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Abstract 

 
Alloys of transition metals often possess superior catalytic properties than their pure 

components. Finding new alloy catalysts with predictable and desirable catalytic properties is the 

major challenge in multicomponent catalyst design due to the need to perform many catalyst 

preparations, characterizations and reactivity measurements across composition space. To 

accelerate this search Composition Spread Alloy Films (CSAFs), thin multicomponent films that 

have composition gradients parallel to their surfaces, AxByC1-x-y with x = 0 → 1 and y = 0 → 1-x, 

are prepared. Many otherwise intractable fundamental scientific problems in alloy science and 

catalysis can be effectively addressed through the use of CSAFs as high throughput materials 

libraries. High throughput characterization of composition and electronic structure of these CSAFs 

can be done using spatially resolved X-ray photoelectron spectroscopy (XPS). Coupling these 

techniques with a multichannel microreactor, we can sample product distributions from 100 

different alloy catalysts across a CSAF in about 10 minutes.  

We focused on AgxPd1-x CSAFs and we investigated H2-D2 exchange reaction across these 

libraries using our multichannel microreactor. We investigated the energetics of this reaction using 

a microkinetic model and successfully came up with a correlation between the catalytic activity, 

the composition of the alloy and the electronic structure of the alloy. For the next step, the same 

H2-D2 exchange reaction was investigated experimentally across a CuxAuyPd1-x-y composition 

space. Increasing Pd content was found to decrease adsorption barriers and to increase desorption 

barriers. The v-band center moves toward the Fermi level as Pd content increases and the barrier 

to dissociative adsorption of H2 was found to decrease as the v-band energy increases. This data 

provides the first experimental correlation of elementary reaction barriers with valence band 
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energy across a continuous span of alloy composition space. We also tested our methodology for 

a more complex reaction, ethylene hydrogenation. Catalytic activity - composition of the alloy - 

electronic structure of the alloy correlation has been obtained across a continuous composition 

space of CuxAuyPd1-x-y. This study is the first work to show this correlation experimentally.  

All in all, in this study we have come up with a new methodology that can be applied to 

alloy catalysis studies. Using this methodology 100 different alloy compositions can be tested in 

one experiment which accelerates the search for a proper catalyst for a given application as well 

as provides a fundamental understanding of multicomponent materials.  
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CHAPTER 1 

Introduction 

 

1.1 Summary 

 

Alloys and multicomponent materials are often used as catalysts instead of using pure 

metals since metallic alloys are often shown to possess superior catalytic and mechanical 

properties compared to their pure components due to ligand, strain and ensemble effects [1, 2].  

The interactions between the different elements in an alloy (ligand effects), the change in lattice 

parameters due to alloying (strain effects) and the spatial distribution of atomic sites (ensemble 

effects) influence the distinctive physical and electronic features of the alloy, making it possible 

to adjust the reaction activity and selectivity of the alloy catalyst [3]. 

Alloys of transition metals are often better catalysts than the pure metal components 

themselves and the reaction activity of an alloy catalyst can be tuned by either changing its 

components or adjusting its alloy composition [4].  But the reasons why these multi-component 

materials are better catalysts than their pure components are not yet very well understood due to 

the lack of experimental studies that correlate the catalytic activity of alloys with their electronic 

properties over a range of compositions.  

This thesis focuses on the application of high throughput methodology that has been 

developed in our laboratory to conduct reaction kinetics studies of H2-D2 exchange and ethylene 

hydrogenation reactions on binary and ternary Pd-based alloys surfaces.  In this chapter, the 

literature relevant to the objective of this thesis is reviewed and the scope of this thesis is outlined. 
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1.2 High throughput techniques 

 

Correlation of the catalytic activity of alloys with their composition and electronic 

structures is a challenging process mainly due to the difficulties in preparation and characterization 

of a range of single composition samples using conventional methods.  Conventional approaches 

study one composition at a time, which not only slows the process of data measurement but also 

limits the scope of the research to a small number of distinct alloy compositions.  The preparation 

of samples with different compositions also increases the research expenditure.  For example, 11 

catalyst samples are needed in order to span the composition space of a binary alloy with 10% 

composition resolution.  Spanning composition space for a ternary alloy with 10% composition 

resolution requires ~102 samples.  In general, the problem for an n-component alloy catalyst 

requires sampling of a continuous, n-1 dimensional, composition space. 

 

 

Figure 1.1. a) Schematic representation of a CSAF with regions containing the entire ternary 

alloy composition space, AxByC1-x-y (𝑥 = 0 → 1, 𝑦 = 0 → 1 − 𝑥), all three binary alloys AxB1-

x, AxC1-x, and BxC1-x (𝑥 = 0 → 1) and all three pure components (A, B, and C). b) Photograph 

of the multichannel microreactor array built in our laboratory that allows characterization of 

reactivity at 100 discrete locations (100 different alloy compositions) on a CSAF. 
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Finding the optimal catalyst composition for a given application is the major challenge in 

multicomponent catalyst design.  Conventional methods concentrate on a limited number of 

discrete alloy compositions and are very slow because handling one sample at a time is time-

consuming.  For example, in the early 1900’s, Haber and Bosch spent years testing ~2000 different 

ammonia synthesis catalysts before determining that Fe as the most active [5].  Compared to the 

conventional ways, high throughput techniques offer great advantages in studying multicomponent 

systems [6, 7].  They enable characterization of reaction activity of all different alloy compositions 

in one single experiment based on the use of composition spread alloy films (CSAFs) [8-10].  

Figure 1.1-a shows a schematic representation of a ternary CSAF.  CSAF is one kind of high 

throughput library, which contains all possible compositions of an alloy in the form of a thin film 

deposited on a substrate.  By using a multichannel micro-reactor that has been developed in our 

group (Figure 1.1-b), the catalytic activity of an alloy catalyst for a specific reaction can be 

measured at 100 different locations on the CSAF surface, which correspond to 100 different alloy 

compositions, in one single experiment. 

One example to show the potential of high throughput methods can be the investigation of 

H2-D2 exchange reaction.  O’Brien performed a detailed analysis of H2-D2 exchange kinetics on 

fixed beds of Pd, Cu, Pd47Cu53 (BCC and FCC) and Pd70Cu30 using a conventional flow reactor 

[11].  The results showed that the order of H2-D2 exchange activity of the catalysts increases as 

follows: Cu << Pd < BCC Pd47Cu53 < Pd70Cu30 < FCC Pd47Cu53 (Figure 1.2).  According to these 

results, the structure of the alloy, as well as the composition of the alloy, influence the activity.  

Experiments were performed in a fixed bed reactor containing the catalyst foil to be tested at near 

ambient pressure and over a temperature range of 200-800 K.  In all experiments, equivolumetric 

flows of H2 and D2 were used.  Among all the catalysts used, the exchange reaction was observed 
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to be limited by the rate of H2 adsorption only over Cu.  The rate was limited by desorption on all 

of the Pd-containing alloys.  This work provides a good understanding about the H2-D2 exchange 

reaction, but the number of different catalysts was limited hence it is not easy to extract actual 

correlation between the composition and catalytic activity for the entire composition span of CuPd 

alloys.  Also since it takes a lot of time to run the tests, only three equimolar inlet flow conditions 

were tested, hence the effect of the changes in the partial pressures of the reactant gases could not 

be detected thoroughly.  
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Figure 1.2. Comparison of H2-D2 exchange activity on five different catalysts. HD flows, out 

from the fixed bed of catalysts, show that the most active catalyst is FCC Pd47Cu53 and the least 

active is pure Cu. (The same reaction conditions, surface area and inlet flows. 
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For speeding up the data collection process, Gumuslu investigated the same H2-D2 

exchange reaction across a CuPd binary CSAF [8].  She was able to collect reactivity data on 100 

discrete compositions across the CuxPd1-x binary CSAF as a function of temperature using the 

multichannel microreactor array as shown in Figure 1.3.  The data shown in Figure 1.3 was can be 

collected in about 6 hours.  Across the CSAF, HD exchange activity was observed to increase with 

increasing temperature for all cases.  The alloy became more active with increasing Pd 

concentration; maximum conversion was achieved at approximately 70% Pd. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 1.3. Comparison of H2-D2 exchange activity on 100 different CuxPd1-x catalysts. H2 

conversions, out from the different locations on the CSAF, show that catalytic activity is 

increasing as Pd content increases. (The same reaction conditions, surface area and inlet flows. 
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In both of these works, the collected reactivity data is fit into a microkinetic model and 

fundamental kinetics parameters were calculated.  The calculated energy barriers for H2 adsorption 

(∆𝐸𝑎𝑑𝑠
‡

) and desorption (∆𝐸𝑑𝑒𝑠
‡

) were plotted as a function of Cu composition in Figure 1.4.  The 

blue hollow data points belongs to the energy barriers obtained on fixed beds of Pd, Cu, Pd47Cu53 

and Pd70Cu30.  From this dataset containing only 4 points, a general trend in energy barriers versus 

composition can be observed however it is very difficult to obtain the general correlation between 

these variables.  The filled data points belong to the energy barriers calculated through a well 

resolved continuous composition library of CuPd alloys across the CSAF.  The comparison of 

these two set of results shows that the calculated energy barriers are in a very good agreement with 

each other, validating the use of high-throughput methods.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.4. Energy barriers for H2 adsorption (black) and desorption (red) as a function of Cu 

composition. Open symbols (blue) represent H2 adsorption (square) and desorption (round) 

energy barriers estimated using experimental data from conventional fixed beds of single 

composition catalysts. These two datasets to be in good agreement is a good example to validate 

the high throughput methodology. 

 

 



7 
 

1.3 Hydrogen separation by palladium based alloys 

 

The high throughput techniques can be applied to develop better catalysts for industrial 

separation of hydrogen.  Hydrogen plays a significant role in advanced energy systems, such as 

being the energy source for fuel cells.  In general, the main methods for hydrogen production are 

electrolysis of water, steam reforming of methane, gasification of coal or partial oxidation of oil 

or natural gas [3].  In processes where fossil fuels are involved, hydrogen has to be separated from 

a CO2-rich gas mixture.  Common technologies used for hydrogen separation include solvent 

adsorption, pressure swing adsorption and cryogenic recovery, all of which require large capital 

and energy expenditures [12, 13].  However, membrane separation has many advantages such as 

reducing operating costs, minimizing unit operations and lowering energy consumption [14].  

Membranes made of Ni, Pd and Pt have the ability to dissociate and dissolve H2.  Among these 

metals, Pd membranes are known to have high permeability because hydrogen has a higher 

solubility over a wide temperature range in Pd than in Pt and Ni [2]. 

Pd membranes have reasonable membrane cost and high hydrogen selectivity relative to 

other gases [15, 16].  Several Pd or Pd-alloy membranes were reported to be stable for several 

months under H2 flow in the temperature range 350-500°C [1, 17].  There are also some limitations 

of Pd-based membranes.  Adsorption of hydrogen below its critical point of 298°C and 2 MPa 

produces α-PdH and β-PdH phases.  Phase transitions cause a change in lattice parameter which 

may lead to the formation of bulk and grain boundary defects [18].  As for the Pd membranes, 

hydrogen embrittlement, in which dissolved hydrogen tends to cause lattice expansion in the metal, 

eventually cause the membrane to rupture on repeated pressure and temperature cycling [19, 20].  

Also, exposure to H2 can reduce the ductility of the metal which causes embrittlement [21].  

Interactions with carbon-containing species and exposure to sulfur or carbon monoxide may 
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deactivate the Pd surface [14, 22].  Alloying Pd with other metals such as Ag, Au, Cu, Fe, Ni, Pt 

or Y can prevent these problems.  Addition of 5% Au increased H2 permeability by ~28%, but 

above 40% Au, a decrease in permeability was reported [23].  Au was also found the sulfur 

tolerance significantly compared to other metals[24].  But it must be noted that despite these 

benefits of Au addition, the cost of Au limits its usability and makes Ag and Cu more attractive 

options [25].  Alloying Pd with Cu increased the structural stability and sulfur tolerance of the 

membrane without significant reduction in H2 permeability [26-31].  Alloying Pd with Ag was 

found to be less brittle in the presence of hydrogen compared to pure Pd [19, 32, 33].  Another 

advantage of alloying Pd is that Ag addition remarkably increases the permeability of palladium 

to hydrogen [19, 20, 34].  Addition of 23 (at.)% Ag to pure Pd was reported to decrease the critical 

temperature and pressure for the α-PdH to β-PdH transition and to increase hydrogen solubility 

dramatically[33, 34].  The permeability of Ag-Pd membrane was compared to Pd-Cu and Pd-Au.  

Pd-Ag was found to show higher permeability than the others at the specified temperature and 

pressure which is 1.7 times higher than the Pd permeability value[34].  Sieverts et al. measured 

the solubility of H2 in Au-Pd, Ag-Pd and Pt-Pd alloys and found out that Ag-Pd has the highest 

solubility amongst them [35, 36].  Also to take advantage of the favorable surface chemistry of 

both Pd-Cu and Pd-Au binary alloys, the idea of preparing and testing ternary alloys was proposed 

[37].  In one study, the permeability of Pd70Cu26Au4 was predicted to be 2.5-5 times higher than 

Pd70Cu30 over the temperature range 323-923°C [37].  With conventional techniques which require 

preparing and characterizing each sample individually, the search for the optimum ternary alloy 

composition would be very expensive and time-consuming.  Applying high throughput methods 

can accelerate this search while also generating a fundamental understanding of multicomponent 

catalysts. 
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The transport mechanism through the membrane involves three main steps as shown in 

Figure 1.5 [38].  H2 adsorbs dissociatively on the upstream side of the membrane surface, H atoms 

diffuse through the metal and recombine so that H2 desorbs from the downstream surface [39, 40].  

The bulk diffusion step has been investigated extensively in the literature [41-43].  However 

dissociative adsorption and associative desorption processes are not yet very well understood on 

Pd-based surfaces.  H2-D2 exchange (H2 + D2  HD) reaction a very good model reaction that can 

provide a valuable information about those steps.  So, our work, high throughput characterization 

of H2-D2 exchange reaction on AgxPd1-x and CuxAuyPd1-x-y alloys happens to be very crucial to 

understand hydrogen purification via Pd-based membranes.  

