Yin et al. conclude that segregation suppression
exists in ordered phases in the bulk as a result of an enthalpy penalty. This penalty is the result of a
disorder in the bulk, which forms when atoms segregate to the surface. Several experiments have been
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performed on the Pd­Cu­Au system in non­vacuum environments. Tarditi et al. performed hydrogen
permeation and composition experiments on Pd71Cu26Au3 in the presence of H2S [101] and report a Pd
enrichment in approximately the top 10 nm of the specimen in a pure hydrogen environment. Below the
near­surface region the composition was measured using XPS and was bulk like. After H2S exposure
the first 10 nm was enriched in S, the surface had a maximum atomic concentration of 15 at.% S.
The Pd concentration decreased by approximately the same amount, suggesting that S replaced Pd
in the near­surface region. Another study by Tarditi et al. compared 5 different Pd­Cu­Au alloys with
a maximum Au fraction of 0.09 and studied the effect on the surface composition after S uptake [102].
Under a hydrogen atmosphere a Pd depletion is reported in the topmost layer and an enrichment in
Cu using LEIS for all samples. The near­surface region (top 6 atomic layers) are enriched in Pd, which
was measured using XPS and is in agreement with their other study [102]. The authors argue that Cu
from from the 2nd layer migrates to the surface layer, leading to a depletion of Pd in the surface layer,
as this behaviour has been seen in Pd70Cu30 by Miller et al. [64].

Surface segregation in Pd­Cu­Ag
The Pd­Ag­Cu system is only in a single fcc phase when Cu is below 40 at. % at 773 K [47]. Zhao et
al. report on a Pd60.6Cu30.3Ag9.1 sample, measured by EDS and study the surface segregation using
XPS and LEIS. Furthermore, an extension of Miedema’s model in combination with the LM equation
is applied to predict surface segregation in ternary alloys. The results of Zhao et al. using Miedema’s
model in combination with the LM equation reported earlier are shown in table 1.9. As the two alloys
annealed at 800 K were not yet in an equilibrium condition, these will not be considered. Additionally,
the model considers a single crystal surface, which can results in a <3 at.% deviation. Quantitatively
the model predicts co­segregation of Cu and Ag correctly. The Ag segregation is qualitatively predicted
correctly, while the Cu segregation is predicted to be higher than what experiments show. By consider­
ing the three separate binary alloys (Pd­Cu, Pd­Ag, Ag­Cu), Zhao et al. discuss the co­segregation of
Cu and Ag. Ag has a lower surface energy and lower mixing enthalpy with Pd than Cu, both increase
the surface segregation of an element. Furthermore, Pd and Ag have a similar size and elastic moduli,
therefore the much larger elastic strain energy is the driving force of the Cu atoms to the surface instead
of Pd.

In a hydrogen environment, Zhao et al. performed LEIS where a strong Pd segregation is observed
[103]. The LEIS experiments agree with the experiments performed by Tarditi et al. [18], [104]. A
hydrogen atmosphere reverses the surface segregation behaviour of Cu and Ag, when compared to a
vacuum and the surface is enriched in Pd.

Table 1.9: Reported segregation of Pd­Ag­Cu by Zhao et al. of the surface layer measured with LEIS and
calculated using Miedema’s model in combination with the LM equation [103].

Condition

Experimental
Composition (at.%)

Calculated
Composition (at.%)

Cu Ag Cu Ag

Before segregation 29.4 10.4 30.0 10.0

1000 K in vacuum 45.1 15.3 54.4 16.5

1000 K in 1 bar H2 23.2 7.6 29.9 3.9

Tarditi et al. studied the Pd­Ag­Cu alloy which was annealed at 773 K for 120 h in a hydrogen atmo­
sphere and report a surface enrichment of Pd and/or Ag using LEIS. Angle Resolved XPS in the same
study confirms these results which concluded that the surface is depleted in Cu. No significant change
of Pd was observed in the near­surface region. At higher temperatures a higher segregation of Ag
surface is observed while the Cu concentration decreases. The co­segregation of Ag and Cu to the
near­surface region is different from the observations made on the Pd­Cu­Au system by Tarditi et al.,
where a segregation of Pd is reported [101], [102]. The authors argue that this is due to the different
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interaction of the minority component (i.e. Ag in the Pd­Ag­Cu system and Au in the Pd­Cu­Au sys­
tem). Another study by Tarditi et al. confirmed a co­segregation of Ag and Cu in Pd75Cu21Ag3, the
near­surface region is measured using XPS after hydrogen permeation experiments for over 200 h at
593 ­ 693 K [104]. The Ag segregation is more pronounced at larger XPS angles (i.e. closer to the
surface) while a decrease of Cu is seen. Furthermore, no significant Pd enrichment or depletion was
seen in the near­surface region compared to the bulk.

Surface segregation in other ternary Pd­based alloys
In addition to the Pd­Ag­Cu alloy, Zhao et al. studied the Pd­Cu­Mo alloy, the surface layer is mea­
sured using LEIS and the bulk compositions are measured with EDS. Table 1.10 shows the reported
experimental and computational segregation from Zhao et al. [103]. The calculations predict a surface
completely depleted of Cu and Mo. However, the experimental results show that the Cu fraction stays
almost the same while Mo is depleted. Mo has a strong tendency to stay in the bulk due to its larger
surface energy [103]. Zhao et al. argue that the predicted Cu depletion in the computational model
could be the result of the large negative mixing enthalpy of Cu with Mo. The effect of the hydrogen
atmosphere and adsorption is small, this leads to a Pd segregation, similar to what is observed in
vacuum.

Table 1.10: Reported segregation of Pd­Cu­Mo by Zhao et al. of the surface layer measured with LEIS and
calculated using Miedema’s model in combination with the LM equation [103].

Condition

Experimental
Composition (at.%)

Calculated
Composition (at.%)

Cu Mo Cu Mo

Before segregation 5.2 10.9 5 10

1000 K in vacuum 6.0 3.6 0 0

1000 K in 1 bar H2 5.2 4.5 0 0

Yu et al. studied surface segregation in Pt­Pd­Rh using MEAM in combination with MC simulations in
vacuum [105] and report a Pd enrichment on the (111) surface as a result of the lower suface energy
of Pd. Due to the lack of experimental data on Pt­Pd­Rh, the authors compare their computational
model against other ternary alloys and find qualitative agreement with the Cu­Ni­Au and Cu­Au­Ag
systems. Luyten et al. also used MEAM in combination with MC to predict surface segregation in Pt­
Pd­Rh on the (111) plane [106]. Luyten et al. report a Pd enrichment at 1200K for all bulk compositions.
For a composition of Pt40Pd10Rh50 on the (111) surface above 900 K a co­segregation of Pd and Rh is
observed and below 900 K only Pd segregates to the surface. Aspera et al. performed DFT calculations

on the Pd­Ru­Rh system and report a Pd segregation [107]. Due to the lack of experimental data for
the Pd­Ru­Rh system no validation of the model was made. Tafen et al. present a theoretical (DFT)
and experimental (SEM, XPS) study on the Cu­Pd­Y ternary alloy which could function as a suitable
membrane for the production of high purity hydrogen from syngas [108]. Using DFT in vacuum a
segregation of Cu on the (011) plane is reported and an enrichment of Y in the 2nd atomic layer is
reported. In an oxygen atmosphere, Y will segregate to the surface due to its larger oxygen affinity
compared to Cu and Pd.

Conclusion on surface segregation in Pd­based ternary alloys
Literature on surface segregation in Pd­based ternary alloys is not reported as systematically as that
for binary alloys. Furthermore, multi­body interactions arise in ternary alloys. The solute elements can
interact by either attracting or repelling each other by different processes, such as, co­segregation, site­
competition and blocking making it a more complex system [106]. Pd­Cu­Au and Pd­Cu­Ag behave
similarly under vacuum conditions. Au and Ag segregate to the surface in their respective systems. In
a hydrogen atmosphere a co­segregation of Ag and Cu to the near­surface region in Pd­Cu­Ag differs
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from the observations made on the Pd­Cu­Au system by Tarditi et al., where a segregation of Pd is
seen [101], [102]. It can be argued that this is the result of the different interaction of the minority
component, which is Ag in the Pd­Ag­Cu system and Au in the Pd­Cu­Au system. The computational
results from Zhao et al. which uses Miedema’s model in combination with the LM equation on the Pd­Ag­
Cu agree quantitatively with experiments, those on the Pd­Cu­Mo do not however. For both systems
Zhao et al. report that the difference between computational and experimental results could in part be
attributed to the assumption of an ideal solid solution. Miedema’s model in combination with the LM
equation is thus not able to qualitatively predict surface segregation on all ternary alloys. Validation
of the few computational models on surface segregation in Pd­based ternary alloys that have been
performed is difficult due to the lack of experimental data.

1.5. Research purpose
Literature on surface segregation in ternary alloys is limited. New methods are developed to obtain
experimental data of surface segregation in ternary alloys at a faster rate and at a lower cost, such as
composition spread alloy films [99], [100]. However, these experiments remain expensive and time­
consuming. The combination of parameterizing Miedema’s model to construct pairwise interactions
between nearest­neighbours which can be used in MC simulations has not been performed before.
This method can yield cheap and relatively fast screening of single­phase binary and ternary alloys
and could yield quantitative results.

Research question
The main research question below has been constructed in order to fill the knowledge gap outlined
above.

Are calculations using Miedema’s model in combination with MC sufficiently fast and reliable to predict
and screen surface segregation in ternary alloys?

To answer this question, two sub­questions have to be answered.

1. How reliably can Miedema’s model predict the segregation enthalpy of ternary alloys when only
pairwise interactions from nearest­neighbors are considered?

2. How large is the effect of deviating from a perfectly random solid solution by using Monte Carlo
simulations instead of the LM equation on the predicted surface segregation?

Scope
A scope has been set up in order to list the goals and objectives of this work. Within the scope of the
project fall:

• Writing a computational model that uses Miedema’s model and MC simulations in Python to pre­
dict surface segregation in binary and ternary alloys in a vacuum and gas atmospheres.

• The computational model will be restricted to surface segregation of fcc systems on the (111)
plane.

• Validating the results against currently available experimental and computational literature.
• The binary and ternary alloys will contain at least one transition metal.

Outside of the scope of the project fall:

• Absorption of gasses from the atmosphere and their effect.
• Experimental verification of the computational model.



2
Methodology

The methodology outlines the theory of the computational framework to model surface segregation in
ternary alloys in both a vacuum and a gas environment. The methodology starts off with a background,
which describes Monte Carlo simulations and Miedema’s model in more detail, which form the basis on
which the computational model is build. First the behaviour of atomic movement of a binary alloy in bulk
is described and is used to then model a slab with two surfaces in a vacuum environment. This model
is then extended to a binary alloy in a gas environment and finally to describe surface segregation in
ternary alloys in both a vacuum and a gas environment.

2.1. Miedema’s model for mixing enthalpy
Miedema’s model has been successfully applied to calculate the mixing enthalpy of binary alloys [103],
[109]. Miedema’s model uses the energy changes that arise when individual atoms are embedded in an
alloy. Two energy effects arise, the first one is due to the discontinuity between the density of electrons
at the boundary of the Wigner­Seitz atomic cell nws which has to be smoothed. The smoothing of the
difference in electron­density results in a volume change of the atomic cells in the alloy compared to
their original equilibrium volumes. Therefore, a change in volume will lead to a positive contribution
to the alloying energy. The second energy effect is due to the difference in the chemical potential ϕ∗.
Due to the preference of electrons to be at a lower potential energy, the charge will be redistributed,
resulting in a lower energy of the alloy [109], [110]. Additionally, a contraction parameter a, and three
proportionality parameters P , Q and R, which are determined on the basis of experimental data are
used. Various alterations have been made in order to extend Miedema’s model to ternary alloys, with
varying success. The general approach for extending the Miedema’s model to ternary alloys is by
using the sub­binary alloys that are contained in the ternary alloy [50], [103], [111]–[116]. The extended
Miedema’s model by Zhao et al. to calculate surface segregation energies, is a combination of two
variations of Miedema’s model and includes the configurational energy and elastic strain energy and is
used in this work [103].

Miedema’s model is a semi­empirical model that can be used for estimating the heats of formation
Hformation

AinB . An accuracy of about 30% is achieved if metals with predominant s and d character in
their conduction­electron states are considered [110]. The alloy parameter ω describes which type of
bonds are preferred, if ω > 0 bonding between the same type of atoms is preferred and if ω < 0, bonds
between dislike atoms are preferred. Therefore, it plays a key role in the surface segregation. The
alloy parameter is directly related to the mixing enthalpy ∆Hmix. For a binary alloy that is in a regular
solid solution, ω is defined as

ω =
∆Hmix

χA(1− χA)
(2.1)

Where χA is the concentration of the solute expressed in atomic fraction [117]. In Miedema’s model
the mixing enthalpy is assumed to be equal to the formation enthalpy and can be computed with

16
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∆Hmix = Hformation
AinB = cSAf

A
B∆Hsol

AinB (2.2)

Hsol
AinB represents the formation enthalpy and is evaluated by

∆Hsol
AinB =

(V
2/3
A )alloy

(n
−1/3
ws )avg

[
− P (∆ϕ∗)2 +Q(∆n1/3

ws )
2
]

(2.3)

Where VA and VB represent the molar volume of element A and B respectively, P = 12.35, Q = 115.62
and R = 47.97 are empirical constants and nws represents the electron density at the boundary of the
Wigner­Seitz atomic cell where

∆(n−1/3
ws )avg = n

1/3
wsA − n

1/3
wsB (2.4)

and

(n−1/3
ws )avg =

n
−1/3
wsA − n

−1/3
wsB

2
(2.5)

and ϕ∗ the chemical potential for electronic charge where

∆ϕ∗ = ϕ∗
A − ϕ∗

B (2.6)

Furthermore, cA is the atomic solute fraction and fA
B is a parameter representing the degree to which

an atomic cell of A is surrounded by B (i.e. fA
B = 1, A fully surrounded by B). fA

B has no further physical
significance and is computed with equation 2.7. According to Miedema et al., it is the simplest analytical
function to approximate the concentration dependence of the heat of formation[110].

fA
B = (1− cSA)

[
1 + 8(cSA)

2(1− cSA)
2
]

(2.7)

Where cSA represents the surface fraction of A atoms in B and is related to the molar volume VA and VB

respectively. It is important to note that the value for cSA is not the same as the final surface concentration.
cSA is computed as

cSA =
cA(V

2/3
A )alloy

cA(V
2/3
A )alloy + cB(V

2/3
B )alloy

(2.8)

The alloyed volume is computed as

(V
2/3
A )alloy

(V
2/3
A )pure

= 1 + αfA
B (ϕ∗

A − ϕ∗
B) (2.9)

Where α = 0.04 and equation 2.7, 2.8 and 2.9 need to be solved in a self consistent manner.

2.2. Monte Carlo simulations
MC simulations are used in various fields and rely on random sampling. In materials science they can
yield thermodynamic information about a system. Typical MC simulations used in statistical mechanics
consider a system with a constant temperature, constant number of particles and a constant volume.
Atoms are switched until the energy of the system no longer decreases apart from random thermal
fluctuations. At this point thermodynamical equilibrium is reached. This thermodynamical equilibrium is
however not unique. Above 0 K the entropy is non­zero and this term allows certain atomic movements
that increase the energy to take place. Therefore, the statistical ensemble is considered, which is an
average of various micro­states to get a representative macro state of the system. Periodic boundary
conditions are considered. The system should follow the detailed balance which states that each atomic
switch is in equilibrium with its reverse process.

In a vacuum the segregation enthalpy is a function of the configurational enthalpy and the elastic energy.
The configurational enthalpy computed by Miedema’s model is parameterized, as will be showed in the
following section. In the model from this work the simplest way possible to model the interactions
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between atoms is chosen, that is only pairwise interactions between nearest­neighbors are considered.
Using the Metropolis algorithm two atoms are randomly selected and it is determined whether this
switch is favourable or not. The pseudo code shown in algorithm 1 shows the Metropolis algorithm
used in the model. If switching two atoms results in an increase of the systems total energy, the state
is kept only if the condition in equation 2.10 is true.

p < exp
(
−∆Hseg

kBT

)
(2.10)

Where ∆Hseg is the energy associated to the switch and computed in the following section, kB is
the Boltzmann constant, T the temperature and p a random float between 0 and 1. In this work the
temperature is linearly brought down from 2000 K to the final temperature over the first 5% of MC steps.
This ensures that the system is able to overcome local minima in which the system could otherwise get
stuck.

Algorithm 1 Metropolis Algorithm
for i = 1, i++, while i < n_MC_Steps do
Pick random atom a1
while True do
Pick random atom a2
if element a1 ̸= element a2 then
break

end if
end while
∆Hseg = switch atom a1 and a2
if ∆Hseg < 0 then
Switch a1 and a2

else
p=random integer between 0 and 1
if p < exp(−∆Hseg/kBT ) then
Switch a1 and a2

else
keep current configuration

end if
end if

end for

2.3. Computational model for binary alloys
Configurational energy in bulk
Atomic switches are first considered only in the bulk and only nearest neighbour interactions are con­
sidered. Let an atom be in the bulk at site 1, it will have ZA

1 neighbors of type A and ZA
2 neighbors of

type B. Then Z = ZA
1 +ZB

1 , where Z is the total amount of neighbors in the bulk, i.e. 12 in an fcc lattice.
The energy associated to removing an A atom from site 1 and adding it to site 2 are given by

UA
remove = −ZA

1 · εAA − ZB
1 · εAB (2.11)

UA
add = ZA

2 · εAA + ZB
2 · εAB (2.12)

Similarly removing a B atom from site 2 and adding it to site 1 yields

UB
remove = −ZB

2 · εBB − ZA
2 · εAB (2.13)

UB
add = ZB

1 · εBB + ZA
1 · εAB (2.14)

Where εAA, εBB and εAB represent the binding energies between pairs of atoms. From which the total
energy associated to the switch can be computed by:

∆Econf = UA
remove + UA

add + UB
remove + UB

add (2.15)
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Using the following two substitutions:
ZB
1 = (Z − ZA

1 )

ZB
2 = (Z − ZA

2 )
(2.16)

The total configurational energy is given by

∆Econf = (−εAA − εBB + 2εAB)(Z
A
1 − ZA

2 ) (2.17)

Let ω be [60].
ω = εAB − εAA + εAB

2
(2.18)

Substitution of equation 2.18 in equation 2.17 yields the configurational energy change of exchanging
an A and a B atom in the bulk

∆Econf = 2ω(ZA
1 − ZA

2 ) (2.19)

Surface segregation
The method described in the paper by Zhao et al. is used to model surface segregation [69]. The
segregation enthalpy in a vacuum depends on the elastic strain energy and the configurational energy
change as shown in equation 2.20.

∆Hseg = ∆Econf +∆Eelastic (2.20)

In a slab of a binary or ternary alloy three types of atomic switches can occur. In comparison to one
configurational switch in bulk (i.e. bulk­bulk). These configurational changes are shown in figure 2.1.

Figure 2.1: Possible atomic switches in a slab, the top is exposed to vacuum while the bottom continuing bulk.
1) surface­surface switch, 2) bulk­bulk switch and 3) bulk­surface switch.