When the high throughout reaction kinetics experiments are combined with high 

throughput characterization techniques, the correlation of the changes in catalytic activity with the 

alloy composition and the electronic structure of the alloy can be done.  Ligand effects are 

described by the change in the width and/or the center of the d-band.  It is known that changes in 

the position of d-band center relative to the Fermi level, lead to changes in the energy barrier for 

adsorption, which leads a change in activity[44, 45].  For a higher activity, the center of the d-band 

 

Figure 1.5. Schematic representation of hydrogen transport through a Pd-based membrane. 
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must be high above the Fermi level which means as the number of d-states above the Fermi level 

increases, the alloy becomes more active [45].  Ligand effects can be observed with the use of 

electronic spectroscopic methods such as X-ray photoelectron spectroscopy (XPS) [1, 44].  Using 

spatially resolved XPS we can estimate the average energy of the filled states of the valence band 

(s-, p-, and d-bands) across composition space, 𝜀𝑣(𝑥).  Using the v-band energies as an 

experimental proxy for the d-band energy, we can correlate reaction barriers (∆𝐸𝑎𝑑𝑠
‡

 and ∆𝐸𝑑𝑒𝑠
‡

) 

with 𝜀𝑣(𝑥) across the entire composition space.  

 

1.4 Ethylene hydrogenation 

 

High-throughput techniques can be used to characterize the activity of alkene 

hydrogenation reactions over different alloy catalysts.  Catalytic hydrogenation is extensively used 

in a wide range of industrial applications such as the production of fuels, improving the combustion 

properties, increasing the stability of biofuels, to convert alkenes to saturated alkanes which are 

less toxic and less reactive [46].  Since its discovery at the end of the 19th century, alkene 

hydrogenation over metal surfaces has been studied extensively in the literature with ethylene as 

a model reactant [47-52].  Ethylene is the smallest hydrocarbon containing carbon-carbon bond 

which makes it a very good candidate for probing catalytic reactivity of larger hydrocarbons [53].  

Adsorption of ethylene on metal surfaces has been investigated on metal surfaces by various 

methods [54, 55].  For ethylene decomposition and hydrogenation, single-crystal surfaces of Pt 

and Rh were found to be very active [56-60].  The hydrogenation of ethylene over transition metals 

has been defined as a deceptively simple reaction which in fact possesses an extremely rich and 

complicated chemistry [61].  In this work, ethylene hydrogenation has been chosen to be 

investigated using the high-throughput methods developed in our laboratory.  This catalytic 
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reaction involves simple reactants, can proceed at ambient temperature and only produces ethane 

[62].  Also, it has been studied on binary alloy catalysts before [63-67]. With the existing 

knowledge about these reactions, the development of a high throughput experimental strategy for 

understanding and designing ternary alloy catalysts is the goal of this work.   

 

 

 

 

 

 

 

Sabatier and Senderens observed the catalytic hydrogenation of ethylene over platinum at 

the end of the nineteenth century and since then a continuous effort has been put to understand this 

simplest alkene hydrogenation reaction [68].  In 1934, Horiuti and Polanyi proposed their famous 

four-step ethylene hydrogenation mechanism.  In this mechanism, ethylene adsorbs on the 

transition metal surface by using one of the carbon-carbon double bonds (by breaking one of the 

carbon-carbon bonds) and forming two 𝜎 bonds with the underlying metal surface.  This is 

followed with hydrogenation with an atomic hydrogen to produce ethyl intermediate and then 

another hydrogenation with another atomic hydrogen to produce ethane which is immediately 

desorbed from the surface [69] (Figure 1.6).  

 

 

 

 

Figure 1.6. Horiuti-Polanyi mechanism for ethylene hydrogenation over metal catalysts. 
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In the 1950s, the evidence for an ethyl intermediate was found by Kemball et al. using 

deuterium labeling that showed ethylene molecules readily exchange hydrogen atoms during the 

hydrogenation process [70].  And with the advances of surface spectroscopy techniques, three 

distinct surface species were observed to be formed upon adsorption of ethylene on Pt: 1) a 𝜋-

adsoprbed intermediate, 2) a di- 𝜎-adsorbed intermediate and 3) a partially dehydrogenated 

ethylidyne species [71].  Ultraviolet photoemission spectroscopy (UPS) showed that ethylene 

physisorbs through its 𝜋-orbital (𝜋-bonded species) on clean Pt(111) at low temperatures [72].  

With increase in temperature, ethylene irreversibly breaks this 𝜋-bond and forms two 𝜎 bonds on 

the metal surface (di- 𝜎-bonded species) [73].  And above 240K, di- 𝜎-bonded ethylene 

dehydrogenates to ethylidyne by transferring one hydrogen from one carbon to the other and losing 

a hydrogen [60] (Figure 1.7).  

 

 

 

 

 

 

 

 

The role of ethylidyne has been investigated on Pt (111) and on supported Pt catalyst.  On 

Pt (111), it was reported that hydrogenation of ethylidyne was several orders of magnitude slower 

than that of hydrogenation of ethylene to ethane [74].  On Pt/Cab-O-Sil, it was reported that 

ethylidyne was not involved in the reaction [75].  Both of these studies show that ethylidyne is 

 

Figure 1.7. The thermal evolution of adsorbed ethylene on Pt(111). The dehydrogenation 

proceeds from a) π-bonded ethylene at low temperature through b) di- σ-bonded ethylene to 

c) ethylidyne. 
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only a spectator species which does not involve in ethylene hydrogenation mechanism [75-77].  

When it comes to 𝜋-bonded and 𝜎-bonded ethylene, it was reported that when the Pt catalyst 

surface was precovered with these species, they are both hydrogenated when H2 is flowing over.  

If the catalyst surface is annealed in the absence of hydrogen, it was found that only di- 𝜎-bonded 

species was converted to ethylidyne while the 𝜋-bonded ethylene remains unaffected [78].  Cremer 

et al. monitored ethylene hydrogenation on Pt (111) in situ at high pressures using sum frequency 

generation (SFG) method.  Their obtained SFG spectra showed that the decrease in the 

concentration of di- 𝜎-bonded ethylene does not cause a decrease in the rate of hydrogenation.  

This observation basically tells us that di- 𝜎-bonded ethylene is not an important intermediate in 

ethylene hydrogenation.  They reported that di- 𝜎-bonded species compete directly with ethylidyne 

for sites.  Once ethylidyne species are formed they also block the adsorption sites for di- 𝜎-bonded 

species.  Since it is know that ethylidyne has no effect on ethylene hydrogenation, di- 𝜎-bonded 

species can also be eliminated from the mechanism.  However, 𝜋-bonded species was found not 

to be affected by the ethylidyne concentration.  So, it can be said that 𝜋-bonded species is likely 

to be a key intermediate in ethylene hydrogenation [61, 76].  The proposed mechanism can be 

found in Figure 1.8. 

 Ethylene hydrogenation has been investigated or a long time and there is a very rich 

literature about this reaction especially on Pt.  Also, most of these studies have been conducted 

under ultra-high vacuum conditions and they mostly focus on identifying surface species.  In this 

reaction kinetics study, we aim to fully investigate the reaction mechanism of ethylene 

hydrogenation across Pd-based alloys at high-pressure conditions.  
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Figure 1.8. Proposed mechanism for ethylene hydrogenation on Pt (111). 
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1.5 Scope of the thesis 

 

  In this thesis, the adsorption and desorption characteristics of H2 via H2-D2 exchange 

reaction as well as ethylene hydrogenation reaction were investigated across Pd-based alloy 

surfaces.  We proposed a high throughput methodology for the reaction kinetics studies which 

depends on the usage of materials libraries (CSAFs) as catalysts coupled with a multichannel 

microreactor array.  We aim to validate the use of this high throughput methodology and to present 

a correlation between catalytic activity, catalyst composition and its electronic structure for both 

H2-D2 exchange and ethylene hydrogenation reactions.  

In Chapter 2, a detailed description of the fabrication of the multichannel microreactor 

array as well as the experimental and analytical techniques that are used in this work is described.  

The derivation of the microkinetic model for H2- D2 exchange reaction is also given in detail.  In 

Chapters 3 and 4, the detailed analysis of H2-D2 exchange reaction across AgxPd1-x and   

CuxAuyPd1-x-y surfaces is provided respectively.  The catalytic activity – composition – electronic 

structure correlation for both AgxPd1-x binary and CuxAuyPd1-x-y ternary alloys have been reported 

respectively in Chapters 3 and 4.  

In Chapters 5, the detailed analysis of ethylene hydrogenation reaction across      

CuxAuyPd1-x-y surfaces is provided.  After our high throughput methodology is validated 

investigating H2-D2 exchange reaction, it was shown in this chapter that the same methodology 

can be applied to more complex reactions.  The catalytic activity – composition – electronic 

structure correlation has been deducted for ethylene hydrogenation reaction across CuxAuyPd1-x-y 

ternary alloys.  
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CHAPTER 2 

Experimental and Analytical Techniques 

 

2.1 Summary 

 

In this thesis, a variety of experimental and analytical techniques were used to prepare and 

characterize Pd-based alloy catalysts.  In Section 2.2, we describe the preparation of CSAFs and 

the design of the multichannel microreactor system used for the reaction kinetics studies.  The 

fabrication process for the microreactor block is described in detail in Section 2.2.2. In Section 

2.3, we describe the analytical methods used in this work.  X-ray photoelectron spectroscopy 

(XPS) was used to characterize the composition and electronic structure of the CSAF surface.  A 

description of the experimental and analytical techniques, and the principles of operation of the 

analytical instruments is explained in this chapter.  

 

2.2 Experimental techniques 

2.2.1 Composition spread alloy films (CSAFs) 

 

 Catalysts are complex multicomponent materials whose properties depend on many 

materials characteristics such as elemental composition, morphology and the surface atomic 

structure.  And the catalytic activity and selectivity depend on operation conditions such as 

temperature, pressure, reactant feed condition and flow rate.  The traditional approach to 

establishing catalyst characterization-catalytic activity relationship hence requires a preparation of 

a series of single-composition samples.  So that sampling, complex multidimensional composition 
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spaces with high composition resolution can be a very time consuming and costly process.  In 

order to accelerate this process and also provide a fundamental understanding of the 

multicomponent materials, high throughput approaches have been developed.  These high 

throughput methods are based on preparation and parallel characterization of combinatorial 

materials libraries.  This combinatorial approach has been successfully implemented for discovery 

and optimization of new pharmaceuticals, catalysts, polymers, superconductors, magnetic 

materials, structural materials and coatings [1-4].  

High throughput methods are already making important contributions to catalysis science.  

Many different types of catalyst libraries have been developed and a variety of methods for 

screening catalyst activity within a library have been proposed and tested [5].  The composition 

spread alloy film (CSAF) is a high throughput sample library with a composition that is 

continuously variable across a single, compact substrate.  Figure 2.1 shows an illustrations of a 

binary AgxPd1-x and a ternary CuxAuyPd1-x-y CSAFs. For example, on a ternary CSAF (Figure 2.1-

middle), it is possible to study catalysis on CuAuPd ternary composition space, as well as on CuAu, 

 

 

Figure 2.1. Left: Schematic representation of a binary AgxPd1-x CSAF. Middle: Schematic 

representation of a ternary CuxAuyPd1-x-y CSAF. Right: Photograph of a CuxAuyPd1-x-y CSAF. 

In color, the Cu, Au, and Pd regions are readily identifiable. 

 

Figure 1. 
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CuPd and AuPd binary composition spaces and on pure Cu, Au and Pd metals.  These films have 

been used to study inorganic materials before [2, 6-9].  Most previous work has focused on the 

characterization of composition, electronic structure or materials properties of those films [10-16].  

However, none of the studies involve usage of these films in order to depict the relation between 

the fundamental kinetics parameters and composition across the entire composition spread.   

 

2.2.1.1 CSAF deposition methods 

 

Composition spread alloy films are typically prepared using a set of chemically distinct, 

single-component physical vapor deposition sources.  In literature there can be found a couple of 

different strategies for controlling the flux distribution at the substrate surface which ultimately 

determines the lateral distribution of the CSAF composition as shown in Figure 2.2.  One simple 

method that allows codeposition of components for intimate mixing uses chemical vapor 

deposition (CVD) as shown in Figure 2.2-a.  In this method, CVD precursor inlets are positioned 

 

 

Figure 2.2. Schematic representations of four different methods for deposition of composition 

spread alloy films. a) Chemical vapor deposition sources positioned close to the substrate such 

that lateral diffusion in the gas phase results in a gradient in flux to the surface from each source. 

b) Deposition of individual components in wedges using a sliding contact mask. c) Offset 

positioning of sources to generate nonuniform flux distributions across the substrate surface. d) 

Simultaneous deposition of multiple components using fixed shadow masks to form the 

composition gradients.  
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closed to the substrate and diffusive, gas-phase intermixing is allowed to create the composition 

gradient on the substrate in the region between the two sources [17, 18].  This method allows 

limited control of the composition span for a given film and generates films of nonuniform 

thickness.  

One other approach as illustrated in Figure 2.2-b uses a contact mask between the sources 

and the substrate.  The mask slides across the substrate surface so that thickness varies across the 

substrate.  Components cannot be co-deposited using this method and complete mixing may not 

be achieved by subsequent annealing [7, 19, 20].  As shown in Figure 2.2-c, off-axis sources can 

be used to create CSAFs as well, by doing that gradients in their fluxes across the substrate can be 

achieved [21, 22].  Using this idea, we have developed a simple, compact offset filament deposition 

tool on our laboratory which can deposit up to four components [23].  The tool is capable of 

repeatable, quantitative production of thin (≤100 nm) CSAFs on substrates that are up to ~12 mm 

in diameter.  The tool can be used to deposit metals that are evaporable at temperature up to ~1500 

K and can produce fluxes that vary by an order of magnitude across the substrate surface.  This 

method benefits from the codeposition of several components however it does not allow the full 

span of composition space to be accessed on a single CSAF [24-27].  CSAFs that span the entire 

composition space can be prepared by using the shadow mask deposition method which allows 

codeposition of components with flux gradients (Figure 2.2-d) [28, 29].  

 

2.2.1.2 Rotatable shadow mask deposition tool 

 

In the rotatable shadow mask deposition method developed by our research group, 

components are evaporated from e-beam evaporation sources (Mantis Deposition Ltd.) and 

deposited as a thin film on a substrate.  As shown in Figure 2.3, shadow masks are positioned with 
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an angle between the sources and the substrate.  Up to four components can be deposited 

simultaneously with their masks oriented to deposit composition gradients in any desired direction.  

The positioning of the shadow mask between the source and the substrate determines the location 

and the spatial extent of the flux gradient at the substrate surface.  The orientation of the shadow 

mask can also be used to control the direction of the flux gradient across the substrate.  Also being 

able to rotate those shadow masks, leads a better control at net flux at either end of the gradient 

spread.  A quartz crystal microbalance (Maxtek) was used to calibrate the fluxes from all the 

sources to be the same.  Calibration was done by adjusting the power to each source according to 

the information from the quartz crystal microbalance.  So using this deposition tool, a binary, 

ternary or quaternary CSAF that spans the entire composition space can be created [30].        

AgxPd1-x binary and CuxAuyPd1-x-y ternary CSAFs used in this work were prepared using this 

rotatable shadow mask deposition tool.  The CSAF substrates are 14 × 14 mm2 of 2 mm thick Mo.  