Configurational enthalpy
The energy change of removing an A atom from the surface and adding that atom to the bulk is the
same as described by equation 2.11 and equation 2.12 respectively. Similarly, removing a B atom
from the bulk and adding it to the surface is described by equation 2.13 and equation 2.14. The total
number of neighboring atoms on the surface differs to that of the bulk, the two substitutions from the
aforementioned equations change to ZB

1 = (ZL + ZV − ZA
1 ) and ZB

2 = (ZL + ZV − ZA
2 ), where ZL

is the number of lateral atoms and ZV the number of vertical atoms, which take the value of 6 and 3
respectively in an fcc lattice. If the atom considered in the bulk, the value of ZV will thus change to
2ZV . Exchanging a bulk atom by a surface atom results in an energy change

∆Econf = 2ω(ZA
1 − ZA

2 ) + ZV (−εAB + εBB) (2.21)

By calling εBB = 1
2εBB + 1

2εBB and adding 1
2εAA − 1

2εAA equation 2.21 can be rewritten to

∆Econf = 2ω(ZA
1 − ZA

2 ) + ZV ω + ZV (
1

2
εBB − 1

2
εAA) (2.22)
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Substituting −ZV εAA

2 = γAσA yields the surface energy contributions for A and B. Resulting in energy
associated to exchanging an A atom in the bulk by a B atom on the surface described by

∆Econf = 2ω(ZA
1 − ZA

2 ) + ZV ω + γAσA − γBσB (2.23)

Where the value of ω is evaluated by Miedema’s model.

Elastic energy
The elastic energy of an arbitrary element A in B is described by Friedel [118] and Abraham et al. [119]
for very dilute binary solid alloys as

∆EAinB
elastic =

2KAGB(VA − VB)
2

3KAVB + 4GBVA
(2.24)

Where V is the atomic volume, K the bulk modulus and G the shear modulus. The subscript A cor­
responds to the solute and the subscript B corresponds to the solvent. As a result of the mean­field
nature of the elastic energy term, it cannot be described by pairwise interactions, in contrast to the
configurational energy term. This follows from the fact that the elastic energy is totally relaxed at the
surface [119], therefore only a bulk­surface or surface­bulk switch results in a net energy change of
the elastic energy. If the elastic energy was considered a pairwise interaction, the total energy would
drift. A convincing way to support this is the following thought­experiment, shown in figure 2.2. If the

red atoms are very soft, no energy is released when they are brought to the surface. Additionally, for
every blue atom that moves from the surface to the bulk, energy is released. Lets give this the arbitrary
energy value of ­1 eV per bond with a red atom that is gained. Similarly, for every blue atom that moves
from the bulk to the surface, an energy of 1 eV per bond with a blue atom is gained. The top left figure
shows an initial configuration where the top layer represents the surface layer. If atom A from the bulk
is switched with atom B is on the surface, there is a relaxation energy of ­8 eV. Since the B atom in the
bulk gains 8 red atoms as neighbors, as shown in in 2.2b. If atoms C and D are now exchanged, the
blue atom D loses 7 blue neighbors, which corresponds to + 7 eV. Then atom E and F are exchanged,
which does not have an effect on the elastic energy/relaxation. At this point figure 2.2d and figure 2.2a
are the same, however the net energy change is ­1 eV. In other words, the local elastic energy caused
by bulk­surface and surface­bulk switches are not balanced by bulk­bulk switches. Resulting in an
energy drift and the detailed balance is broken, hence the elastic energy is used a mean field term.

(a) Initial configuration (b) Atom A and B are exchanged E = ­8 eV

(c) Atom C and D are exchanged E = ­1 eV (d) Atom E and F are exchanged and the
initial system is retrieved with a net energy

change.

Figure 2.2: Example of elastic drift as a result of a pairwise elastic energy term.

The equation for the elastic energy as originally introduced in the dilute limit is non­symmetric. This
results in artificially different values of the elastic energy at a 50/50 composition when the solute and
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solvent are switched. The weighted average by composition can be taken of the elastic energy to solve
this, resulting in equation 2.25 which is anti­symmetric.

∆Eelastic = EAinB
elastic · cB − EBinA

elastic · cA (2.25)

Where cA and cB are the weight fraction of the solute and solvent respectively. It was found that this
was not considered in the model proposed by Zhao et al. [69]. This results in a different segregation
pattern when the solvent and solute are switched and can account for 10% difference in the predicted
surface segregation in a 50:50 alloy.

Hydrogen adsorption
Hydrogen and other gases can adsorb to the surface and affect surface segregation. The adsorption
enthalpy needs to be considered in order to describe the interaction between the alloy and the hydrogen
environment. The segregation energy equation thus contains one more term as seen in equation 2.26.

∆Hseg = ∆Econf +∆Eelastic +∆Hads (2.26)

The adsorption enthalpy is a function of the chemical potential of hydrogen in the gas phase, which is
a function of temperature, is considered ideal and is computed with

µ(P, T ) = µi
0 +RT ln

(
P

P0

)
(2.27)

Where R is the gas constant, T the temperature, µi
0 the standard chemical potential of a pure ideal gas,

P the pressure and P0 the reference pressure.

The hydrogen coverage is not fixed in this model and hydrogen atoms can adsorb and desorb from the
surface using the metropolis algorithm. The hydrogen atoms preferentially adsorb on the fcc hollow
sites [120]. Furthermore, the adsorption enthalpy is a function of the hydrogen adsorption energy.
The hydrogen adsorption energies are taken from Wynblatt et al. and Tomanek et al. [29], [60]. The
hydrogen atom when adsorbed on an fcc site is surrounded by three atoms as shown in figure 2.3. The
average adsorption energy of the three atoms surrounding the hydrogen atom is taken as the hydrogen
adsorption energy of that position. The approach for hydrogen adsorption and desorption shown in the
pseudo code of algorithm 2. Thus the adsorption energy is evaluated as

∆Hads = Eads − µ(P, T ) (2.28)

Figure 2.3: Position of one hydrogen atom (white) adsorbed on a fcc position, surrounded by two blue atoms
and one red atom.
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Algorithm 2 Hydrogen adsorption
for i = 1, i++, while i < n_MC_Steps do
p=random integer between 0 and 1
if p < 0.01 then
ph=random integer between 0 and 1
Pick random fcc position on the surface
Find atoms surrounding fcc position
if fcc position empty then
if adsorption lowers energy then
Add hydrogen atom

else
if ph < exp(−∆Hads/kBT ) then
Add hydrogen atom

else
keep current configuration

end if
end if

else
if removing hydrogen reduces energy then
Remove hydrogen atom

else
if ph < exp(−∆Hads/kBT ) then
Remove hydrogen atom

else
keep current configuration

end if
end if

end if
end if

end for

For hydrogen adsorption energies which are not described in literature, DFT is used to compute these
values and is further explained in section 2.5. Hydrogen interacting with other hydrogen atoms on the
surface plays a role at temperatures below 200 K and can result in different forms of ordering of the
hydrogen atoms [121]. These hydrogen interactions are neglected as the model will compute surface
segregation at temperatures that exceed 200 K.

2.4. Computational model for ternary alloys
Similar to the work of Zhao et al. a combination of the geometric Miedema’s model by Ouyang et
al. [103], [113] and a two­step Miedema’s model by Wang et al. is used [114]. First the behaviour in a
ternary bulk alloy will be described.

Bulk
The same method to derive the energy associated to switching two atoms in the bulk for ternary alloys
is used as the method that was used for binary alloys. This yields

UA
remove = −ZA

1 · εAA − ZB
1 · εAB − ZC

1 · εAC (2.29)

UA
add = ZA

2 · εAA + ZB
2 · εAB + ZC

2 · εAC (2.30)

Similarly removing a B atom from site 2 and adding it to site 1 is described by

UB
remove = −ZB

1 · εBB − ZA
1 · εAB − ZC

1 · εBC (2.31)

UB
add = ZB

2 · εBB + ZA
2 · εAB + ZC

2 · εBC (2.32)



2.4. Computational model for ternary alloys 23

The total energy change of switching these two atoms in the bulk is computed by summing these four
equations

∆Econf = UA
remove + UA

add + UB
remove + UB

add (2.33)
Applying the following two substitutions

ZC
1 = (Z − ZA

1 − ZB
1 )

ZC
2 = (Z − ZA

2 − ZB
2 )

(2.34)

and with the three alloying parameters

ωAB = εAB − εAA + εBB

2

ωAC = εAC − εAA + εCC

2

ωBC = εBC − εBB + εCC

2

(2.35)

The configurational energy change in the bulk when switching atom A and B is

Econf = (ZA
1 − ZA

2 )(ωAB + ωAC − ωBC) + (ZB
1 − ZB

2 )(−ωAB + ωAC − ωBC) (2.36)

Surface Segregation
The equation for the segregation enthalpy from binary alloys, equation 2.20, also holds for ternary alloys
and is repeated below.

∆Hseg = ∆Econf +∆Eelastic

The configurational and elastic energy are however derived in a different fashion to account for the third
element, and are presented in the following sections. The hydrogen adsorption enthalpy is computed
similarly to what was presented in binary alloys and is therefore not covered again.

Miedema’s model for mixing enthalpy in ternary alloys
The values of ω depend on the mixing enthalpy (equation 2.1, repeated below).