Mo was chosen as a substrate since it does not interfere with the alloy but stabilizes the film against 

dewetting at annealing temperature [25, 31-33].  The deposited films that have a thickness of 

approximately 100 nm are annealed at 800 K for about an hour in the UHV chamber they are 

deposited.  

 

Figure 2.3. a) Schematic of the operating principle of the rotating shadow mask CSAF 

deposition tool. b) 3D rendering of the tool. c) Picture of the tool in an UHV chamber. The 

four-leafed clover is a manually rotatable shutter. The automated, semicircular, rotatable 

shadow masks can be seen between the clover leaves.  

 

a) b) c)
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2.2.2 Multichannel microreactor system 

 

In order to make spatially resolved catalytic activity measurements across the CSAF 

surfaces, a multichannel microreactor array was designed and constructed.  For high throughput 

reaction kinetics studies, a different examples of reactor systems have been reported in literature.  

A standard six-flow reactor set-up was used by Moulijn et al., for environmental catalysis research.  

In this system the temperature and inlet composition was kept constant while the pressure and 

space velocity can be varied [34].  Morra et al., reported a 16 channel multi-tubular reactor which 

can test activity in 16 different packed beds.  The temperature and inlet flow conditions can be 

varied in each of the reactors which enhances the diversity of the experiments that can be carried 

out [35].  Both of these two reaction systems are good examples for process intensification of using 

traditional flow reactors which have channel diameters around 7 mm.  As reactor parallelization 

gains more attraction, the channel sizes become smaller and this leads to more compact designs.  

In one example a compact and metallic 1 channel-microreactor unit has been developed which 

favors better heat transfer along the catalyst layer which is utilized efficiently during the reactions 

without the formation of any hot or cold spots [36, 37].  This concept is then applied to a multi-

parallel multichannel reactor system in which two reactions can be coupled to heat the endothermic 

and cool the exothermic reaction [38].  Finally, Senkan et al., came up with an 80-channel 

microreactor system which allows to activity measurements across 80 different catalyst beds in 

about 10 minutes [39].  

In this study, we propose a 100-channel microreactor array (Figure 2.4-b) which can be 

used to make spatially resolved reactivity measurements (Figure 2.4-c) across the prepared CSAFs.  

The finished reactor array is composed of 100 inlet-outlet pairs, each pair defining a reaction 
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volume with a footprint of 700 × 800 microns, in a 10 × 10 array across the CSAF surface as shown 

as black squares in Figure 2.4-a. 

 

2.2.2.1 Design of the microreactor 

 

The fabrication of the reactor is based on bonding glass sheets (Shott Borofloat®, 36 mm 

× 27 mm × 500 µm thick) on which inlet and outlet channels had been micromachined.  In our 

previous design, there were two types of glass layers in the microreactor device that differ in their 

 

 
Figure 2.5. The old configuration of the inlet and outlet channels that are micromachined into 

flat glass sheets.  

 

 

 
Figure 2.4. a) Array of regions isolated by the microreactor across a CSAF. b) Photo of glass 

reactor arrays. c) An example of spatially resolved catalytic activity measurement for H2-D2 

exchange reaction across a CuxAuyPd1-x-y ternary CSAF. H2 conversion was chosen to be the 

indicator of the catalytic activity. Hence the ternary diagram here shows how catalytic activity 

changes across the CSAF as a function of Cu, Au and Pd composition.  

a) c)b)
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channel patterns as shown in Figure 2.5.  Inlet layers are used for the delivery of reactant gas to 

the CSAF surface.  There was a single inlet stream on one layer and then this main stream was 

divided into 10 parallel reactant channels.  Outlet layers which route the product gas streams away 

from the CSAF surface to the gas analysis system have 10 parallel channels.  This configuration 

of channels puts a lower limit on the allowable flow rates.  The total flow rate was usually kept 

higher than 30 mL/min (or 0.30 mL/min per channel) in order to prevent the back-diffusion of the 

product gases into the inlet streams of neighboring channels.  In order to eliminate this flow 

disadvantage of the microreactor, we have changed the configuration of the inlet and outlet 

channels and came up with the new design which contains 10 channels on the inlet plate and 10 

channels on the outlet plate as shown in Figure 2.6-a.  The details about the old microreactor 

structure can be found elsewhere [40].  

 

 

 

Figure 2.6. The design of the 100-channel microreactor array used to deliver and withdraw 

gases from the CSAF surface. a) Input and output channels are machined into flat glass sheets. 

b) 10 input and 10 output layers are alternately bonded together with cover plates. c) The side 

of the multichannel microreactor array having 100 inlet and outlet channels is ground and 

polished. This side of the device is mated with a gasket having 100 holes which is then 

sandwiched between the glass reactor and the CSAF catalyst surface.  

 

inlets      outlets

a) c)b)
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2.2.2.2 Fabrication of the Microreactor 

  

 The construction of the multichannel microreactor array with the new design of inlet and 

outlet plates is shown schematically in Figure 2.6. 24 glass layers were used to prepare a 

microreactor block.  This, flat borosilicate glass sheets (Shott Borofloat®, 36 mm × 27 mm × 500 

µm thick)were used as the starting material for the layers.  The channels are roughly rectangular 

in cross-section, measuring 500 um wide and about 200 um deep. The depth profiles of the 

channels are obtained using a profilometer and the consistency of these dimensions are checked.  

The surface topography of one random example channel can be seen in Figure 2.7.  The cross-

sectional area and shape of the channels do not influence the flow rate through the channel, because 

the channels provide much less resistance to gas flow than the glass capillaries connected to them 

to deliver and extract the gases.  Ten of the inlet layers are used to deliver the reactant gases to the 

 

 

 

 

Figure 2.7.  Depth profile of one of the random channels obtained using profilometer. 
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CSAF surface.  Ten of the outlet layers are used to route the product gases away from the CSAF 

surface to the gas analysis system.  The 10 inlet layers and 10 outlet layers are stacked alternately 

(Figure 2.6-b) and the device is completed by adding two non-channeled glass cover plates at the 

two sides. 

The 24 glass layers were bonded together using a procedure that was developed to produce 

reliable bonding between many layers.  The process does not use any bonding agents.  It relies in 

the fact that flat, clean glass plates can bond to one another after appropriate chemical treatment 

[41].  The detailed bonding procedure steps are as follows: 

1) The glass plates are placed into the stainless steel stand (Figure 2.8-a), the stand is placed 

into the beaker that is filled with deionized water and the beaker is placed into the sonicator 

(Branson).  The glass plates are sonicated for 15 minutes.  

2) Then the stand containing the glass plates is soaked into the 20% aqueous NaOH solution 

for 1 hour.  

3) After soaking in NaOH solution, the glass plates are rinsed with deionized water.  The 

stand is again put into a beaker that is filled with deionized water and sonicated for another 

15 minutes.  After this step, the glass plates are already bonded to each other but not very 

tightly. 

4) The glass plates are stacked in the correct order under running deionized water. 

Immediately after bonding, the bonded glass plates are placed into the alignment aid 

(Figure 2.8-b) and aligned from both sides by pressing against the metal walls.  The bonded 

block left overnight to allow water to evaporate.  

5) The remainder of the water is evaporated in a vacuum oven (Fischer Scientific, 280A) first 

at room temperature for 2 hours, then at 90 ˚C for 2 hours and finally at 180 ˚C for 3 hours 
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as suggested in literature [42, 43].  The stacked plates are let to cool down to room 

temperature under vacuum.  Drying, evaporation of water from bonded interface, is an 

important step in bonding which makes the bond strong.  So usage of a vacuum 

environment along with increased temperature helps to speed up the drying process.  

6) The microfluidic device is then put into the muffle furnace (Thermolyne) and annealed at 

620 ˚C for 1 hour.  An iron container with a cap was made for holding the bonded glass 

while it is inside the furnace.  At this temperature, the glass plates become soft enough so 

that permanent bonds can form between the layers but not soft enough for the distortion of 

the channel structure.  After it cooled down to room temperature, the multichannel 

microreactor block is ready.  

 

Using this 6-step procedure, totally 8 multichannel microreactor blocks have been 

prepared.  Some bonding defects have been observed as interference fringes, however they usually 

occur at the edges of the glass sheets and do not impact the channel structure.  Previously, we have 

tried chemical treatment consisting of soaking the glass plates into sulfuric acid solution as well 

as piranha solution.  We found that in the case of borosilicate glass, treatment with NaOH solution 

 
 

 
Figure 2.8. a) The stainless steel stand and b) the alignment aid used in the microreactor block 

preparation. 

 

 

a) b)
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gives better results than the other options.  So using this procedure, a 100-channel microreactor 

can be prepared in about 2 days, most of the time is spent during overnight drying of the glass 

plates after chemical treatment and during overnight cooling after the block is annealed in the 

muffle furnace.  

After bonding, the side of the array having 100 reactant gas inlets and 100 product gas 

outlets (Figure 2.6-c) is polished to a high degree of flatness.  This polished side of the device will 

ultimately be mated via a gasket with the CSAF surface.  The opposite side of the microreactor 

block is also polished.  This side contains 100 inlet holes and 100 outlet holes.  Gases flow to and 

from the microreactor array through quartz capillaries.  The detailed procedure to attach those 

capillaries into the microreactor block is as follows:  

1) 100 pieces of 45 cm-long-capillaries (Polymicro Technologies, Inc., OD: 430 µm - ID: 320 

µm) are cut. These are going to be used as the outlet channels.  

2) 100 pieces of 20 cm-long-capillaries (Polymicro Technologies, Inc., OD: 430 µm - ID: 320 

µm) are cut. These are going to be used as the inlet channels.  

3) 200 pieces of 12 cm-long-capillaries (Polymicro Technologies, Inc., OD: 160 µm - ID: 100 

µm) are cut (100 for the inlets and 100 for the outlets).  

 

 

 

Figure 2.9. The schematic representation of the gluing process for the preparation of quartz 

capillaries that will be guiding flow to and from the microreactor. 
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4) 100 µm-ID capillaries are glued into the 320 µm-ID ones one by one using a silicon sealant 

capable of withstanding temperatures up to 250 ˚C (Silicone Solutions, SS-6001F).  Insert 

5 mm of the thinner capillary into the thicker one and glue them into each other using a 

very small amount of glue as shown in Figure 2.9.  The silicone is usually cured in 5 to 10 

minutes but overnight drying is suggested.  

5) The prepared outlet capillaries should be labeled from 0 to 99.  

6) First the prepared inlet capillaries are inserted into the microreactor.  All 7 mm portion of 

the tiny capillaries should fully be inside the microreactor channels.  

7) After all 100 inlet capillaries are in their right holes on the microreactor block, the side of 

the microreactor with the outlet channel openings should be covered with Kapton tape. 

Also all other sides of the microreactor is suggested to be covered with the same tape in 

order to protect the microreactor block from the silicone that is going to be used to glue the 

inlet capillaries into the microreactor.  

8) Now, the inlet capillaries can be glued to the microreactor using the silicone sealant 

(Silicone Solutions, SS-6001F).  The best way is to pour a lot of glue between each row of 

the inlets while one person is keeping the rows apart from each other, and the other one is 

pouring glue into the opening.  It should be noted that the glue solidifies within 5 minutes.  

After pouring glue into each row, a tiny wire that can go between each row should be used 

to make sure that glue reaches to the microreactor surface completely.  Be careful not to 

move the capillaries, you do not want them to come out of the microreactor openings.  The 

block needs to be let dry overnight.  

9) The same procedure needs to be followed for the outlet capillaries.  And again the block 

needs to be let dry overnight.  
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10) The inlet capillaries need to be glued into each other from their free sides which do not 

glued into the microreactor.  And also two separate 50 cm-long-capillaries (Polymicro 

Technologies, Inc., OD: 430 µm - ID: 320 µm) should be cut and glued together with the 

inlets.  These two extra channels will be used as the reference channels for the product 

analysis part of the experiments.  And then these glued-into-each-other 102 capillaries 

needs to be glued to the stainless steel tube (ID: 1/4").  This stainless steel tube will be used 

as the inlet flow divider.  In this process Devcon 5-minute epoxy is used.  While gluing 

inlets into each other, one needs to be sure that each of the 102 capillaries gets wet with 

epoxy individually.  Otherwise leaks will be seen while operating the reactor.  This gluing 

process should be done pretty quickly.  Attaching the capillaries into the stainless steel tube 

while the epoxy blob around them is still fluid is strongly suggested.  

11) After drying overnight, the microreactor is ready (Figure 2.10).  

 

 

 

 

Figure 2.10. The photograph of the microreactor after 100 inlet and 100 outlet capillaries are 

glued in to the block and stainless steel inlet flow divider is prepared. 
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2.2.2.3 Reactant gas delivery and product gas analysis 

 

The schematic representation of the experimental system is shown in Figure 2.11.  The 

reactant gas mixture is delivered to the microreactor via 360 µm ID polyimide-coated quartz 

capillaries and flow rates are controlled by mass flow controllers (Aalborg Instruments, GFC-17).  

The inlet flow is then distributed equally to all 100 inlet channels.  Each inlet and outlet pair of 

channels is isolated from its neighbors by a Kalrez 7075 (Dupont) flexible gasket which has 10 × 

10 array of 700 µm × 800 µm holes on it [44] (Figure 2.12).  The gasket is compressed between 

the microreactor and the CSAF sample under study.  The effectiveness of the gasket for the 

elimination of the intermixing of the gases between neighboring reaction channels is illustrated 

somewhere else [40].  Perfluoroelastomer Kalrez 7075 was found to be the most suitable material 

since it is soft enough to provide gas-tight seal and it does not distort at temperatures up to 590 K. 

The CSAF was heated by a heater placed on top of it (Figure 2.11-b) and the temperature of the 

reaction was monitored and controlled by a thermocouple spot-welded to one side of the CSAF 

substrate. 

The product gas streams from each of the 100 microchannels are independently accessible 

for analysis using an automated sampler which has a stepper arm that can move in x and y 

directions (Figure 2.11-d).  A 10 µm ID quartz capillary is mounted on this stepper arm which 

serves as the sampling capillary.  The stepper arm is connected to an x-y positioning stage.  Its two 

orthogonal linear motion stages, each driven by a programmable stepper motor, insert the sampling 

capillary into the gas stream from 100 output capillaries carrying the product gas from the 

multichannel microreactor array.  To guide the end of the sampling capillary, tapered stainless 

steel tubes are connected to the ends of the 100 output capillaries.  Product gases are transported 

to the quadrupole mass spectrometer (Stanford Research Systems RGA-200).  From the open 
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sampling end of the output capillaries, there is a possibility to observe air diffusion against the 

product gas flow especially in the case of light product gases (for example, H2, HD, or D2).  Similar 

problems with air back diffusion was observed in literature [45]. This can be minimized by 

increasing total flow rate.  