ωAB =
∆HABmix

ZχAχB)

The mixing enthalpy is computed with Miedema’s model, which is derived differently than that of binary
alloys to account for the third element. Wang et al. first propose a correction factor for the solution
enthalpy which yields a lower average error compared to the experimental values. This correction
factor is

S(χ) = 1− χAχB |VA − VB |
2(χAχAVA + χBχBVB)

(2.37)

Where χA and χB are the bulk concentrations expressed in atomic fraction and VA and VB the molar
volume of element A and B respectively. This results in a new equation for the solution enthalpy namely

∆Hsol
AinB =

S(χ)(V
2/3
A )alloy

(n
−1/3
ws )avg

[
− P (∆ϕ∗)2 +Q(∆n1/3

ws )
2
]

(2.38)

The reader is referred to section 2.3 for a reminder of the meaning of these parameters and the following
parameters. Wang et al. propose a two­step Miedema’s model where the mixing enthalpy of the sub­
binary alloy A­B is computed. This alloy AB is then considered as a new alloy and the new mixing
enthalpy is computed for the pseudobinary AB­C alloy, which yields [114].

∆HABmix =
1

3
(∆HA inB +∆HC inAB) (2.39)

∆HC inAB = (χA + χB)χC(f
C
AB∆Hsol

C inAB + fAB
C ∆Hsol

ABinC) (2.40)

∆HAB = (χA + χB)(f
B
A∆Hsol

A inB + fA
B∆Hsol

B inA) (2.41)
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Configurational Enthalpy
Equations 2.29 to 2.35 from the bulk are used to compute the configurational enthalpy related to sur­
face segregation. To account for the surface atoms the two substitutions have to be replaced by the
equations shown below. If an atom is in the bulk the value will have to be changed to 2ZV .

ZC
1 = (ZL + ZV − ZA

1 − ZB
1 )

ZC
2 = (ZL + ZV − ZA

2 − ZB
2 )

(2.42)

Furthermore, substituting −ZV εAA

2 = γAσA yields the surface energy contributions for A and B. The
configurational enthalpy of exchanging a surface atom A by a bulk atom B can be evaluated by

∆Econf = (ZA
1 − ZA

2 )(ωAB + ωAC − ωBC) + (ZB
1 − ZB

2 )(−ωAB + ωAC − ωBC)

+ZvωBC − ZvωAC + γAσA − γBσB

(2.43)

Elastic Energy
The equation for the elastic energy presented in the binary alloys section, equation 2.24, cannot directly
be used for ternary alloys as the third element has to be taken into account. Several methods exist
to convert the elastic energy from a binary alloy to a ternary alloy, many of which are asymmetrical
and require user input. To overcome these asymmetrical models, Chou et al. propose that rather than
fixing the composition of the three binary alloys contained in the ternary alloy, the compositions should
always be related to the three components themselves [122]. This model presented by Chou et al. is
applied by Ouyang et al. which is in turn applied by Zhao et al. which forms the basis of the model
presented in this work [103], [113]. The elastic strain energy in ternary alloys is thus evaluated using
the geometric model as proposed by Ouyang et al. and computed with equation 2.44 [113].

∆EAB
elastic(γ

A
AB , γ

B
AB) = γAγB(γB∆EAinB

elastic + γA∆EBinA
elastic) (2.44)

where EAinB
elastic is the elastic energy of element A in B, and.

γA
AB = χC + δAABχC , γB

AB = χB + δBABχC (2.45)

with
δAAB =

λA

λA + λB
, δBAB =

λB

λA + λB
(2.46)

and
λA = (∆Hsol

BinA −∆Hsol
CinA)

2 (2.47)

where the reader is referred to section 2.3 for the computation of the solution enthalpies. Similarly to
binary alloys, to preserve the detailed balance the elastic energy is computed as

Eelastic = ∆EAinB
elastic · cA−∆EBinA

elastic · cB + cC ·
(
∆ECinB

elastic −∆ECinA
elastic

)
(2.48)

when switching an A atom from the surface to a B atom in the bulk.

2.5. Density functional theory for hydrogen adsorption energies
The hydrogen adsorption energy can have a large effect on the type of element that will surface seg­
regate. Therefore the hydrogen adsorption energy has to be known for each element that is being
screened. The hydrogen adsorption energy has been reported for various elements. For the hydrogen
adsorption energy on elements that are unknown, DFT calculations are performed. This is done by
computing the energy associated to a H2 molecule, that of a metal slab and that of a metal slab with
hydrogen atom adsorbed on either side. Using these energies the hydrogen adsorption energy can be
computed as

∆Hads =
EM+2H − EM − EH2

2
(2.49)

Where EM+2H is the energy of the metal in combination with a hydrogen atom adsorbed on both
sides of the slab, EM is the energy associated to the metal slab in vacuum and EH2

the energy of a
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hydrogen molecule. These computations were performed using the plane­wave projector augmented
wave (PAW) as implemented in VASP 5.4 [123]–[125]. The generalized gradient approximation in the
PBE parametrization was used for the PAW method [126]. The energy cutoff was varied from 300 eV
to 500 eV. Smearing of the electronic states was applied with the tetrahedron method. The fcc(111)
surfaces are modeled as a 1 x 1 x 7 slab with 30 Å of vacuum. The surfaces with hydrogen adsorbed
on either side use the same structure with one hydrogen atom adsorbed on either side of the slab on
the fcc hollow site. For the slabs the k­mesh is varied between 20 x 20 x 1 and 25 x 25 x 1 and for the
hydrogen molecule a k­mesh of 2 x 2 x 2 is used. The atomic positions are relaxed until the energy
decreased by less than 10−4 eV. A maximum difference of 0.05 eV/atom is found when converging
from an energy cutoff of 300eV to 500 eV. The results are compared to existing literature in table 2.1,
the complete list is shown in Appendix A. For Ni a difference of 0.17 eV/atom is seen between the
experimental results of Tomanek et al. and those from Watson et al. using DFT [29], [120]. The results
obtained from DFT in this work match those of Watson et al. for both Ni and Pd. However, a difference
of 0.35 eV/atom is seen in Ag. For consistency the results of Tomanek et al. will be used where possible,
otherwise the hydrogen adsorption energies computed with DFT from this work will be used.

Table 2.1: Hydrogen adsorption energies computed with DFT and compared against literature.

Element
Eads (eV/atom) Source

Literature This work

Ag ­0.11 0.24 [29]

Ni ­0.48 ­0.63 [29]

­0.65 [120]

Pd ­0.48 ­0.49 [29]

­0.48 [127]

­0.50 [120]

2.6. Thermo­Calc for calculation of phase diagrams
Phase diagrams can provide insight on the equilibrium structure of an alloy as a function of tempera­
ture and pressure. Thermo­Calc is a software package that can be used for the calculation of phase
diagrams (CALPHAD) of ternary alloys [128]. It uses data on phase equilibria, crystal structure and
thermochemical data in combination with free parameters to construct the phase diagrams of ternary
alloys. In the current work, Thermo­Calc is used to screen through a wide range of ternary alloys at
various temperatures and pressures to find the compositional ranges in which a single fcc phase is
stable.



3
Verification against literature

This chapter will compare experimental and computational surface segregation presented in Chapter
1 against the results that are obtained by the computational model from this work.

3.1. Surface segregation in binary alloys
Surface segregation in vacuum
For binary alloys the computational model from this work is run on a 4x4x100 supercell with a configu­
ration that is random. The temperature is ramped down from 2000 K to the final temperature over the
first 5% of MC steps in order to avoid that the initial random configuration is able to end up in a local
minimum energy state. The number of MC steps taken is 5·105 and the average surface fraction is
taken over 20 micro states which are spaced 5·103 MC steps apart, such that they are independent
of each other. This yields a standard error on the data of maximum ± 3 at.%. The energy generally
converges within the first 2·105 to 3·105 MC steps.

The computational model in this thesis is based on the work by Zhao et al. [69]. Therefore, these two
models are compared, as good agreement should be expected. Table 3.1 compares the models for a
fixed composition against the computational developed in this thesis. The model of Zhao et al. and that
of this work agree for Pd­Ag and Pd­Pt, the model deviates 4 at.% for the Pd­Cu alloy, which could be
attributed to the altered elastic energy term. A difference of 5 at.% is seen for the Pd­Au alloy. Finally,
a deviation of 11 at.% is found for the Pd­Ni alloy. In this alloy, the elastic energy is the dominant driving
force for surface segregation. In this work a weighted average, i.e. a linear approximation, is taken
for the elastic energy in order to make the elastic term anti symmetric. Furthermore, the volume of the
pure elements is used instead that of the alloyed volumes to be consistent with literature.

Table 3.1: Comparison of surface segregation in five alloys in vacuum for the (111) plane at 600 K from Zhao et
al. and the computational model from this work [69].

Alloy
Surface composition

Zhao et al.
Surface composition

this work

Pd75Ag25 Pd48Ag52 Pd49Ag51
Pd75Au25 Pd29Au71 Pd24Au76
Pd75Cu25 Pd74Cu26 Pd69Cu31
Pd75Ni25 Pd97Ni3 Pd86Ni14
Pd75Pt25 Pd99Pt1 Pd100Pt0

Surface segregation is plotted for the alloys Pd­Ag, Pd­Au, Pd­Cu, Pd­Ni and Pd­Pt at 600K, shown in
figure 3.1. The x­axis shows the bulk atomic fraction and the y­axis depicts the surface fraction. Strong

26
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segregation of Au and Ag is predicted and a small segregation of Cu is predicted. A bcc region exists
for the Pd­Cu alloy at a composition of 35 at.% ­ 45 at.% Pd [82]. However, Zhao et al. show that the
segregation is not influenced significantly in this region [69]. In Pd­Ag the largest oscillation of elements
in subsurface layers is seen, which is caused by the relatively large negative alloy parameter as shown
in figure 3.1a. For Pd­Cu alloy, the segregation can be either Pd or Cu, depending on the composition
as shown in figure 3.1c. The same is seen in the Pd­Ni system, but the larger alloying parameter results
in a lower subsurface enrichment of Pd as seen in figure 3.1d. For the Pd­Pt alloy the positive alloy
parameter results in the attraction of like atoms, in this case Pd­Pd and Pt­Pt as shown in figure 3.1e.
Pt segregates to the surface and the first 3 to 4 atomic layers are also enriched in Pt.