 

 

 

 

 

 

 

Figure 2.11. Illustration of the experimental setup. a) Mass flow controllers. b) A gasket is 

used in between the CSAF and the microreactor to isolate reaction volumes. A heater is placed 

on top of the CSAF and a thermocouple is attached to the CSAF substrate. c) Microfluidic 

reactor and illustration of the outlet channels. d) Automated sampler. A sampling capillary is 

placed on a robot arm that can move in x and y directions, i.e. capillary can move in and out of 

a channel and step to the next channel. e) Quadrupole mass spectrometer. 

 

 

d)

e)
a)

c)

b)
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As mentioned at the 10th step of the microreactor fabrication procedure above, there are 

actually 102 inlet capillaries instead of 100 inlet channel present in the microreactor block.  The 

presence of these 2 extra channels that are bypassing the microreactor constitutes one of the unique 

features of our reaction system.  Through one of these extra channels a sample of the inlet flow is 

directly sent to the mass spectrometer for the gas analysis.  This channel is giving information 

about the reaction that is under investigation when there is no conversion.  To the second one of 

these extra channels, a coiled stainless tube (OD: 0.028” - ID: 0.02”) which is filled with pure Pd 

wire (ESPI Metals, Diameter: 0.004”, Purity: 3N5) is attached.  This Pd filled tube is actually 

acting as a conventional flow reactor.  This simple coiled reactor is coupled with a hemispherical 

heating mantle so that the temperature of the reactor can be adjusted as desired.  The amount of 

the Pd and the operation temperature is adjusted such that in this reactor the reaction that is under 

investigation always reaches to the full conversion.  The outlet of this reactor is sent to the mass 

spectrometer for the quantification of the product gases.  So these two extra channels are providing 

information for the specific reaction when there is zero and full conversions have been observed.  

These values can be used as the reference points in order to calculate the conversions at each of 

the 100 different channels in the multichannel microreactor array.  Also being able to quantify the 

amount of air diffusing against the product gas flow in those two reference channels enhances the 

quality of the product quantification calculations.  
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2.3 Analytical techniques 

 
 

2.3.1 X-ray photoelectron spectroscopy 

 

 

  X-ray photoelectron spectroscopy (XPS) is technique to obtain qualitative and quantitative 

information of the elemental composition of surfaces.  It can be used to determine the chemical 

composition in the near-surface region (~1 to 10 nm) of CSAFs as well as density of electronic 

states.  XPS analysis of the CSAFs was performed in a ThetaProbe chamber (Thermo-Fisher 

Scientific Inc.).  

The physics of the XPS technique is schematically shown in Figure 2.13.  An X-ray beam 

is pointed at the target surface and ejects core-level electrons (photoelectrons) from the atoms in 

the sample.  Only photoelectrons in the near-surface region have enough kinetic energy to escape 

the sample.  

 

Figure 2.12. The optical image of the laser-machined elastomer gasket that is put on top of the 

microreactor array. The 700 µm × 800 µm rectangular windows in the gasket define 100 reaction 

areas on the CSAF. In each isolated window a pair of inlet and outlet channel openings can be 

seen.  
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 The kinetic energy of these photoelectrons is measured by an electron energy analyzer and is 

related to the binding energy of the core-level electrons according to:  

 

𝐸𝐾 = 𝐸ℎ𝑣 − 𝐸𝐵 − 𝜙                                                                (1) 

 
 

where 𝐸𝐾 is the kinetic energy of the photoelectron, 𝐸ℎ𝑣 is the energy of the incident X-ray beam, 

𝐸𝐵 is the binding energy of the electron, and 𝜙 is the work function of the spectrometer.  The 

binding energy of the core-level electrons is characteristic of the atom which the photoelectron 

was generated.  Therefore, XPS is a technique for characterizing the chemical composition in the 

 

Figure 2.13. Schematic representation of X-ray photoemission process. An incident X-ray bean 

ejects a core level electron from an atom near the surface of the solid sample. The kinetic energy 

of the ejected photoelectron is related to the binding energy of the electron, which is 

characteristic of the atom from which the photoelectron originated. The mean free path of 

photoelectrons is ~1 to 10 nm, making XPS a surface-sensitive technique for characterizing the 

chemical composition in the near surface region of solid samples.  
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near surface regions of solid samples.  Kinetic energies of the emitted photoelectrons determine 

the mean free paths of the photoelectrons.  Only the photoelectrons that are in the near surface 

region (~1 to 10 nm) can escape from the surface and this fact makes XPS a very useful technique 

to characterize the near surface composition of the solid surfaces (up to 7 atomic layers into the 

surface)[46-48].  We use XPS to determine the composition of our binary AgxPd1-x and ternary 

CuxAuyPd1-x-y CSAFs in terms of atomic fractions of Ag, Au, Cu and Pd at discrete positions on 

the CSAF surface.   

 In order to perform XPS measurements the CSAF sample was mounted onto a sample 

holder that can be heated up to 1000 K.  The sample can be moved by an automated stage in the 

ThetaProbe so that the analysis of the CSAF at a set of predetermined points (CSAF compositions) 

can be done.  Spatially resolved maps of the Ag 3d5/2, Au 4f7/2, Cu 2p3/2, and Pd 3d3/2 XP spectra 

were obtained by lateral translation of the CSAF such that its plane intersected the source-analyzer 

focal point.  The X-ray spot size was arranged to be around 200 µm.  The pass energy of the 

hemispherical energy analyzer was set to 40 eV.  Atomic fractions of the components were 

estimated using Avantage Data System software provided by the manufacturer of the ThetaProbe.  

This software contains a library of peak positions and relative intensities of the pure metals which 

is used to identify the components and their compositions from the measured spectra.  

 XPS was also sued to map the valence band electronic structure of the prepared CSAFs. 

The density of the filled states was mapped as a function of energy with respect to fermi level, 

which is located at zero on the energy scale.   
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The XPS-derived average energy of the filled v-band (𝜀𝑣) were calculated from the background 

subtracted v-band spectra obtained from the CSAFs based on 

           

𝜀𝑣 =
∫ 𝑁(𝜀) 𝜀 𝑑𝜀

∫ 𝑁(𝜀) 𝑑𝜀
                                                                       (2) 

 
 

where ε is the energy of filled state in the valence band relative to the Fermi level, 𝜀𝑣 is the average 

energy of the valence band and N(ε) is the density of filled states at the energy, ε, which is 

proportional to the intensity of v-band spectrum.  The v-band spectra were collected at binding 

energies in range from 0 to 25 with analyzer pass energy of 40 eV.  
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CHAPTER 3 

Characterization of Composition, Electronic Structure and H2-D2 

Exchange Activity across AgxPd1-x Alloys 

 

3.1 Chapter Abstract 

 

Finding the optimal catalyst composition for a given application is the major challenge in 

multicomponent catalyst design due to the need to perform many catalyst preparations, 

characterization and reactivity measurements across composition space.  To accelerate this search, 

thin multicomponent films called Composition Spread Alloy Films (CSAFs) are prepared, which 

have composition gradients parallel to their surfaces, AxB1-x with x = 0 → 1 and y = 0 → 1-x.           

In order to study alloy catalysis across a CSAF, a 100 channel microreactor array has been 

developed to run steady state catalytic reactions at different positions or alloy compositions on the 

CSAF.  AgxPd1-x CSAFs spanning all of the binary composition space have been prepared using a 

rotating shadow mask CSAF deposition tool developed in-house. 

The relationship between alloy catalyst activity and the electronic structure was 

investigated experimentally across AgxPd1-x CSAFs.  H2-D2 exchange kinetics were measured at 

90 discrete compositions on the CSAFs over a temperature range of 333 – 593 K.  Characterization 

of the CSAFs was done using X-ray photoelectron spectroscopy.  H2 conversion was chosen to be 

the indicator of activity and it was found to increase with increasing Pd content.  A microkinetic 

model was used to estimate the energy barriers to dissociative adsorption and associative 

desorption of H2 as functions of alloy composition, x.  Across the AgxPd1-x CSAF, increasing Pd 
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content from 0 to 1 was found to decrease the adsorption barrier from 0.40 to 0.02 eV and also 

decrease the desorption barrier from 0.64 to 0.84 eV, which suggests H2-D2 exchange is limited 

by H2 desorption.  Spatially resolved X-ray photoelectron spectra obtained from the CSAFs were 

used to estimate the energy of the valence-band center as a function of alloy composition.               

The v-band center shifted monotonically from -3.4 to -6.2 eV across the AgxPd1-x CSAF.  The 

barrier to dissociative adsorption of H2 was found to decrease as the v-band energy increases.  This 

data provides the first experimental correlation of elementary reaction barriers with valence band 

energy across a continuous span of Ag-Pd binary alloy composition space. 

 

3.2 Introduction 

 

Pd is a good membrane material to obtain high purity H2 [1].  It has high ability to dissociate 

and dissolve H2, a high H2 selectivity versus other gases and the membrane costs are competitive    

[2, 3].  However, Pd has some drawbacks such as H2 embrittlement with temperature and sulfur 

poisoning [4-8].  These drawbacks often can be eliminated by alloying Pd with other metals such 

as Ag, Cu, Au, Fe, Y [9-16].  Alloying Pd with Ag enhances its mechanical strength [6, 15, 16] 

and increases H atom permeability [6, 7, 17].  Addition of 23 at.% Ag to pure Pd was reported to 

decrease the critical temperature and pressure for the α-PdH to β-PdH transition and to increase 

H2 solubility dramatically [15, 17].  The H atom permeability of Ag-Pd membranes was found to 

be 1.7 times higher than that of Cu-Pd and Au-Pd [17].  Sieverts et al. showed that Ag-Pd has a 

higher H2 solubility than Au-Pd, Cu-Pd and Pt-Pd alloys and that this is, in part, responsible for 

the high permeability of Ag-Pd membranes [18, 19]. 
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H2 transport through Pd membranes involves three main steps, H2 adsorbs dissociatively 

on the upstream side of the membrane surface, H atoms diffuse through the membrane and then 

H2 recombinatively desorbs from the downstream surface [20, 21].  This transport is known to be 

limited by the bulk diffusion of H atoms as manifested by its ½-order dependence on H2 pressure, 

PH2[22].  Decreasing the membrane thickness increases the order of the pressure dependence and 

increases the permeability through Ag-Pd alloys [6, 15, 22].  For ultrathin Ag-Pd alloy films with 

thicknesses less than 500 nm, H2 transport was reported to be first-order in PH2 over the 

temperature range 373 K < T< 523 K [6].  This result indicates that surface reactions, i.e. the H2 

adsorption and desorption steps at the upstream and downstream surface, dictate the rate of 

hydrogen transport through ultrathin Ag-Pd membranes.  The bulk diffusion step has been 

investigated extensively in the literature [23-25].  However, the dissociative adsorption and 

associative desorption processes are not yet well understood on Pd-based alloy surfaces.  The 

kinetics of the H2-D2 exchange (H2 + D2 → 2HD) reaction can provide valuable information about 

those steps.  Hence, our high throughput characterization of the kinetics of the H2-D2 exchange 

reaction on AgxPd1-x alloys provides important insight into hydrogen purification by Pd-based 

membranes.  

H2 is known to dissociate on Pd without significant activation barriers [26-30].  However, 

molecular H2 does not adsorb dissociatively on Ag [31-33].  Dissociative adsorption of H2 does 

not occur at room temperature on Ag single crystal surfaces [34] and dissociation of H2 on Ag 

surfaces is predicted to be an endothermic process [35-38].  This lack of affinity of Ag toward H2 

is usually attributed to the filled d-band of Ag [39-41] and the fact that adsorbed species interact 

with d-band electrons of metal surfaces [1, 42, 43].  However, the effect of alloying Pd with Ag 

on the energetics of the H2 dissociation reaction has not been investigated.  Hence, the activity-
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electronic structure–composition relationship for Ag-Pd alloys that we present in this paper 

provides benchmarks for further experimental and theoretical studies. 

In this study, a AgxPd1-x CSAF that spans a continuous range of compositions (x = 0 → 1) 

was used to characterize the activity for H2-D2 exchange.  Quantitative kinetic data has been 

obtained and analyzed to elucidate the mechanism and extract fundamental kinetic parameters for 

H2-D2 exchange as functions of alloy composition.  H2-D2 exchange is an ideal model reaction to 

demonstrate the correlation of kinetics parameters with alloy characteristics, such as electronic 

structure.  Within the Langmuir-Hinshelwood framework for modeling surface reaction kinetics, 

H2-D2 exchange has the simplest possible reaction mechanism parameterized by just two rate 

constants: 𝑘𝑎𝑑𝑠, for the dissociative adsorption of H2 and D2 and 𝑘𝑑𝑒𝑠, for the recombinative 

desorption of H2 and D2.  By measuring these two rate constants over a range of temperature, the 

activation barriers to dissociative adsorption (∆𝐸𝑎𝑑𝑠
‡

) and recombinative desorption (∆𝐸𝑑𝑒𝑠
‡

) can be 

estimated across AgxPd1-x alloy composition space.  

In this work, H2-D2 exchange kinetics on a AgxPd1-x CSAF have been measured to 

determine values of ∆𝐸𝑎𝑑𝑠
‡

 and ∆𝐸𝑑𝑒𝑠
‡

 as functions of alloy composition.  In addition, the barriers 

have been correlated with the valence band electronic structure of the alloy at each composition.  

Ligand effects on catalytic activity are determined by the width and/or the center of the d-band.  It 

is known that changes in the position of d-band center relative to the Fermi level, lead to changes 

in the energy barriers for adsorption, which lead to a change in activity [44, 45].  As the center of 

the occupied states in the d-band increases towards the Fermi-level, the alloy becomes more active 

[45].  The valence band electronic structure can be measured using electronic spectroscopic 

methods such as X-ray photoelectron spectroscopy (XPS) or UV photoelectron spectroscopy 

(UPS) [44, 46].  Using XPS we have estimated the average energy of the filled states of the valence 
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band (s-, p-, and d-bands), 𝜀𝑣(𝑥), across composition space and shown that the v-band shifts toward 

the Fermi level as the Ag fraction decreases.  Using the v-band energies as an experimental proxy 

for the d-band energy, we can correlate reaction barriers (∆𝐸𝑎𝑑𝑠
‡

 and ∆𝐸𝑑𝑒𝑠
‡

) with 𝜀𝑣(𝑥) across the 

entire AgxPd1-x composition space.  We have observed that as Ag content decreases, the d-band 

center shifts toward the Fermi level, consistent with the observed decrease in the reaction barriers.  

This work demonstrates a high-throughput experimental methodology for correlation of 

fundamental kinetic parameters, such as ∆𝐸𝑎𝑑𝑠
‡

 and ∆𝐸𝑑𝑒𝑠
‡

, with the electronic structure of 

multicomponent alloy catalysts.  This general methodology should be applicable to a wide-range 

of catalytic reactions. 

 

3.3 Experimental 

 

3.3.1 CSAF Preparation 

 
 

The CSAF samples were prepared by evaporative deposition of Pd and Ag onto                        

a 14×14×2 mm3 polished Mo substrate (Valley Design Corp.) using a rotatable shadow mask 

CSAF deposition tool that has been described in detail previously [47].  Electron beam evaporation 

sources containing Pd and Ag were positioned on opposite sides of the substrate.  Deposition rates 

from both sources were controlled by filament heating power and measured using a QCM.  The 

film thickness (~100 nm in this work) was controlled by the deposition time.  The position and 

orientation of the shadow masks between the sources and the substrate result in a flux gradient 

across the substrate.  Mo was chosen as a substrate material because it does not alloy with Ag or 

Pd and stabilizes the film against dewetting at annealing temperatures [46, 48-50].  CSAFs were 

deposited and then annealed (800 K for 1 h) under ultrahigh vacuum (UHV) conditions.  
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3.3.2 Characterization of CSAF Composition and Electronic Structure 

 
 

XPS analysis of the AgxPd1-x CSAF was performed in a ThetaProbe™ (Thermo-Fisher 

Scientific Inc.) to map the local composition and the valence band electronic structure across the 

sample surface.  In order to perform XPS measurements, the CSAF sample was mounted onto a 

sample holder.  The sample can be moved by an automated stage in the ThetaProbe allowing 

analysis (composition and valence band spectra) of the CSAF at a set of predetermined points.  

Spatially resolved maps of the Ag 3d5/2, and Pd 3d3/2 XP spectra were obtained by lateral translation 

of the CSAF such that its plane intersected the source-analyzer focal point.  The x-ray spot size 

was ~200 µm in diameter.  The pass energy of the hemispherical energy analyzer was set to             

40 eV.  Atomic fractions of the components were estimated using the Avantage™ Data System 

software package.  This software contains a library of the binding energies and the relative 

intensities of XPS features from the pure metals.  These are used to identify the components and 

their compositions from the measured XP spectra.  

XPS was also used to map the valence band electronic structure of the CSAFs as a function 

of composition.  The density of the filled states was mapped as a function of binding energy with 

respect to Fermi level.  The v-band spectra were collected at binding energies in the range                   

0 to 25 eV with an analyzer pass energy of 40 eV.  The XPS-derived average energy of the filled 

v-band (𝜀𝑣) was calculated from the background subtracted v-band spectra obtained from the 

CSAFs [51].  
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3.3.3 Characterization of H2-D2 Exchange Activity across AgxPd1-x CSAF 

 
 

The H2-D2 exchange activity of the AgxPd1-x CSAFs was measured by flowing H2, D2, and 

Ar through a 100-channel microreactor array.  The experimental setup used was explained in 

detail in Section 2.2.2.  Mass flow controllers (Aalborg GFC 17) were used to regulate the flow 

rates of H2 (99.999%, Valley National Gases), D2 (99.999%, Valley National Gases) and               

Ar (99.999%, Valley National Gases) through the microreactor to the CSAF surface.  A surface 

Table 3.1. Flow rates of H2 (𝐹H2
in ), D2 (𝐹D2

in ), and Ar (𝐹Ar
in) in the fourteen different gas conditions 

used during H2-D2 exchange experiments at 𝑃tot = 1 atm. Flow rates in one channel can be 

found by dividing the listed values into 100. Total flow rate is kept constant at 0.33 mL/min 

per channel. 
 

 𝐹H2
in  

(mL/min) 

𝐹D2
in  

(mL/min) 

𝐹Ar
in 

(mL/min) 

𝑃H2 

(kPa) 

𝑃D2 

(kPa) 

1 9.00 9.00 12.00 30.4 30.4 

2 9.00 4.50 16.50 30.4 15.2 

3 9.00 3.00 18.00 30.4 10.1 

4 9.00 1.50 19.50 30.4 5.07 

5 9.00 1.00 20.00 30.4 3.38 

6 9.00 0.45 20.55 30.4 1.52 

7 9.00 0.18 20.81 30.4 0.61 

8 9.00 0.09 20.91 30.4 0.30 

9 9.00 0.05 20.96 30.4 0.15 

10 9.00 0.02 20.98 30.4 0.06 

11 9.00 0.01 20.99 30.4 0.03 

12 4.50 0.01 25.49 15.2 0.30 

13 2.25 0.01 27.74 7.60 0.30 

14 0.90 0.01 29.09 3.04 0.30 
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area corresponding to one catalyst composition across the ternary CSAF was approximately  

0.006 cm2. The inlet flow rates of H2, D2, and Ar were adjusted to the conditions listed in          

Table 3.1. 

 The H2-D2 exchange activity of AgxPd1-x CSAF was measured at atmospheric pressure and 

over a temperature range from 333-593 K with H2 partial pressures ranging from 3.04 to 30.4 kPa 

and D2 partial pressures ranging from 0.03 to 30.4 kPa. The temperature was increased in 20 K 

increments, and the reaction was allowed to reach steady state by waiting for 4 minutes at each 

temperature before beginning the analysis of the product gases.  The product gas mixture from 

each of the 100 different reaction volumes was sent to the mass spectrometer for quantification.  

The CSAF surface was pretreated with H2 prior to the experiments.  Also, during a different set of 

experiments the CSAF surface was left in contact with flowing H2.  

The composition of the reaction products was calculated by assuming that the mass 

spectrometer signals at m/q = 2, 3, and 4 amu obtained from the product gas samples were 

proportional to the H2, HD and D2 partial pressures between the baseline and equilibrium 

conversion.  Baseline (0% conversion) signals at m/q = 2, 3 and 4 amu were collected by sampling 

the feed gases directly without contacting the CSAF surface.  At equilibrium, the composition of 

the product gases H2, HD and D2 is given by 

 

𝑃𝐻𝐷
2

𝑃𝐻2𝑃𝐷2
= 4.16 𝑒𝑥𝑝 (

−77.7

𝑇
)                                                        (3.1) 

 

 

where 𝑃H2, 𝑃D2 and 𝑃HD are the partial pressures of H2, D2 and HD, respectively [52]. 
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H2 conversions were measured at 100 channels at T = 333-593 K at 14 different inlet flow 

conditions specified in Table 3.1.  The measured conversions were used to calculate the kinetic 

parameters and the activation barriers to dissociative adsorption (∆𝐸𝑎𝑑𝑠
‡

) and recombinative 

desorption (∆𝐸𝑑𝑒𝑠
‡

) for the catalytic H2-D2 exchange reaction as a function of AgxPd1-x alloy 

composition.   

 

3.4 Microkinetic Model 
 

 

Microkinetic analysis of the H2-D2 exchange reaction on AgxPd1-x was performed using the 

entire dataset (across 90 different alloy compositions, at 14 different temperatures and at                  

14 different inlet flow conditions) obtained from the CSAF to estimate the kinetic parameters ν𝑎𝑑𝑠, 

ν𝑑𝑒𝑠, ∆𝐸𝑎𝑑𝑠
‡

 and ∆𝐸𝑑𝑒𝑠
‡  as a function of alloy composition, x.  The model was derived based on a 

Langmuir-Hinshelwood mechanism: 

 

 

H2(g) + 2 ∗  
kads
→   2H ∗ ,   2H ∗

kdes
→ H2(g) + 2 ∗   

 

 D2(g) + 2 ∗ 
kads
→   2D ∗ ,   2D ∗

kdes
→ D2(g) + 2 ∗  

 

HD(g) + 2 ∗ 
kads
→   H ∗ +D ∗ ,   H ∗ +D ∗

kdes
→ HD(g) + 2 ∗ 

 

 

In the reactions, * stands for a vacant site on the surface; H* and D* showed adsorbed H 

and D, respectively.  This is a two-step, reversible mechanism that occurs through dissociative 

adsorption and recombinative desorption of H2, D2 and HD requiring two sites, *.  The rate 

constants have an Arrhenius form: 
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𝑘𝑎𝑑𝑠 = 𝜈𝑎𝑑𝑠 𝑒𝑥𝑝 (−∆𝐸𝑎𝑑𝑠
‡ /𝑘𝐵𝑇)                                                        (3.2) 

 

 𝑘𝑑𝑒𝑠 = 𝜈𝑑𝑒𝑠 𝑒𝑥𝑝 (−∆𝐸𝑑𝑒𝑠
‡ /𝑘𝐵𝑇)                                                         (3.3) 

 

where ν𝑎𝑑𝑠 is the adsorption pre-exponent, ∆𝐸𝑎𝑑𝑠
‡

 is the adsorption energy barrier, ν𝑑𝑒𝑠 is the 

desorption pre-exponent, ∆𝐸𝑑𝑒𝑠
‡

 is the desorption barrier, 𝑘𝐵 is the Boltzmann constant, and T is 

the temperature.  

H2-D2 exchange was modeled considering only dissociative adsorption and recombinative 

desorption of H2, D2 and HD under steady-state conditions.  Isotopic effects were ignored, so the 

adsorption and desorption rate constants were taken to be the same for H2, D2 and HD.  Also, it 

was assumed that the activation barriers and pre-exponents in the rate constants for adsorption and 

desorption were independent of coverage and temperature.  The inlet conditions are defined as 

 

𝑃𝐻2
𝑖𝑛 = 𝛼𝑃𝐻

𝑡𝑜𝑡                                                                      (3.4) 

 

𝑃𝐷2
𝑖𝑛 = (1 − 𝛼)𝑃𝐻

𝑡𝑜𝑡                                                               (3.5) 

 

𝑃𝐻
𝑡𝑜𝑡 = 𝑃𝐻2

𝑖𝑛 + 𝑃𝐷2
𝑖𝑛 = 𝑃𝐻2 + 𝑃𝐷2 + 𝑃𝐻𝐷                                               (3.6) 

 

where 𝑃H2
in  and 𝑃D2

in  are the partial pressure of H2 and D2 at the inlet mixture, respectively.  𝑃H
tot is 

the pressure of all hydrogen isotopes.  The fraction of H2 in the inlet H2-D2 mixture is denoted       

as α.   
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The steady state surface coverages of H and D can be calculated by 

 
𝑑𝜃𝐻
𝑑𝑡

= 2𝑘𝑎𝑑𝑠𝑃𝐻2(1 − 𝜃𝐻 − 𝜃𝐷)
2 − 2𝑘𝑑𝑒𝑠𝜃𝐻

2 + 𝑘𝑎𝑑𝑠𝑃𝐻𝐷(1 − 𝜃𝐻 − 𝜃𝐷)
2 − 2𝑘𝑑𝑒𝑠𝜃𝐻𝜃𝐷    (3.7) 

 
𝑑𝜃𝐷
𝑑𝑡

= 2𝑘𝑎𝑑𝑠𝑃𝐷2(1 − 𝜃𝐻 − 𝜃𝐷)
2 − 2𝑘𝑑𝑒𝑠𝜃𝐷

2 + 𝑘𝑎𝑑𝑠𝑃𝐻𝐷(1 − 𝜃𝐻 − 𝜃𝐷)
2 − 2𝑘𝑑𝑒𝑠𝜃𝐻𝜃𝐷     (3.8) 

 

where 𝑘𝑎𝑑𝑠 is the rate constant for dissociative molecular adsorption of H2 or D2 and 𝑘𝑑𝑒𝑠 is the 

rate constant for recombinative desorption of H2 or D2.  The rate constant for recombinative 

desorption of HD from recombination of H and D is denoted as 2𝑘𝑑𝑒𝑠.  𝜃H is the surface coverage 

of H atoms and 𝜃D is the surface coverage of D atoms.  The total coverage of H and D atoms, 𝜃, 

can be defined as 

 

𝜃 = 𝜃𝐻 + 𝜃𝐷                                                                 (3.9) 

 

 

𝜃𝐻 = 𝛼𝜃                                                                   (3.10) 

 

 

𝜃𝐷 = (1 − 𝛼)𝜃                                                            (3.11) 

 

Adding Equation 3.7 and 3.8 gives 

 
𝑑𝜃

𝑑𝑡
= 2𝑘𝑎𝑑𝑠𝑃𝐻

𝑡𝑜𝑡(1 − 𝜃)2 − 2𝑘𝑑𝑒𝑠𝜃
2                                       (3.12) 
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At steady state Equation 3.12 gives 

 

0 = 𝑘𝑎𝑑𝑠𝑃𝐻
𝑡𝑜𝑡(1 − 𝜃)2 − 𝑘𝑑𝑒𝑠𝜃

2                                       (3.13) 

 

𝜃 =
√𝑘𝑎𝑑𝑠𝑃𝐻

𝑡𝑜𝑡 𝑘𝑑𝑒𝑠⁄

1 + √𝑘𝑎𝑑𝑠𝑃𝐻
𝑡𝑜𝑡 𝑘𝑑𝑒𝑠⁄

                                              (3.14) 

 

 

This is exactly what would be expected from a second order Langmuir isotherm.  The rate equation 

for HD production can be defined as 

 

𝑟𝐻𝐷 = 2𝑘𝑑𝑒𝑠𝜃𝐻𝜃𝐷 − 𝑘𝑎𝑑𝑠𝑃𝐻𝐷(1 − 𝜃𝐻 − 𝜃𝐷)
2                                    (3.15) 

 

 

𝑟𝐻𝐷 = 2𝑘𝑑𝑒𝑠𝛼(1 − 𝛼)𝜃
2 − 𝑘𝑎𝑑𝑠𝑃𝐻𝐷(1 − 𝜃)

2                                    (3.16) 

 

 

𝑃𝐻𝐷 =
𝐹𝐻𝐷𝑃

𝑡𝑜𝑡

𝐹𝑡𝑜𝑡
                                                                   (3.17) 

 

 

𝑃𝑡𝑜𝑡 = 𝑃𝐻2
𝑖𝑛 + 𝑃𝐷2

𝑖𝑛 + 𝑃𝑏𝑢𝑓𝑓𝑒𝑟                                                      (3.18) 

 

where 𝐹HD is the molar flow rate of HD produced, 𝑃tot is the total pressure in the reactor         

(𝑃tot = 𝑃H2
in + 𝑃D2

in + 𝑃Ar
in = 𝑃H2 + 𝑃D2 + 𝑃HD + 𝑃Ar), and 𝐹tot is total molar gas flow rate through 

the reactor.  𝑃buffer is the partial pressure of the inert gas in the gas flow.   
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With these definitions, the rate equation transforms into  

 

𝑟𝐻𝐷 = 2𝑘𝑑𝑒𝑠𝛼(1 − 𝛼)𝜃
2 − 𝑘𝑎𝑑𝑠𝐹𝐻𝐷𝑃

𝑡𝑜𝑡(1 − 𝜃)2 𝐹 
𝑡𝑜𝑡⁄                            (3.19) 

 

 

𝐹HD
out, which is the HD flow rate exiting the microreactor, can be calculated by solving the flow 

equation.  