Table 3.2 compares surface segregation results of Pd alloys from literature against results obtained with
the present model. These results all agree within 10 at.% with the exception of 7, Pd67Ag33, Pd70Ag30,
and the Pd­Ni alloys.

The results of Ropo et al. who studied the Pd70Ag30 alloy at 600 K and 900K and Wouda et al. who
studied Pd67Ag33 at 720 K and 920 K agree with each other [56], [68]. The results from Wouda et
al. show a larger segregation at 920 K than at 720 K. This is contrary to what is expected, that is a lower
segregation at a higher temperature, due to an increased entropy term. The composition of Pd67Ag33
is special as a very ordered structure occurs, as will be shown later. The results from the model from
this work do not quantitatively match the results from literature at this composition, one explanation
is the overprediction of the SRO. Pd and Ag have a relatively large negative mixing enthalpy of 30
meV according to Miedema’s model and thus want to mix. Therefore, Pd can be pulled to the surface,
thereby minimizing the mixing energy of the system. Including pairwise interactions between second
nearest­neighbours could yield a more accurate result.

The elastic energy plays a dominant role in the Pd­Ni system, resulting in an underestimation of the
segregation of Ni. Furthermore, Zhao et al. predict a Pd segregation at 600 K in vacuum over the entire
compositional range of Pd­Ni. However, as shown in figure 3.2 the computational model developed in
this thesis predicts either Pd or Ni segregation, depending on the composition. The equation for the
elastic energy is described for dilute solutions by Abraham et al., which is utilized in the paper by Zhao
et al. [69], [119]. Therefore, the predictions for Pd­Ni are not accurate. All binary alloys in vacuum
follow the LM equation closely.

The effect of temperature on the segregation is shown in figure 3.3 for Pd­Ag and Pd­Ni. These two
alloys were chosen because of their different segregation pattern. From these figures it is seen that
segregation decreases with increasing temperature. The decreasing segregation can be attributed to
the increasing entropy at increasing temperatures.

Short­range ordering
The alloy parameter ω is negative for the Pd67Ag33 alloy, therefore Pd and Ag would preferentially bind
to each other. This can be observed in figure 3.4 where surface segregation was predicted for this
Pd67Ag33 alloy at 0 K. In this system Ag segregation is observed, the second atomic layer is pure Pd
such that the number of Pd atoms around the Ag atoms on the surface is maximized. In the third
and fourth layer a slight oscillation is observed. The fifth and deeper layers are bulk like. In reality
atomic movement reduces with decreasing temperatures, this results in kinetic trapping and produces
thermodynamical metastable states. This not the case for the MC method applied here, thus only
thermodynamical equilibrium states will be computed. This results in an overprediction of segregation
or ordering at very low temperatures. At elevated temperatures SRO becomes less prominent due to
the increasing entropy term. However, these ordered states also happen at a lesser degree at higher
temperatures.
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(a) Ag segregation at 600K in vacuum (b) Au segregation at 600K in vacuum

(c) Cu segregation at 600K in vacuum (d) Ni segregation at 600K in vacuum

(e) Pt segregation at 600K in vacuum

Figure 3.1: Segregation of Pd­alloys in vacuum at 600K in atomic fractions of Pd­Ag, Pd­Au, Pd­Cu, Pd­Ni and
Pd­Pt. The no­segregation line is indicated by the dotted line, the bulk atomic fraction of the alloying element is
plotted against that of the surface. Atomic fractions above the dotted line indicate surface segregation of the

alloying element. The colored lines are predicted by Miedema’s model in combination with MC simulations. The
crosses indicate predictions of the surface fraction by Miedema’s model in combination with the LM equation.
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(a) Ni segregation at 600K in vacuum (b) Surface segregation in Pd alloys in vacuum at 600 K.
The solid lines are for the (111) plane from Zhao et al. [69].

Figure 3.2: Comparison of Pd­Ni segregation at 600K. The no­segregation line is indicated by the dotted line,
the bulk atomic fraction of the alloying element is plotted against that of the surface. Atomic fractions above the
dotted line indicate surface segregation of the alloying element. The colored lines are predicted by Miedema’s

model in combination with MC simulations.

(a) Ag segregation at 300 K, 600 K and 900K (b) Ni segregation at 300 K, 600 K and 900K

Figure 3.3: Surface segregation is compared at various temperatures for Pd­Ag and Pd­Ni, which shows that
segregation increases at lower temperatures. The no­segregation line is indicated by the dotted line, the bulk
atomic fraction of the alloying element is plotted against that of the surface. Atomic fractions above the dotted
line indicate surface segregation of the alloying element. The colored lines are predicted by Miedema’s model in

combination with MC simulations.
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Table 3.2: Surface segregation reported in literature compared to the predictions from this work. *Modified mean
field model that includes subsurface layers.

Ref. Method T (K)
Composition
bulk (at.%)

Surface
composition
literature
(at.%)

Surface
composition
this work
(at.%)

Wouda [68] STM 720 Pd67Ag33 Pd5Ag95 Pd41Ag59
920 Pd67Ag33 Pd11Ag89 Pd38Ag62

Ropo [56] DFT + Mean field* 600 Pd70Ag30 Pd12Ag88 Pd41Ag59
900 Pd70Ag30 Pd20Ag80 Pd45Ag55
600 Pd50Ag50 Pd10Ag90 Pd18Ag82
900 Pd50Ag50 Pd15Ag85 Pd19Ag81
900 Pd30Ag70 Pd3Ag97 Pd2Ag98

Ropo [71] DFT 0 Pd50Ag50 Pd0Ag100 Pd0Ag100
+ LM 300 Pd50Ag50 Pd8Ag92 Pd10Ag90

600 Pd50Ag50 Pd19Ag81 Pd18Ag82
900 Pd50Ag50 Pd25Ag75 Pd19Ag81
1200 Pd50Ag50 Pd28Ag72 Pd27Ag73

Yi [67] LEIS, XPS 800 Pd50Au50 Pd18Au82 Pd12Au88
Pd25Au75 Pd6Au94 Pd4Au96
Pd75Au25 Pd35Au65 Pd34Au66

Swartzfager [81] LEIS 875 Pd40Au60 Pd5Au95 Pd9Au91
Pd60Au40 Pd30Au70 Pd21Au79

Zhao [76] Miedema + LM 800 Pd50Au50 Pd20Au80 Pd12Au88

Zhao [76] LEIS, XPS 1000 Pd60Cu40 Pd50Cu50 Pd49Cu51
Priyadarshini [85] LEIS, XPS 700 Pd48Cu52 Pd20Cu80 Pd32Cu68

900 Pd48Cu52 Pd24Cu76 Pd31Cu69
700 Pd40Cu60 Pd17Cu83 Pd20Cu80
900 Pd40Cu60 Pd19Cu81 Pd19Cu81

Michel [94] LEIS, XPS 900 Pd8Ni92 Pd76Ni24 Pd0Ni100
Miegge [95] LEIS, XPS 870 Pd1Ni99 Pd20Ni80 Pd0Ni100

Pd5Ni95 Pd50Ni50 Pd0Ni100
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(a) Top layer (b) 2nd layer

(c) 3rd layer (d) 4th layer

Figure 3.4: Short­range ordering in Pd67Ag33 at 0 K in vacuum for the top four atomic layers of a 8x8x150
supercell.

Surface segregation with hydrogen adsorption
The computational model is run at 600K on a 4x4x100 supercell and the (111) plane is considered.
Figure 3.1 shows the segregation behavior of Pd­Ag, Pd­Au, Pd­Cu, Pd­Ni and Pd­Pt with a monolayer
hydrogen by applying a pressure of P/P0=50. All the other variables are kept the same as what was
used for the prediction of surface segregation in vacuum. The effect of hydrogen adsorption on the
surface segregation in Pd­based alloys in literature is not extensive. Zhao et al. show that Ag is de­
pleted from the surface when hydrogen is adsorbed, similar to figure 3.5a [69]. The hydrogen coverage
depends on the type of atoms that occupy the surface and vice versa. Au has an endothermic binding
with hydrogen [29], therefore the Au segregation is suppressed, as can be in figure 3.5b, similar to
what is presented by Zhao et al. [69]. The effect of the elastic energy in the Pd­Cu alloy is relatively
large, which yields quantitative differences between the results from this work and those of Zhao et al.
Zhao et al. report a lower segregation at low Cu concentrations compared to the work here, shown in
figure 3.5c. Hydrogen adsorption does not have a significant effect on the segregation behaviour and
this shows in the work of Zhao et al. and this work, shown in figure 3.5d. Lastly in the Pd­Pt alloy, a
stronger segregation of Pt is observed when hydrogen adsorption is considered, shown in figure 3.5e,
similar to the results of Zhao et al.
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(a) Ag segregation at 600K in a hydrogen atmosphere (b) Au segregation at 600K in a hydrogen atmosphere

(c) Cu segregation at 600K in a hydrogen atmosphere (d) Ni segregation at 600K in a hydrogen atmosphere

(e) Pt segregation at 600K in a hydrogen atmosphere

Figure 3.5: Surface segregation in Pd­alloys with a monolayer hydrogen adsorbed at 600K in atomic fractions of
Pd­Ag, Pd­Au, Pd­Cu, Pd­Ni and Pd­Pt. The no­segregation line is indicated by the dotted line, the bulk atomic
fraction of the alloying element is plotted against that of the surface. Atomic fractions above the dotted line
indicate surface segregation of the alloying element. The colored lines are predicted by Miedema’s model in

combination with MC simulations. The crosses indicate predictions of the surface fraction by Miedema’s model in
combination with the LM equation.