𝐴 = ∫
𝑑𝐹′

𝛼 − 𝛽𝐹′

𝐹𝐻𝐷
𝑜𝑢𝑡

0

                                                        (3.20) 

 

 

𝛼 = 2𝑘𝑑𝑒𝑠𝛼(1 − 𝛼)𝜃
2                                                   (3.21) 

 

 

𝛽 = 𝑘𝑎𝑑𝑠𝑃
𝑡𝑜𝑡(1 − 𝜃)2 𝐹𝑡𝑜𝑡                                              ⁄ (3.22) 

 

 

𝐹𝐻𝐷
𝑜𝑢𝑡 =

𝛼

𝛽
[1 − 𝑒𝑥𝑝(−𝛽𝐴)]                                                (3.23) 

 

 

𝐹𝐻𝐷
𝑜𝑢𝑡 = 2𝛼(1 − 𝛼)

𝐹𝑡𝑜𝑡𝑃𝐻
𝑡𝑜𝑡

𝑃𝑡𝑜𝑡
[1 − 𝑒𝑥𝑝(

−𝑘𝑎𝑑𝑠𝑃
𝑡𝑜𝑡𝐴

𝐹𝑡𝑜𝑡 (1 + √𝑘𝑎𝑑𝑠𝑃𝐻
𝑡𝑜𝑡 𝑘𝑑𝑒𝑠⁄ )

2)]              (3.24) 

 

 

𝑃𝐻𝐷
𝑜𝑢𝑡 = 2𝛼(1 − 𝛼)𝑃𝐻

𝑡𝑜𝑡 [1 − 𝑒𝑥𝑝(
−𝑘𝑎𝑑𝑠𝑃

𝑡𝑜𝑡𝐴

𝐹𝑡𝑜𝑡 (1 + √𝑘𝑎𝑑𝑠𝑃𝐻
𝑡𝑜𝑡 𝑘𝑑𝑒𝑠⁄ )

2)]              (3.25) 



58 
 

 

where A is the catalyst surface area.   

The H2 conversion can be determined experimentally using  mass spectrometer signals and  

the microkinetic model with  known reaction conditions and selected values of ν𝑎𝑑𝑠, ν𝑑𝑒𝑠, ∆𝐸𝑎𝑑𝑠
‡

 

and ∆𝐸𝑑𝑒𝑠
‡

 by 

 

     𝑋𝐻2 =
𝐹𝐻𝐷

2𝐹𝐻2
𝑖𝑛
                                                                    (3.26) 

 
 

The model prediction of conversion, 𝑋model, was fit to the experimental H2 conversion,  𝑋exp, data 

at each catalyst composition, for all inlet flow conditions and temperatures simultaneously.  The 

fit was performed by minimizing the sum of squared errors (SSE) between the calculated and 

experimental conversions by changing the four parameters ν𝑎𝑑𝑠, ν𝑑𝑒𝑠, ∆𝐸𝑎𝑑𝑠
‡

 and ∆𝐸𝑑𝑒𝑠
‡

.   

 
 

𝑆𝑆𝐸 =∑[ 𝑋𝑒𝑥𝑝(𝐹𝑖, 𝑇𝑗) −  𝑋𝑚𝑜𝑑𝑒𝑙(𝐹𝑖, 𝑇𝑗)]
2

𝑖,𝑗

                                (3.27) 

 

 

The fit of the model prediction of conversions to experimental values was performed in MATLAB 

using non-linear fitting subroutine lsqcurvefit which utilizes a “trust-region-reflective” least 

squares algorithm which is based on an interior-reflective Newton Method.  Termination tolerance 

on the SSE function was set to 10-12.  A central finite difference method was used to calculate 

gradients.  The confidence intervals for the nonlinear least squares parameter estimates were 

calculated using the MATLAB function nlparci. 
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3.5 Results and Discussion 

 

3.5.1 Characterization of CSAF Composition 

 
 The near surface composition of the AgxPd1-x CSAF was mapped by X-ray photoelectron 

spectroscopy (XPS) as a function of position on the Mo substrate across a 13 × 13 grid with 1 mm 

spacing.  Although the CSAF is deposited onto a 14 × 14 mm2 Mo substrate, the region of interest 

is the 10 × 10 mm2 area spanned by the 10 × 10 array of microreactor channels.  The composition 

map corresponding to the area on the CSAF used for the measurement of catalytic reaction kinetics 

is given in Figure 3. 1.  The CSAF has been deposited such that the iso-composition lines are 

oriented at an angle with respect to the edge of the substrate, which is aligned with the 

microreactors.  This tilted configuration was used so that each channel of the microreactor would 
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Figure 3. 1. Pd composition (measured by XPS) versus position on the AgxPd1-x binary CSAF.  

Black dots represent actual measurement points. 
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sample a different alloy composition.  Thus, we have 90 reaction zones sampling 90 different 

AgxPd1-x compositions, simultaneously (one row of ten channels was blocked).  In the region 

sampled by the microreactor array, the AgxPd1-x CSAF spanned the composition range x = 0 → 1.  

The tilt can be seen in Figure 3. 1 and illustrates the ability of our rotatable shadow mask deposition 

tool to prepare CSAFs with composition gradients oriented in any desired direction [47, 53].   

 

3.5.2 Characterization of CSAF Electronic Structure 

 
 

 XPS was used to map the valence band electronic structure of the AgxPd1-x CSAF at the 

same points of AgxPd1-x composition space that were used for measurement of H2-D2 exchange 

kinetics.  Figure 3.2 illustrates the background subtracted v-band spectra mapped at 169 discrete 

locations across the AgxPd1-x CSAF.  The spectra are plotted as functions of energy with respect 

to the Fermi level, which is located at zero on the energy scale.  It can be clearly seen that the 

density of states shifts towards the Fermi level as the Pd composition increases.   

The XPS-derived average energy of the filled v-band, 𝜀𝑣(𝑥), was calculated (Equation 

3.28) from the background subtracted v-band XP spectra (Figure 3.2) obtained from AgxPd1-x 

CSAF [51]. 

 

𝜀𝑣 =
∫𝑁(𝜀) 𝜀 𝑑𝜀

∫𝑁(𝜀) 𝑑𝜀
                                                                       (3.28) 

 

The quantity 𝜀 is the energy of filled state in the valence band relative to the Fermi level and 𝑁(𝜀) 

is the density of filled states, which is taken to be proportional to the intensity of the v-band XP 

spectrum.   
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The XPS-derived average energies of the filled v-band (𝜀𝑣) were calculated for each alloy 

composition over the binding energy range -10 to 0 eV.  It should be noted that XP spectra only 

probe the density of filled states, not the empty states.  However, the valence band in AgxPd1-x 

alloys is dominated by filled states; i.e. the Ag d-band is full and Pd d-band is almost full (having 

nine to ten electrons).  In this case, the valence band energy obtained from the XP spectra only 

slightly underestimates the average energy of the entire valence band.   
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Figure 3.2. Background subtracted XP spectra of 169 different AgxPd1-x compositions across 

the entire composition space.  
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The AgxPd1-x v-band energies shift linearly with alloy composition (Figure 3.3).  The 

average energy of the AgxPd1-x v-band shifts toward the Fermi level as the Pd content increases.  

This result is in good agreement with the observation from Figure 3.2.  Estimates of d-band center 

values for pure metals (Pd or Ag) are available in the literature, most of which were obtained from 

electronic structure calculations.  The range of d-band energies reported for Ag is                             

𝜀𝑑 = −5.28 to − 4.28  eV [42, 54, 55], roughly 1 eV higher than our measurement of               

𝜀𝑣
𝐴𝑔
= −6.2  𝑒𝑉.  For Pd,  𝜀𝑑 = −2.64 to − 2.02 eV [42, 54-57], which is ~1 eV higher than our 

measurement of 𝜀𝑣
𝑃𝑑 = −3.4  𝑒V.  The ~1 eV offset between the literature values of d-band center 

and our measurements may arise from the calculation approaches which causes variations in the 

density of states (DOS) [58].  For a given DOS, the choice of upper and lower integration limits 

can result in differences in the predicted values of d-band center [42, 59].  Another reason for the 

offset may be an incomplete background subtraction of secondary electrons contributing to the XP 

spectra at high binding energies.  Finally, the offset may also arise from the fact that our 

experimental measurements include photoemission from the s- and p-bands.  These issues aside, 

the offset is not critical to our use of the XPS derived estimations of 𝜀𝑣(𝑥), as we are principally 

interested in correlating the composition dependence of catalytic barriers with the composition 

dependence of  𝜀𝑣(𝑥).  The fact that XPS and DFT both give the same magnitude of 𝜀𝑣 shift with 

composition is sufficient. 
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3.5.3 H2-D2 Exchange on the AgxPd1-x CSAF 

 

 

H2-D2 exchange over the AgxPd1-x CSAF was carried out by flowing  H2, D2, and Ar 

mixtures into the microreactor at a constant temperature, partial pressures and flow rates while 

monitoring the product gas composition by mass spectrometry.  Mass spectrometer signals were 

converted to H2 conversion, X, for 90 different AgxPd1-x compositions, x, at 14 different 

temperatures, 𝑇, and 14 different flow conditions.  The AgxPd1-x binary CSAF displayed stable 

activity during the course of the experiments.  Collected X versus 𝑇 for all the inlet conditions 

listed in Table 3.1 are converted to flow rates of produced HD using Equation 3.26.  The measured 

HD flow rates for one sample inlet flow condition across all 90 different AgxPd1-x compositions 
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Figure 3.3. XPS-derived average energy of the filled v-band relative to the Fermi level of 

AgxPd1-x CSAF versus Pd (at. %) compositions. 
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are given in Figure 3.4-a.  HD flow rates are also predicted using the microkinetic model explained 

in Section 3.4. The fits for the example dataset is given in Figure 3.4-b.  The data for the other 

inlet flow conditions can be found in the Appendix.  
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Figure 3.4. HD flow rate vs. temperature across AgxPd1-x  composition space.  For all AgxPd1-x 

compositions conversion increases with increasing  𝑇 and decreasing x. Flow conditions in each 

channel are labeled on each figure (𝑃𝑡𝑜𝑡 = 1 atm). Top figure gives the measured values and 

the bottom one gives the model predictions. 
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Conversion versus temperature curves, 𝑋(𝑇), for all inlet flow conditions were investigated 

at each of the 90 different alloy compositions.  One example is shown in Figure 3.5 for the inlet 

flow consisting of 0.1 mL/min H2, 0.1 mL/min D2, and 0.13 mL/min Ar per channel for five 

discrete alloy compositions.  Note that equilibrium corresponds to a conversion of  𝑋 = 0.489 at 

593 K for all equimolar H2 and D2 inlet cases.  Across the CSAF, H2-D2 exchange activity increases 

with increasing 𝑇 and decreasing Ag content.  At 𝑇 = 333 K, the conversion was 𝑋 ≈ 0 at all alloy 

compositions.  Equilibrium conversion was reached at the Pd-rich end of the CSAF for 𝑇 > 525 

K.  As the Pd content decreases, the temperature at which equilibrium is reached increases.  For 

Pd compositions < 0.80, equilibrium was not achieved, even at the highest temperature used,             

𝑇 = 593 K.  For low compositions of Pd, near-zero HD production activity was observed at                 

𝑇 < 375 K.  Each data point in Figure 3.5 was collected under isothermal conditions; the CSAF 
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Figure 3.5. H2-D2 exchange conversion vs. T on AgxPd1-x alloys for several discrete Ag 

compositions, x. H2 conversion is increasing with increasing T and decreasing with Ag 

composition. Inlet flow was 0.1 mL/min H2, 0.1 mL/min D2 and 0.13 mL/min Ar per channel. 
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was heated at 1 K/s and then held at constant temperature for ~4 min to reach steady state before 

sampling HD production across all 90 alloy compositions.   

Figure 3.6 shows H2 conversion versus Ag composition on the AgxPd1-x CSAF at three 

different temperatures.  At 𝑇 = 593 K, the activity increases as the Pd content of the alloy increases, 

reaching equilibrium for Pd compositions greater than 0.80.  For 𝑇 < 373 K, H2 conversion is          

X ≈ 0 across the entire CSAF. 

 

 

The pressure dependence of HD production from H2-D2 exchange over AgxPd1-x  alloys has 

been investigated across the temperature range 𝑇 = 333 - 593 K by varying 𝑃H2 and  𝑃D2 

independently.  The first 11 rows of Table 3.1 corresponds to the inlet conditions where 𝑃H2 was 

kept constant while changing 𝑃D2.  The last 4 rows of Table 3.1 corresponds to the inlet conditions 
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Figure 3.6. H2-D2 exchange conversion versus Ag composition at T = 373 K, 473 K and 593 

K. Inlet flow was 0.1 mL/min H2, 0.1 mL/min D2 and 0.13 mL/min Ar per channel. 
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where 𝑃D2was kept constant while changing 𝑃H2.  For all these cases, activity was found to increase 

with T and decrease with Ag content, x.  Figure 3.7 shows HD flow rates, 𝐹HD
out obtained for three 

AgxPd1-x compositions and the four different feed gas conditions where 𝐹H2 was kept constant at 

 0.1 mL/min in each channel.  FD2 was changed from 0.1 mL/min to 0.01 mL/min per channel.  

The total flow rate per channel was kept constant at 0.3 mL/min.  In Figure 3.8, experimental 

values of the HD flowrates for the four different feed conditions are shown as the discrete data 

points and the fits from the microkinetic model are illustrated as the solid lines.  The quality of the 

fit can be assessed using these 𝐹HD
out versus T plots.  A parity plot (Figure 3. 8) comparison of the 

modeled HD flow rates (solid lines) and the experimental HD flow rates shows that the model fits 

the experimental data (17640 values of FHD
out) well for all catalyst compositions across the entire 

temperature range of the experiment (T = 333 - 593 K).    

 

 

 
 

Figure 3.7. a), b) HD flow rate in the outlet measured for two AgxPd1-x alloy compositions       

(x = 0.01, 0.36)  vs. T for four different inlet flow conditions. Solid squares are the experimental 

measurement points and the solid lines are the fits of the microkinetic model to the data. 
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3.5.4 Kinetic Parameters for H2-D2 Exchange on AgxPd1-x 

 

 

The comprehensive dataset obtained using high throughput methods and the microkinetic 

model are used to estimate the kinetic parameters, ν𝑎𝑑𝑠, ν𝑑𝑒𝑠, ∆𝐸𝑎𝑑𝑠
‡

 and ∆𝐸𝑑𝑒𝑠
‡

 for each AgxPd1-x 

alloy composition.  In the previous studies, it has been proven that pre-exponential factors are 

fairly independent of alloy composition [20, 60].  Therefore, in this study, the model fit was 

performed by fixing the pre-exponents to their transition state theory values of                               

ν𝑎𝑑𝑠 = 10
−4 mol/m2/s/Pa and ν𝑑𝑒𝑠 = 10

6 mol/m2/s [61] and only varying ∆𝐸𝑎𝑑𝑠
‡

 and ∆𝐸𝑑𝑒𝑠
‡

. 
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Figure 3. 8. Parity plot of the HD flow rates predicted by the microkinetic model vs. 

experimental measurements. Data are shown for all 90 AgxPd1-x compositions (x = 0 – 0.99) at 

14 different temperatures (T = 333–593 K) and 14 inlet flow conditions (Table 3.1). 
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The obtained values of ∆𝐸𝑎𝑑𝑠
‡

 and ∆𝐸𝑑𝑒𝑠
‡

 are plotted in Figure 3.9.  It is observed that both ∆𝐸𝑎𝑑𝑠
‡

   

and ∆𝐸𝑑𝑒𝑠
‡

 vary nonlinearly with AgxPd1-x alloy composition.  The value of ∆𝐸𝑎𝑑𝑠
‡

 rises                   

from ~0 to ~0.4 eV and the value of ∆𝐸𝑑𝑒𝑠
‡

 rises from ~0.65 to ~0.85 over the composition range 

x = 0 → 1.  Over the composition range 𝑥 > 0.4, ∆𝐸𝑎𝑑𝑠
‡ (𝑥) ≪ ∆𝐸𝑑𝑒𝑠

‡ (𝑥), which suggests that the 

rate-limiting step of the H2-D2 exchange reaction is  recombinative desorption of HD.  For the 

composition range 𝑥 < 0.4, the microkinetic modeling of H2-D2 exchange kinetics yielded a large 

uncertainty in  ∆𝐸𝑑𝑒𝑠
‡

 that was greater than the magnitude of ∆𝐸𝑑𝑒𝑠
‡

 itself, 𝜎𝐸𝑑𝑒𝑠
‡ > ∆𝐸𝑑𝑒𝑠

‡
.  This 

can be interpreted as an insensitivity of  H2-D2 kinetics to the value of ∆𝐸𝑑𝑒𝑠
‡

 on  Ag,  which 

indicates that the dissociative adsorption reaction is rate-limiting step in this region.   

 

 
Figure 3.9. Energy barriers for dissociative adsorption of H2, ∆𝐸𝑎𝑑𝑠

‡ (𝑥), (black) and associative 

desorption of H2, ∆𝐸𝑑𝑒𝑠
‡ (𝑥), (red) as a function of AgxPd1-x composition. 
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This observation suggests that at a composition of 𝑥 ≈ 0.4, the rate-limiting step changes  from 

recombinative desorption of HD (𝑥 < 0.4)  to dissociative adsorption of H2/D2 (𝑥 > 0.4). 

Pure Ag appears to be the least active H2-D2 exchange catalyst among the composition 

space examined in this study.  This is due to the large activation barrier to H2 adsorption on Ag 

(∆𝐸𝑎𝑑𝑠
‡ = 0.4 ± 0.07𝑒𝑉).  In contrast, the barrier to H2 adsorption on Pd is very close to zero                

(∆𝐸𝑎𝑑𝑠
‡ = 0.02 ± 0.01𝑒𝑉).  The order of decreasing H2-D2 exchange activity of the            

desorption-limited catalysts (𝑥 = 1 → 0.4) closely follows the order of increasing activation 

barriers (𝑥 = 1 → 0.4) for AgxPd1-x alloys.  

O’Brien et al. measured the values of ν𝑎𝑑𝑠, ν𝑑𝑒𝑠, ∆𝐸𝑎𝑑𝑠
‡

 and ∆𝐸𝑑𝑒𝑠
‡

 for steady state catalytic 

H2-D2 exchange reaction over fixed beds of Cu, Cu0.53Pd0.47, Cu0.30Pd0.70, and Pd in a conventional 

flow reactor [20].  In that study, the adsorption barrier for pure Pd was reported to be                

∆𝐸𝑎𝑑𝑠
‡ = 0.12 ± 0.04 𝑒𝑉 and the desorption barrier for pure Pd was reported to be                   

∆𝐸𝑑𝑒𝑠
‡ = 0.68 ± 0.06 𝑒𝑉.  Although, our calculated adsorption barrier differs slightly from the 

reported value, the desorption barriers are comparable.  This observation suggests that CSAFs are 

effective tools that can be used to investigate catalytic reactions on pure metals and alloys.  Many 

experimental studies of H2 adsorption have been reported in literature, most of which the the have 

been conducted under ultrahigh vacuum conditions [27, 30, 62-68].  The studies conducted on 

polycrystalline Pd surfaces at near-ambient pressures reported adsorption barriers very close to      

0 eV when the surface is not saturated with H [66-68].   In Figure 3.11, we showed that the surface 

coverages are less than 1, so our calculated adsorption barrier, ∆𝐸𝑎𝑑𝑠
‡ = 0.02 ± 0.01𝑒𝑉 is in good 

agreement with the literature values.  The activation barriers to desorption on Pd (111) and PdH 

surfaces are reported to be in the range of 0.67 – 0.85 eV [66, 69, 70]. While, it is not 
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straightforward to compare our calculated desorption barrier for pure Pd with these studies, ours 

is within this range, ∆𝐸𝑑𝑒𝑠
‡ = 0.68 ± 0.06 𝑒𝑉.   

Gumuslu et al. measured the values of ν𝑎𝑑𝑠, ν𝑑𝑒𝑠, ∆𝐸𝑎𝑑𝑠
‡

 and ∆𝐸𝑑𝑒𝑠
‡

 for steady state catalytic 

H2-D2 exchange reaction across CuxPd1-x CSAF with a minimum Cu composition of x = 0.3.  In 

that study, the adsorption barrier for Cu0.3Pd0.7 was reported to be ∆𝐸𝑎𝑑𝑠
‡ ≈ 0.15 𝑒𝑉 and desorption 

barrier for Cu0.3Pd0.7 to be ∆𝐸𝑑𝑒𝑠
‡ ≈ 0.55 𝑒𝑉.  In our study, adsorption barrier for Ag0.31Pd0.69 was 

reported to be ∆𝐸𝑎𝑑𝑠
‡ = 0.12 𝑒𝑉 ± 0.01 and desorption barrier for Ag0.31Pd0.69 to be                 

∆𝐸𝑑𝑒𝑠
‡ = 0.70 ± 0.01 𝑒𝑉.  Despite having calculated slightly higher desorption barriers, the values 

are quite comparable.  This result is in accordance with the fact that Ag and Cu have similar H2 

adsorption characteristics.  

We were able to calculate the adsorption barriers on pure Ag as ∆𝐸𝑎𝑑𝑠
‡ = 0.4 ± 0.07𝑒𝑉.  

This is a relatively high barrier when compared to pure Pd.  Adsorption of hydrogen is known to                   

be negligible [33, 71, 72] on Ag, although when it occurs, it is known to be an endothermic process 

[35].  In one study that used density-functional theory, the minimum barrier to dissociative 

adsorption of H2 on  Ag(100) was reported to be 1.1 eV [35].  In another study, which investigated  

the interaction of atomic hydrogen with the Ag (111) surface using low-energy electron diffraction 

(LEED), high-resolution electron-loss spectroscopy (HREELS), thermal desorption spectroscopy 

and work function measurements, an adsorption barrier of 0.6 eV was reported [73].  The 

adsorption barrier calculated in this work is lower than these reported values.  Considering the 

differences in the crystal structures of these surfaces, we were able to capture the difficulty of 

quantifying/characterizing dissociative adsorption of H2 on Ag.  
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3.5.5 Reaction Rate for H2-D2 Exchange on AgxPd1-x 

 

 

Figure 3.10 displays the experimental HD production rate of five different AgxPd1-x 

compositions at 593 K as a function of H2 or D2 partial pressure with a) 𝑃H2 held constant at       

30.39 kPa and a variable PD2, and  b) 𝑃D2held constant at 0.03 kPa and a variable 𝑃H2.  A positive 

dependence of the HD production rate was observed at all temperatures tested, as well as on the 

growing 𝑃D2 (from a low partial pressure) while 𝑃H2 remained constant (at a relatively high 

pressure).  The calculated slopes are very close to 1, which suggest that the reaction is first order 

with respect to the low pressure component, 𝑃D2.  In contrast, a zero slope is detected when 

increasing the partial pressure of the high pressure component, 𝑃H2 while 𝑃D2 is held constant low 

partial pressure.  

 

Figure 3.10. a) Plot of experimental HD production rate on five different AgxPd1-x  compositions 

at 593 K as a function of 𝑃𝐷2with 𝑃𝐻2constant at 30.39 kPa. b) Plot of HD production rate on 

five different AgxPd1-x compositions at 593 K as a function of 𝑃𝐻2with 𝑃𝐷2 held constant at 0.03 

kPa. 

 

 

 

 

 



73 
 

The experimental formal reaction orders and the reaction orders predicted by the classical 

Langmuir-Hinshelwood model for H2/D2 pressures are summarized in Table 3.2.  The theoretical 

reaction orders are derived analytically using the Langmuir-Hinshelwood based microkinetic 

model described in the Appendix.  For the inlet conditions where 𝑃H2is constant and 𝑃D2 is 

changing, the reaction orders obtained experimentally match the analytical solution of the 

Langmuir-Hinshelwood model.  For the other case where 𝑃D2 is constant and 𝑃H2 is changing, 

there is disagreement between the experimental reaction orders and the ones predicted by the 

Langmuir-Hinshelwood model.  The experimentally observed reaction order is found to be 0,  

however, the Langmuir-Hinshelwood model predicts       a -1 reaction order when the surface 

coverage is close to 1, 𝜃𝐻/𝐷 ≈ 1, and a 0 reaction order when the surface coverage is close to 0, 

𝜃𝐻/𝐷 ≈ 0.  So it can be said that the classical Langmuir-Hinshelwood model predicts the HD 

production rate accurately when the coverage of the surface species is low.   

 The total coverage of H and D atoms during H2-D2 exchange over the 90 different      

AgxPd1-x alloy compositions was calculated using Equation 3.14, and the kinetic parameters, ∆Eads
‡

 

and ∆Edes
‡

, were extracted from the microkinetic model.  Figure 3.11-a shows the total coverage 

of H and D atoms on three different AgxPd1-x alloy compositions and Figure 3.11-b shows the total 

 

 

Table 3.2. Experimental and theoretical reaction orders for different inlet conditions. 

Inlet conditions Experiment Langmuir-Hinshelwood 

Constant 𝑃H2 

(Changing 𝑃D2) 

 

+0.917 ± 0.08 
 

~𝟏 

Constant 𝑃D2 

(Changing 𝑃H2) 

 

+0.009 ± 0.04 
 

~ − 𝟏 𝒐𝒓 𝟎 
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coverage of H and D atoms on Ag0.2Pd0.8 for four different inlet gas conditions across the 

temperature range T = 333-593 K.  At low temperature (~350 K), the catalyst surface is nearly 

saturated with H and D atoms for different AgxPd1-x alloy compositions where 𝑥 < 0.4.  As 

temperature increases, the total coverage decreases for all these feed conditions.  Keeping 𝑃D2 

constant and reducing 𝑃H2 (going from the black solid line to the green solid line in                      

Figure 3.11-b) reduces the rate of H2 adsorption, decreasing the total coverage of H and D atoms.  

It can be said that under low surface coverages and when the Pd content of the AgxPd1-x alloy is 

more than 40 (at.)%, 𝑥 > 0.4, the Langmuir-Hinshelwood model does well at predicting the 

reaction order.  The reason for such good agreement is that at  high temperatures, only surface H 

and D species are present (no subsurface H and D) [74].  

      

 

Figure 3.11. a) Total coverage of H and D atoms during H2-D2 exchange reaction over three 

different AgxPd1-x alloy compositions (x = 0.01, 0.2, 0.37) as a function of T. The flow contains 

9 mL/min H2, 0.009 mL/min D2 and 20.991 mL/min Ar. b) Total coverage of H and D atoms 

during H2-D2 exchange reaction as a function of T for four different inlet flow compositions. 

The coverage is calculated using Eq. (8) and the kinetic parameters 𝜈𝑎𝑑𝑠, 𝜈𝑑𝑒𝑠, ∆𝐸𝑎𝑑𝑠
‡

 and ∆𝐸𝑑𝑒𝑠
‡

 

extracted from the microkinetic model. 
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Slightly positive orders were observed experimentally for experiments with constant 𝑃D2  

while changing H2 flow conditions across the CSAF.  However, when the total coverage of H and 

D are close to unity, the Langmuir-Hinshelwood model predicts a negative dependence of HD 

production rate on H2 partial pressure in the low temperature regime.  If the surface is saturated 

with H and D atoms, an increase in 𝑃H2would decrease the surface concentration of D due to 

competitive adsorption with H atoms.  In this case, the Langmuir-Hinshelwood model would 

predict a decrease in the HD production rate, hence a negative reaction order.  So the 

experimentally observed apparently zero reaction order cannot be explained with this model.  

Therefore, only taking the surface species into account does not work for this system.  There has 

been an ongoing debate about the possibility of the involvement of subsurface H atoms in surface 

reactions, especially on transition metals, including Pd [75, 76], which could explain the 

discrepancy.    

Schauermann et al. have recently reported a slightly positive dependency of HD production 

rate on the species’ partial pressure under conditions where the surface H/D coverage approaches 

saturation and subsurface H/D is present.  Comparison of this study to our work is not 

straightforward since they used Pd nanoparticles and a Pd (111) single crystal in ultrahigh vacuum 

conditions and we studied a binary CSAF at atmospheric pressure.  The agreement of these 

experimental observations draws attention to the importance of understanding subsurface 

hydrogen to characterize properly hydrogen’s interaction with transition metals on an atomic level. 
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3.5.6 Correlation of Activity and Structure across Composition Space 

 

 

The main goal of this study has been to correlate fundamental kinetic parameters for the 

catalytic H2-D2 exchange reaction over AgxPd1-x alloys with details of their electronic structure.  