Conclusion on verification of binary computational model
Combining DFT with MC simulations has been employed by Ruban et al. [57] and Boes et al. [48] and
have yielded accurate results for predicting the surface segregation. Unfortunately, these type of calcu­
lations are computationally intensive, which makes this approach unsuitable for fast screening of novel
alloys. Literature on the TB­model is not extensive, which makes verifying its accuracy difficult. The
TB­model is however also relatively computationally intensive. EAM, MEAM and Miedema’s model can
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be used with sufficient accuracy, but Miedema’s model does not require fitting of interatomic potentials
for computing the segregation enthalpy at the cost of some accuracy. MC simulations could yield more
accurate results than the LM equation when SRO has an effect. However, as was shown, in binary
alloys the difference between MC simulations and the LM equation are negligible.

3.2. Surface segregation in ternary alloys
The results from literature are compared against the computational model from this work. The model
from this work is run with 2·106 MC steps on a 4x4x100 supercell for ternary alloys and the average
surface fraction is taken over 100 micro states which are spaced 5·104 MC steps apart, such that they
are independent of each other. The first two sections focus on Pd­Cu­Au and Pd­Cu­Ag ternary alloys,
which have seen considerable attention due to their resistance against H2S poisoning as a result of the
alloying elements Au and Cu. Furthermore, the addition of Ag leads to an improved permeability.

Effect of co­segregation, site­competition and blocking
The solute elements in a ternary alloy can interact by either attracting or repelling each other by different
processes, such as co­segregation, site­competition and blocking [106]. Co­segregation describes the
effect of two elements segregating to the surface as a result of a low surface energy compared to the
third element, which remains in the bulk. Co­segregation increases when the bonding between the
two surface elements increases or when the repulsive interaction between the third element increases.
Site­competition occurs when two elements want to segregate and one of the two elements has a
strong bonding with the third element, leading to a segregation of the other element. Lastly, blocking
takes place when one element has a low surface energy but also binds strongly with an element that
has a high surface energy. The element with the intermediate surface energy will then segregate.

The mean field assumptions of the LM equation do not consider these types of interactions and thus
do not always yield accurate results. An example of this is shown in figure 3.6. The predicted surface
composition by the LM equation (crosses), of La differs by 41 at.% when compared against the MC
simulations (filled circles). The alloy parameter of Cu­Pd and Cu­La is large and negative (thus want to
mix) and about 5 times more negative than Pd­La. Cu therefore stays in the bulk, in order to maximize
the amount of La and Pd neighbors. Furthermore, La has a larger volume than both Cu and Pd, resulting
in an elastic energy that pushes La to the surface. However, the alloy parameter between Pd­La
is large in comparison to the elastic energy and the surface energy. Therefore blocking occurs and
the segregation of La is lower than predicted by the LM equation. The surface energy in this alloy
is small enough in comparison to the alloy parameter and the elastic energy that it has a negligible
effect. In conclusion, predicting the surface segregation is more difficult in ternary alloys. Contrary to
binary alloys, differences arise between the LM equation and MC simulations when predicting surface
segregation. MC simulations will yield more accurate results as they can account for co­segregation,
blocking and site­competition.
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Figure 3.6: Predicted atomic fraction at the surface in Pd50Cu10La40 at 600 K in vacuum by the LM equation
(crosses) and by MC simulations (filled circles). Layer 49 to 51 shows the bulk composition.

Surface segregation in Pd­Cu­Au
Yin et al. [99] studied surface segregation in Pd­Cu­Au and report consistent Au segregation at a temper­
ature of 500 K and 600 K. Furthermore, at low Au concentrations, a segregation of Cu is also observed
as shown in figure 3.7. Figure 3.8 shows the predicted excess surface segregation by the computa­
tional model from this work. Please note that the maxima and minima of the colour scales are different.
It must be pointed out that a wide bcc region exists in the region shown in the figures, this is outlined
in red [28]. However, as shown by Zhao et al. the effect on the predicted surface segregation between
fcc and bcc in the Pd­Cu alloy is approximately 5 at.% maximum and the figure can therefore still be
used to qualitatively predict surface segregation [69]. Furthermore, the computational model from this
work predicts phase separation in the regions that are white. It is observed that at 500 K the phase
separation region for high Cu concentrations is larger. The results from Yin et al. qualitatively match the
results obtained from the computational model. Pd depletion from the surface is seen throughout the
entire compositional range of the Pd­Cu­Au alloy. At a composition near Pd80Cu0Au20 a peak is seen
in the depletion of Pd from the surface by both Yin et al. and by the model from this work at 500 K. Yin
et al. report surface segregation of Cu at lower Au concentrations, which qualitatively match the results
from this work. However, the Cu depletion from the surface at lower Cu concentrations, observed by
Yin et al., is not seen. Furthermore, segregation is always observed by Yin et al., while the computa­
tional model from this work predicts a depletion of Au of up to 20 at.%. Yin et al. predict an increased
segregation at higher temperatures, it is expected that this is the result of performing measurements
while the alloy is in a metastable state and could explain the quantitative differences in the predicted
surface segregation. In contrast, the model from this work predicts increased surface segregation at
lower temperatures as a result of the lower entropy term.

Figure 3.8 outlines a region in green at a composition of Pd50Cu40Au10 at 500 K. This region is less de­
pleted in Pd than the surrounding compositions and is seen in both the results from Yin et al. and
the current work. Scanning over the compositional range of Pd50­xCuxAu10 where x is varied be­
tween 30­50at.% the alloying parameter of Cu­Au becomes less negative with increasing Cu content
while the alloying parameter of Au­Pd becomes more negative. At a composition of approximately
Pd44Cu46Au10 the two alloying parameters are equal. Similarly, scanning over the compositional range
of Pd50­yCu40Auy where y is varied between 0­20 at.%, the alloying parameter of Cu­Au becomes less
negative at a large rate with increasing Au content. The alloying parameter of Au­Pd also becomes
less negative with increasing Au content, albeit at a lower rate and is equal to the alloying parameter of
Cu­Au at a composition of Pd39Cu40Au21. The bonding of Cu­Pd remains almost unchanged in these
compositional ranges. Thus, adding more Cu leads to a less strong bonding energy of Cu­Au and a
stronger bonding of Au­Pd. Adding more Au leads to a less strong bonding of Cu­Au and a less strong
bonding of Au­Pd. A region exists where the bonding of both Au­Pd and Au­Cu is large and thus Au
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wants to remain in the bulk. This allows Pd to have a small compositional region where the surface
depletion is lower.

Figure 3.7: Ternary diagrams showing excess surface segregation in Pd­Cu­Au. Blue regions indicate depletion
of the element from the surface while red regions show enrichment of the element on the surface. A region of

lower Pd depletion than its surroundings is outlined in green from Yin et al. [99].

Figure 3.8: Predicted excess atomic fraction at the surface in Pd­Cu­Au at 600 K. Blue regions indicate
depletion of the element from the surface while red regions show enrichment of the element on the surface.

Phase separation is predicted in the regions that are left white. Bcc regions are outlined roughly in red. A region
of lower Pd depletion than its surroundings is outlined in green.
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Surface segregation in Pd­Cu­Ag
Zhao et al. performed experiments on the surface segregation in Pd61Cu29Ag10 in vacuum at 1000
K and report a surface composition of Pd39Cu45Ag15 experimentally and Pd54Cu54Ag17 using a com­
putational method which combines Miedema’s model with the LM equation [103]. Thus, Cu and Ag
surface segregate and Pd is depleted from the surface and the segregation is qualitatively predicted
correctly. The computational method from this work predicts a surface composition of Pd8Cu67Ag25 and
thus matches the results from Zhao et al. qualitatively as shown in table 3.3. In a hydrogen atmosphere
atmosphere, Zhao et al. find and predict a Ag depletion and experimentally a Cu depletion, while in com­
putations the Cu composition on the surface remains the same. The computational method from this
work qualitatively agrees with the experimental results reported by Zhao et al. the model from this work
has a coverage of 2/3 monolayer hydrogen compared to the monolayer coverage of Zhao et al. The
diffusion kinetics might limit the surface segregation in the experimental results. Furthermore, phase
separation is observed in the model from this work. Applying the SSOL2 database from Thermo­Calc
a single fcc phase is however predicted [129].

Table 3.3: Reported segregation of Pd­Ag­Cu from Zhao et al. of the surface layer measured with LEIS and
calculated using Miedema’s model in combination with the LM equation in vacuum and with a monolayer

coverage [103]. This is compared to the computational model from this work in vacuum and a 2/3 monolayer
coverage of hydrogen.

Condition

Experimental
Composition (at.%)

Calculated
Composition

Zhao et al. (at.%)

Calculated
Composition

This work (at.%)

Cu Ag Cu Ag Cu Ag

Before segregation 29.4 10.4 30.0 10.0 29.4 10.4

1000 K in vacuum 45.1 15.3 54.4 16.5 67.3 25.0

1000 K in 1 bar H2 23.2 7.6 29.9 3.9 9.0 0.0

Surface segregation in other ternary alloys
Zhao et al. performed experiments and developed a computational model in order to predict surface
segregation in Pd­Cu­Mo. The predictions of surface segregation from Zhao et al. and those of this
work are compared in table 3.4. Mo depletion is seen in both the experiments and the computational
predictions in vacuum and a hydrogen atmosphere. Albeit, at a lesser degree for the experimental
results as a result of diffusion kinetics. The computational model of Zhao et al. predicts a Cu depletion
as well, in contrast to what the experiments show. The computational model of Zhao et al. agrees with
the results from the computational model from this work. Phase separation is seen in the computational
model from this work. Thermo­Calc is used in combination with the SSOL2 database, which predicts a
fcc phase, together with a 2%mole fraction of bcc [129]. Therefore, the predictions by the computational
model from this work could deviate from experimental results. Although Cu has a lower surface energy
than Pd, the large negative alloy parameter between Cu­Mo and the relatively high surface energy of Mo
would result in blocking. Thereby, still depleting Cu from the surface, resulting in surface segregation
of Pd.



3.2. Surface segregation in ternary alloys 37

Table 3.4: Reported segregation of Pd­Cu­Mo from Zhao et al. of the surface layer measured with LEIS and
calculated using Miedema’s model in combination with the LM equation in vacuum and with a monolayer

coverage [103]. This is compared to the computational model from this work in vacuum and a 2/3 monolayer
coverage of hydrogen.

Condition

Experimental
Composition (at.%)

Calculated
Composition

Zhao et al. (at.%)

Calculated
Composition

This work (at.%)

Cu Mo Cu Mo Cu Mo

Before segregation 5.2 10.9 5 10 5.2 10.9

1000 K in vacuum 6.0 3.6 0 0 0 0

1000 K in 1 bar H2 5.2 4.5 0 0 0 0

Luyten et al. derive parameters for the MEAM for Pt20Pd40Rh40 [106]. The potential is then validated
on the (111) plane at various temperatures using MC simulations. At 1200 K a surface composition
is predicted of Pt10Pd89Rh1, the model from this work predicts a surface composition of Pt7Pd87Rh6.
These models agree quantitatively with a maximum deviation of 5 at.% Rh. At 600 K Luyten et al. re­
port a predicted surface composition of Pt2Pd98Rh0 and the model from this work predicts a surface
composition of Pt2Pd97Rh1, which agrees well.

Yu et al. used the modified analytical embedded atom method in combination with MC simulations to
predict surface segregation in four Pd­Pt­Rh alloys at 1200 K, these are compared in table 3.5 against
the results from this work [105]. Yu et al. report qualitative agreement between their model and other
literature. The results from the model from this work agrees qualitatively with the results from Yu et al.

Table 3.5: Surface segregation predicted by Yu et al. in four Pd­Pt­Rh alloys at 1200 K compared to the
predicted surface segregation from this work [105].

Bulk
Composition (at.%)

Calculated
Composition
Yu et al. (at.%)

Calculated
Composition

This work (at.%)

Pd Rh Pd Rh

Pt25Pd5Rh70 94 6 15 57

Pt10Pd15Rh75 90 10 53 40

Pt80Pd15Rh5 21 0 50 2

Pt75Pd10Rh15 48 0 32 10

Conclusion on verification of ternary computational model
Co­segregation, site­competition and blocking can play a dominant role in the surface segregation in
ternary alloys. Therefore, MC simulations should be used instead of applying the LM equation. The
literature for surface segregation in ternary alloys is not extensive. Qualitative agreement is reported
between the results obtained by this work and the available literature, with the exception of the exper­
imental results in Pd­Cu­Mo obtained by Zhao et al. [103]. Generally, the predicted surface segrega­
tion from this work is higher than that of experimental results. The computational model from this work
predicts the surface segregation for an alloy that is in complete thermodynamical stability. Whereas ex­
periments generally measure the surface segregation in an alloy that is in a metastable state, resulting
in a less pronounced segregation.
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Designing surface alloys

The model discussed in the previous chapters will now be applied to design new Pd­based hydrogen
separation membranes. Pd is chosen because of its intrinsic capabilities of hydrogen dissociation from
the molecular form into a monoatomic form. Furthermore, Pd is capable of adsorbing approximately
600 times its own volume in hydrogen whilst maintaining its physical properties and structural integrity
[17].

Figure 4.1: Approach to tailor the surface composition of a ternary alloy.

Cu is added to the alloy in order to improve the surface poisoning resistance. The drawback of Pd­
Cu membranes is their relatively low permeability whilst staying in the fcc phase. Chapter 1 showed
that Ag can improve the permeability. However, Cu and Ag co­segregate in vacuum or low coverages
of hydrogen in the Pd­Cu­Ag alloy as was shown by the computational method from this work in the
previous chapter and by experimental in combination with a computational method by Zhao et al. [103].
As hydrogen does not preferentially adsorb on Ag sites, the number of hydrogen adsorption sites is
reduced. Therefore, the model can be applied to improve the permeability of the Pd­Cu alloy by adding
another element. A selection can be made of elements that not only improve the permeability but are
also relatively cheap, in order to reduce material cost. Figure 4.1 shows the approach that is taken
to develop a novel ternary alloy that can be applied as a hydrogen separation membrane. For these
Pd­Cu­X alloys Thermo­Calc and the database ”SSOL 2: SGTE alloy solutions Database v2.1” is used
to determine the phase diagrams to find the compositional range in which the alloys remains in a single
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fcc phase for 600 K, 800 K and 1000 K [128], [129]. The elements which have a narrow fcc region or
no fcc region at all are coloured red and the elements that reduce the permeability are coloured grey.
Lastly, the elements that are as expensive as Pd or radioactive are coloured orange. This leaves three
elements; Zr, Hf and La. The selection process is shown in figure 4.2.

Figure 4.2: Approach to find transition metal that can improve the permeability of the Pd­Cu alloy.

Zr and Hf are chemically very similar, as Hf is more expensive it is disregarded as well [130]. Thermo­
Calc and the aforementioned SSOL database, predict a single fcc region at all Pd­Cu­La concentrations
at every temperature. Nayebossadri et al. have shown that a bcc region exists in Pd­Cu alloys for Pd
concentrations between 35 at.% to 47 at.% at temperatures below 600 K [82]. Reducing the La content
to 0.1 at.% with 39.9 at.% Pd and 60 at.% at 400 K should yield a bcc structure. This is however not
predicted by Thermo­Calc, the results from running the model from this work for the Pd­Cu­La alloy
could therefore predict inaccurate surface segregation and is therefore not shown. Furthermore, no
phase diagram is available in literature for Pd­Cu­La to the authors knowledge. For this reason, the
focus of the remainder of this chapter is rather on the very promising Pd­Cu­Zr alloy.

First a ’roughing pass’ of MC simulations are run for the compositional range of Pd­Cu­Zr alloy that stay
in the fcc region at 600 K, 800 K and 1000 K, which are shown in figure 4.3. At increasing temperatures,
the fraction of Zr can be increased while staying in the fcc region. Steps of 2 at.% were taken in Zr and
7 at.% for Cu on a 4x4x100 supercell and 2·105 MC steps. At temperatures below 600 K, the fcc region
shrinks further and the effect of the Zr on the permeability is expected to be reduced significantly. At
elevated temperatures entropy increases and hydrogen is less likely to adsorb on the surface, reducing
the hydrogen flux through the membrane. Alternatively, the pressure is increased in order to make
hydrogen adsorb to the surface.
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Figure 4.3: Phase diagram of Pd­Cu­Zr at 600 K, 800 K and 1000 K predicted by Thermo­Calc using the SGTE
database [129].

The computational model from this work predicts that hydrogen adsorption does not occur at 800 K and
1000 K at a pressure of P/P0=50 and are disregarded. The predicted segregation is shown in figure 4.4,
Pd surface segregation is seen at Pd fractions of >0.5 and is increased in a hydrogen atmosphere. Cu
segregation is seen for Pd fractions <0.5 and is decreased in a hydrogen atmosphere at 600 K. For the
white regions no predictions of the excess atomic fraction are made. There are two reasons for this; 1.
Thermo­Calc predicts the alloy to be in the fcc+hcp phase or hcp phase, as was shown in figure 4.3. 2.
The computational model from this work suggests that phase separation occurs at Pd concentrations
of >0.6 and <0.1.

Figure 4.4: Predicted excess atomic fraction at the surface of Pd­Cu­Zr at 600 K in vacuum and a hydrogen
atmosphere. Blue regions indicate depletion of the element from the surface while red regions show enrichment

of the element on the surface.

The goal of this alloy is to have Zr in the bulk, to increase the permeability in combination with Pd
and Cu on the surface. An additional advantage is that an addition of Zr to the Pd­H system leads to a
convergence of the lattice parameters of the α and β phase, resulting in lower induced stresses, thereby
reducing hydrogen embrittlement [45]. Pd on the surface is needed for the hydrogen dissociation, while
Cu is needed to improve the poisoning resistance. Peters et al. report that a Pd70Cu30 membrane in a
100 ppm H2S environment at 670 K and 770 k is able to recover completely, while a pure Pd membrane
fails immediately [131]. No report is made of the surface composition, however at these temperatures
and at this composition literature consistently report little to no segregation of Cu. Therefore, the surface
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composition is assumed to be the same as the bulk composition, Pd70Cu30. Using the results from the
’roughing’ pass, final simulations are run at 600 K for a 4x4x100 supercell and 2·106 MC steps for the
ternary bulk compositions that have a surface composition of around Pd70Cu30. From these simulations,
the proposed bulk composition for a novel hydrogen separation membrane is Pd48Cu42Zr10. This alloy
has a surface composition of Pd71Cu29 in a hydrogen atmosphere, the surface composition is shown
in figure 4.5. The composition on the vacuum side is Pd54Cu46, in experiments the Pd content on
this surface would be higher, due to the permeated hydrogen. Note that the LM equation would have
predicted a different surface composition, so it is not appropriate for ternary alloy design.

Figure 4.5: Segregation of Pd48Cu42Zr10. The first layer is exposed to vacuum, the 100th layer is exposed to
hydrogen. Crosses indicate the predicted segregation by the LM equation in vacuum and when exposed to a

monolayer hydrogen.
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Conclusion

Surface segregation is of great importance as the catalytic activity is mostly determined by the surface
layer. For binary alloys the LM equation is a good indicator for the final surface composition. Screening
a vast array of alloys using the LM equation for binary alloys is thus a more effective way to find novel
binary alloys than using MC simulations. This is not the case for ternary alloys as an interplay of
driving forces can affect the surface composition. Blocking, co­segregation and site­competition play
an important role in determining the surface composition of ternary alloys. The computational model
presented in this work is to the authors knowledge the first time that a framework has been constructed
to systematically design SA’s and NSA’s for ternary alloys. The computational model is based on a
parameterization of Miedema’s model to construct pairwise interactions between nearest­neighbors
which are used in MC simulations. This is a large improvement over the trial and error procedures that
are currently employed which take up more time and are costlier.

The main research question is repeated below:

Are calculations using Miedema’s model in combination with MC sufficiently fast and reliable to predict
and screen surface segregation in ternary alloys?

In order to answer this question, two sub­questions have to be answered.

1. How reliably can Miedema’s model predict the segregation enthalpy of ternary alloys when only
pairwise interactions from nearest­neighbors are considered?
The computational model from this work finds quantitative agreement for binary alloys when the
elastic energy is not dominant and qualitative agreement for ternary alloys. The computational
model proposed in this work can aid in speeding up the designing process of ternary surface
alloys. The model is written in order to speed up the design process of ternary alloys, as current
computational methods are computationally intensive and the trial­and­error method is slow and
expensive. Because literature is not available, verification of the computational model from this
work is difficult.

2. How large is the effect of deviating from a perfectly random solid solution by using Monte Carlo
simulations instead of the LM equation on the predicted surface segregation?
The LM equation is able to predict the surface segregation accurately in a binary alloy and
matches the results of MC simulations generally. In ternary alloys, the LM equation can yield
qualitative wrong results. Furthermore, large deviations of up to 41 at.% are seen between the
LM equation and MC simulations in some alloys as a result of co­segregation, blocking or site­
competition. Therefore, MC simulations should be used in ternary alloys.
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By combining the answers to these questions, the main research question is answered as follows:

Surface segregation is qualitatively predicted correctly in ternary alloys by the model presented in this
thesis. Quantitative conclusions cannot be drawn due to the lack of available literature. The compu­
tational model from this work allows for fast screening through the vast range of alloys to predict the
surface composition qualitatively which can be used for novel catalytic surfaces. This model can be
used to suggest regions of interest of an alloy at a certain temperature and pressure that should be
further investigated by more computational intensive methods or experiments to obtain quantitative
results. Moreover, subsurface compositions and ordering effects on the surface and subsurfaces are
predicted, which is of great importance for catalytic applications.

5.1. Limitations of the computational model
It is important to realize that the model developed in this work carries various limitations.

• The accuracy of Miedema’s model limits the use in predicting quantitative segregation as the
average relative error is 0.37 and a correlation factor of only 0.87 is found when the correction
factor of Wang is applied [114].

• The interaction energies are simplified to pairwise interactions and consider only nearest­neighbour
interactions. This is the simplest approximation and the least computational intensive. Longer
interactions are disregarded but can have a significant effect on the surface segregation.

• The absorption of hydrogen (and other gases) affects the surface segregation and has not been
considered in the current work.

• The effect of converging to a thermodynamical equilibrium generally results in a larger surface
segregation than what is seen in experiments.

• The slabs are exposed to a vacuum or to a pure hydrogen environment in the model from this
work. In a real world application, the gas environment will consist of various gases which affect
the surface segregation and should be added to the model.
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Recommendations

Based on the conclusions from the previous chapter, several recommendations are made.

• Verifying the predicted surface segregation in Pd48Cu42Zr10 with DFT +MC simulations and exper­
iments. This composition is predicted to be an interesting novel hydrogen separation membrane
alloy. DFT uses a different basis for the computation of the segregation enthalpy, if DFT+MC
simulations predict similar segregation to the results from this work, a similar segregation would
be expected in experiments.

• A single practical application of the model is shown in this thesis. However, many applications re­
quire a control over the surface composition and can thus benefit from the computational method
from this work. Furthermore, the MC simulations applied in the computational method from this
work predict SRO, SA’s and NSA’s which can be used to explore different types of promising
catalytic surfaces and subsurfaces.

• Hydrogen absorption affects surface segregation. Implementing hydrogen absorption in the com­
putational model should yield results that agree better with experiments.

• Surface segregation in vacuum and a hydrogen environment is considered in the presented
model, extending this to a mixture of gases will simulate a more practical application.

• The scope of this thesis was on the fcc phase and on the (111) plane, this model can be readily
modified to screen other crystal structures and crystallographic planes.

• Only pairwise interactions between nearest­neighbours are considered. The significance of sec­
ond nearest­neighbours can be investigated.

• Extending the model to quaternary or quinary alloys can aid in the design of future catalytic appli­
cations.
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A
Hydrogen adsorption energies

Table A.1: Hydrogen adsorption energies computed using DFT and compared against literature

Element
Eads (eV/atom) Source

Literature This work

Ag ­0.11 0.24 [29]

Au 0.07 [60]

Co ­0.59

Cu ­0.21 [29]

Fe ­0.52 [29]

Hf ­1.11

Ir ­0.48 [29]

La ­0.70

Mo ­0.89

Nb ­1.00

Ni ­0.48 ­0.63 [29]

­0.65 [120]

Pd ­0.48 ­0.49 [29]

­0.48 [127]

­0.50 [120]

Pt 0.21 [29]

Rh ­0.26 [29]

Ru ­0.55

Sc ­1.02

Ta ­1.09

Ti ­1.11

V ­1.21

Y ­0.96

Zr ­1.00
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C
Data required for python script

The file el_list.csv, which contains the data required to run the python script to predict surface segre­
gation in ternary alloys. Elements where A_lat = 0 or EH = 0 are not considered.

Element V A n ϕ γ K G at_nr A_lat EH

Li 13 5.53 0.98 2.85 0.000525 11 4.2 3 0 0

Be 4.9 2.88 1.67 5.05 0.0027 130 132 4 0 0

Na 23.78 8.27 0.82 2.7 0.00026 6.3 3.3 11 0 0

Mg 14 5.81 1.17 3.45 0.00076 45 17 12 0 0

Al 10 4.64 1.39 4.2 0.00116 76 26 13 4.05 0

K 45.63 12.77 0.65 2.25 0.00013 3.1 1.3 19 0 0

Ca 26.2 8.82 0.91 2.55 0.00049 17 7.4 20 5.58 0

Sc 15.03 6.09 1.27 3.25 0.001275 57 29 21 0 1.02295336

Ti 10.58 4.82 1.52 3.8 0.0021 110 44 22 0 1.11001323

V 8.36 4.12 1.64 4.25 0.00255 160 47 23 3.03 1.214

Cr 7.23 3.74 1.73 4.65 0.0023 160 115 24 0 0

Mn 7.35 3.78 1.61 4.45 0.0016 124 78 25 0 0

Fe 7.09 3.69 1.77 4.95 0.002475 170 82 26 0 0.517624142

Co 6.7 3.55 1.75 5.1 0.00255 180 76 27 0 0.58629645

Ni 6.6 3.52 1.75 5.2 0.00245 180 76 28 3.52 0.476167065

Cu 7.12 3.7 1.47 4.45 0.001825 140 48 29 3.61 0.217060335

Zn 9.17 4.38 1.32 4.1 0.00099 70 43 30 0 0

Y 19.89 7.34 1.21 3.2 0.001125 41 26 39 0 0.95783345

Zr 14 5.81 1.41 3.45 0.002 71 33 40 0 0.995591698
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Nb 10.8 4.89 1.64 4.05 0.0027 170 38 41 0 1.005

Mo 9.4 4.45 1.77 4.65 0.003 230 20 42 0 0.89192

Ru 8.2 4.07 1.83 5.4 0.00305 220 173 44 0 0.54518095

Rh 8.3 4.1 1.76 5.4 0.0027 380 150 45 3.8 0.258517412

Pd 8.89 4.29 1.67 5.45 0.00205 180 44 46 3.89 0.476167065

Ag 10.25 4.72 1.36 4.35 0.00125 100 30 47 4.09 0.113417644

Cd 13 5.53 1.24 4.05 0.00074 42 19 48 0 0

Sn 16.3 6.43 1.24 4.15 0.000675 58 18 50 0 0

Sb 16.95 6.6 1.26 4.4 0.000535 42 20 51 0 0

Ba 38.1 11.32 0.81 2.32 0.00037 10 4.9 56 0 0

La 22.55 7.98 1.18 3.17 0.00102 28 14 57 0 0.698551743

Hf 13.45 5.66 1.45 3.6 0.00215 110 30 72 0 1.11001323

Ta 10.81 4.89 1.63 4.05 0.00315 200 67 73 0 1.010516246

W 9.55 4.5 1.81 4.8 0.003675 310 161 74 0 0

Re 8.85 4.28 1.85 5.2 0.0036 370 178 75 0 0

Ir 8.52 4.17 1.83 5.55 0.003 320 210 77 3.84 0.476167065

Pt 9.1 4.36 1.78 5.65 0.002475 230 61 78 3.92 0.217060335

Au 10.19 4.7 1.57 5.15 0.0015 220 27 79 4.08 ­0.07313920

Tl 17.23 6.67 1.12 3.9 0.000575 43 2.8 81 0 0

Pb 18.28 6.94 1.15 4.1 0.0006 46 5.6 82 4.95 0

Bi 19.32 7.2 1.16 4.15 0.00049 31 12 83 0 0

Th 19.8 7.32 1.28 3.3 0.00155 54 31 90 5.08 0
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