Computationally this can be achieved using DFT for various catalytic processes by correlating the 

calculated mean energy of the d-band, 𝜀𝑑, of various metals with  calculated barriers, ∆𝐸‡, to the 

elementary reaction steps on their surfaces [1, 42, 54, 77].  In this work, we have used XP spectra 

from a AgxPd1-x CSAF to measure the energy of the filled valence band center, 𝜀𝑣(𝑥), and 

microkinetic modeling to calculate the ∆𝐸𝑎𝑑𝑠
‡

 and ∆𝐸𝑑𝑒𝑠
‡

 for the H2-D2 exchange reaction.  The 

correlation between these parameters are plotted in Figure 3. 12 for 90 different AgxPd1-x alloy 

 

 

Figure 3. 12. Energy barriers for dissociative adsorption of H2, ∆𝐸𝑎𝑑𝑠
‡ (𝑥),  (black) and 

associative desorption of H2, ∆𝐸𝑑𝑒𝑠
‡ (𝑥),  (red) as a function of the v-band center measured on 

90 AgxPd1-x positions. 
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compositions.  The overall correlation shows that as 𝜀𝑣 shifts toward the Fermi level, ∆𝐸𝑎𝑑𝑠
‡ (𝜀𝑣) 

and ∆𝐸𝑑𝑒𝑠
‡ (𝜀𝑣) decrease, as suggested from DFT studies [54, 78-83].  To the best of our knowledge, 

this is the first experimental study that correlates fundamental kinetic parameters for the H2-D2 

exchange reaction over AgxPd1-x alloys with details of their electronic structure. 

Figure 3.11 shows that there is a clear correlation between the adsorption energy and the 

v-band center; both H2 adsorption and desorption barriers decrease linearly with increasing 𝜀𝑣 

across the entire AgxPd1-x composition space.  It can also be seen that ∆𝐸𝑑𝑒𝑠
‡

 is slightly less sensitive 

to changes in 𝜀𝑣 than ∆𝐸𝑎𝑑𝑠
‡

.  The center of the v-band moves toward the Fermi level as more Pd 

is alloyed with Ag.  In this direction, adsorption becomes more stable and an increase in activity 

is observed.  This trend has also been reported from previous theoretical studies [78, 79, 84].  The 

heat of adsorption (∆𝐸𝑎𝑑𝑠 = ∆𝐸𝑎𝑑𝑠
‡ − ∆𝐸𝑑𝑒𝑠

‡ ) of H2 was found to change from 0.2 to 0.64 eV at 

different adsorption sites on Ag.  These values become negative as more Pd is added, which proves 

that adsorption becomes more stable as  Pd is added to the alloy [85].  

The positions of the valence band derived from the XP spectra (Figure 3.2) exhibit a linear 

dependence on AgxPd1-x alloy composition.  However, the dependence of ∆𝐸𝑎𝑑𝑠
‡

 and ∆𝐸𝑑𝑒𝑠
‡

 on alloy 

composition slightly deviates from linearity.  This result suggests that there are some processes, 

such as segregation, that are not captured in the computational model.  Surface enrichment of Ag 

was reported for Ag-Pd alloys in vacuum or inert atmosphere [86, 87].  However, reverse 

segregation has been reported for Ag-Pd alloys in hydrogen-rich atmosphere, experimentally [88] 

and theoretically [89, 90].  It is known that hydrogen treatment results in a chemical shift of around 

0.1 - 0.2 eV of the Pd 3d core level, but no change occurs in the Ag 3d level.  XPS analysis supports 

this result showing that Pd segregates to the membrane surface in conditions of high hydrogen 

pressure  [88].  Under our reaction conditions, we cannot address this segregation issue directly, 
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but segregation may be responsible from the non-linear behavior of ∆𝐸𝑎𝑑𝑠
‡

, especially for       

AgxPd1-x alloy compositions in the range of   x = 0.3 - 0.6.  

 

3.6 Conclusions 

 

 

In this study, the catalytic H2-D2 exchange reaction was investigated across AgxPd1-x 

composition space by using high throughput methodology.  A materials library spanning      

AgxPd1-x composition space from x = 0 → 1 was prepared using the rotatable shadow mask 

deposition tool, as explained in Section 2.2.1.2.  The characterization of composition and 

electronic structure across the CSAF was done using XPS. Also, catalytic reactivity at 90 discrete 

positions (90 different alloy compositions) across the CSAF was measured using the multichannel 

microreactor array, as described in Section 2.2.2.  Coupling spatially resolved characterization 

techniques and the high throughput reaction system, composition – catalytic activity – electronic 

structure correlation for Ag-Pd alloys has been investigated across a continuous composition 

space.  We found that the activity increased with increasing Pd at.%.  Microkinetic analysis of the 

reaction showed that the H2-D2 exchange reaction was limited by the rate of adsorption below 30 

at. % Pd and desorption limited above that value.  Obtained v-band spectra showed that the v-band 

center moved closer to the Fermi level with increasing Pd content in the alloy.  With the correlation 

between the kinetic parameters and electronic structure, i.e. ∆𝐸𝑎𝑑𝑠
‡

 and ∆𝐸𝑑𝑒𝑠
‡

 vs 𝜀𝑣, it was observed 

that both adsorption and desorption barriers decreased as the v-band center moved closer to the 

Fermi level. With these results we were able to show that we have successfully developed a high 

throughput methodology that can be applied to catalysis studies.  Using this technique, we were 

able to correlate the fundamental kinetic parameters for the H2-D2 exchange reaction with 

electronic structure of the binary alloy catalyst across the entire composition range.  
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3.7 Appendix: HD Flow Rate versus Temperature across AgxPd1-x Composition Space 
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Figure 3.13. HD flow rate versus temperature measured across AgxPd1-x  composition space.  

For all AgxPd1-x compositions conversion increases with increasing  T and decreasing x and y. 

Flow conditions in one channel are labeled on each figure (Ptot = 1 atm). 
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CHAPTER 4 

Characterization of Composition, Electronic Structure and H2-D2 

Exchange Activity across CuxAuyPd1-x-y Alloys 

 

4.1 Chapter abstract 

 

Finding the optimal catalyst composition for a given application is the major challenge in 

multicomponent catalyst design due to the need to perform many catalyst preparation, 

characterization and reactivity measurements across composition space.  To accelerate this search, 

thin multicomponent films called Composition Spread Alloy Films (CSAFs) are prepared, which  

have composition gradients parallel to their surfaces, AxByC1-x-y with x = 0 → 1 and y = 0 → 1 - x.  

In order to study alloy catalysis across a CSAF, a 100 channel microreactor array has been 

developed to run steady state catalytic reactions at different positions or alloy compositions on the 

CSAF.  CuxAuyPd1-x-y CSAFs spanning all of binary and ternary composition space have been 

prepared using a rotating shadow mask CSAF deposition tool developed in house. 

The relationship between alloy catalyst activity and electronic structure is investigated 

experimentally across CuxAuyPd1-x-y CSAFs.  H2-D2 exchange kinetics were measured at 100 

discrete compositions on the CSAFs over a temperature range of 333 – 593 K.  Characterization 

of the CSAFs was done using X-ray photoelectron spectroscopy.  H2 conversion was chosen to be 

the indicator of activity and it was found to increase with increasing Pd content.  A microkinetic 

model was used to estimate the energy barriers to dissociative adsorption and recombinative 

desorption of H2 as functions of alloy composition, x and y. Across the CuxAuyPd1-x-y CSAF, 
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increasing Pd content was found to decrease the adsorption barrier from 0.6 to 0.15 eV and increase 

the desorption barrier from 0.6 to 0.9 eV, which suggests H2-D2 exchange reaction is limited by 

H2 desorption.  Spatially resolved X-ray photoelectron spectra obtained from the CSAFs were used 

to estimate the energy of the valence-band center as a function of alloy composition.  The v-band 

center shifted monotonically from -3.4 to -5.7 eV across the CuxAuyPd1-x-y CSAF.  This data 

provides the first experimental correlation of elementary reaction barriers with valence band 

energy across a continuous span of ternary alloy composition space. 

 

4.2 Introduction 

 

Pd is a  good membrane material  to obtain high purity H2 [1].  It has a strong ability to 

dissociate and dissolve H2, a high H2 selectivity versus other gases and the membrane costs are 

competitive [2, 3].  However, Pd has some drawbacks such as H2 embrittlement with temperature 

and sulfur poisoning [4-8].  These drawbacks often can be eliminated by alloying Pd with other 

metals such as Ag, Cu, Au, Fe, Y [9-16].  Alloying Pd with Au was reported to increase 

permeability of the membrane [17] and make the membrane more sulfur tolerant [9].  However, 

its high cost limits its usability [18].  Cu, on the other hand, can reduce the cost while still 

improving the properties of the pure Pd membranes [12, 19, 20].  

H2 transport through Pd membranes involves three main steps, H2 adsorbs dissociatively 

on the upstream side of the membrane surface, H atoms diffuse through the membrane and then 

H2 recombinatively desorbs from the downstream surface [21, 22].  The energetics of H2 

dissociation over pure Pd, pure Cu and pure Au have been well characterized.  H2 is known to 

dissociate on Pd without significant activation barriers [23-27].  However H2 dissociation over Cu 

is hindered by a large activation barrier (~0.5-0.7 eV) [28-33].  Au,  known as the noblest metal, 
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is actually the least active one for dissociative adsorption of H2 [34].  Recently, Au nanoparticles 

have received significantly more attention than bulk Au surfaces due to their remarkable catalytic 

performance [35].  However,  it is known that H2 does not adsorb on the Au(310) surfaces [36], 

H2 adsorption is an endothermic process on the Au(111) surface [37] and that H2 does not readily 

dissociate on Au (110) surfaces [38].  The lack of affinity of Cu and Au to H2 is usually attributed 

to the electronic structures of the surfaces and the fact that adsorbed species interact with d-band 

electrons of metal surfaces [1, 39, 40].  Cu has filled anti-bonding states, so the d-contribution of 

the bond is not attractive [41, 42].  Au also has a filled d-band, so when H2 comes in contact with 

the surface, it is  repelled [43].  

 Alloying Pd with Cu enhances membrane characteristics, as explained before.  In one study 

that  was conducted using scanning tunneling microscopy, evaporating a small amount of Pd atoms 

on Cu (111) surfaces was shown to largely enhance the dissociative sticking probability of low 

energy H2 molecules with respect to the inert Cu(111) surface [44].  A very similar result was also 

observed utilizing molecular dynamics calculations based on density functional theory, showing 

that isolated Pd atoms on Cu (111) significantly increase the reactivity of the otherwise inert, pure 

Cu surface.  The calculated energy barrier for H2 dissociation in this study is smaller than the 

previously reported values on Cu (111) by a factor of two: 0.23 eV vs ~0.46 eV [45].  O’Brien et 

al. showed that some Cu-Pd binary alloys were more active than pure Pd for the dissociation of H2 

[21].  Further, Gumuslu et al. managed to characterize the H2-D2 exchange reaction across a 

continuous composition space of CuxPd1-x alloys [46].  

Neurock et al., examined examine the effect of alloying Pd and Au on the kinetics of 

ethylene hydrogenation over well-defined Pd and Pd-Au surfaces using a first-principles-based 

dynamic Monte Carlo simulation method.  They found that the apparent turnover frequency 
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remained more or less constant with Au composition up to 12.5%.  Increasing the surface 

composition of Au was shown to weaken the strength of the metal−hydrogen bonds and also shut 

down sites for H2 adsorption and activation [47].  There are also other experimental and theoretical 

studies investigating different reactions across Au-Pd binary metals [48-51].  However, the effect 

of alloying Pd with Au and Cu on the energetics of the H2 dissociation reaction has not been 

investigated.  Hence, the activity-electronic structure–composition relationship for Cu-Au-Pd 

alloys that we present in this work provides benchmarks for further experimental and theoretical 

studies. 

In this study, a CuxAuyPd1-x-y CSAF that spans a continuous range of compositions                 

(x = 0 → 1 and y = 0 → 1) was used to characterize the activity for H2-D2 exchange.  Quantitative 

kinetic data has been obtained and analyzed to elucidate the mechanism and extract fundamental 

kinetic parameters for H2-D2 exchange as functions of alloy composition.  Within the Langmuir-

Hinshelwood framework for modeling surface reaction kinetics, H2-D2 exchange has the simplest 

possible reaction mechanism parameterized by just two rate constants: 𝑘𝑎𝑑𝑠, for the dissociative 

adsorption of H2 and 𝑘𝑑𝑒𝑠, for the recombinative desorption of H2.  By measuring these two rate 

constants over a range of temperatures, the activation barriers to dissociative adsorption (∆𝐸𝑎𝑑𝑠
‡

) 

and recombinative desorption (∆𝐸𝑑𝑒𝑠
‡

) can be estimated across CuxAuyPd1-x-y alloy composition 

space.  In addition, the valence band electronic structures of the alloys at each composition are 

obtained using X-ray photoelectron spectroscopy.  Overall, by combining our materials library 

CSAFs, our multichannel microreactor array, and our spatially resolved surface characterization 

techniques, we can correlate reaction barriers (∆𝐸𝑎𝑑𝑠
‡

 and ∆𝐸𝑑𝑒𝑠
‡

) with 𝜀𝑣(𝑥) across the entire 

CuxAuyPd1-x-y composition space.   
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4.3 Experimental 

 

4.3.1 CSAF preparation 

 
 

The CSAF samples were prepared by evaporative deposition of Cu, Au and Pd onto a         

14 × 14 × 2 mm3 polished Mo substrate (Valley Design Corp.) using a rotatable shadow mask 

CSAF deposition tool that has been described in detail previously [52].  Electron beam evaporation 

sources containing Cu, Au and Pd were positioned 120˚ apart from each other.  Deposition rates 

from all three sources were controlled by filament heating power and measured using a QCM.  The 

film thickness (~100 nm in this work) was controlled by the deposition time.  The positions and 

orientations of the shadow masks between the sources and the substrate result in a flux gradient 

across the substrate.  Mo was chosen as a substrate material because it does not alloy with Au, Cu 

or Pd and stabilizes the film against dewetting at annealing temperatures [53-56].  CSAFs were 

deposited at room temperature over periods of 6 to 8 h, annealed at 800 K for 1 h to induce 

crystallization and sputtered using a He+ beam under ultrahigh vacuum (UHV) conditions.  

 

4.3.2 Characterization of CSAF composition and electronic structure 

 

 

XPS analysis of the CuxAuyPd1-x-y CSAF was performed in a ThetaProbe™ (Thermo-Fisher 

Scientific Inc.) to map the local composition and the valence band electronic structure across the 

sample surface.  XPS characterization process was the same as described in Section 3.3.2.  

Spatially resolved maps of the Cu 2p3/2, Au 4f7/2 and Pd 3d3/2 XP spectra were obtained by lateral 

translation of the CSAF such that its plane intersected the source-analyzer focal point.  The 

obtained composition and valence band maps across the CSAF are given in the Results section 

(Section 4.4). 
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4.3.3 Characterization of H2-D2 exchange activity across CuxAuyPd1-x-y CSAF 

 
 

The H2-D2 exchange activity of the CuxAuyPd1-x-y CSAFs was measured by flowing H2, 

D2, and Ar through a 100-channel microreactor array.  The experimental setup used was explained 

in detail in Section 2.2.2.  CuxAuyPd1-x-y was prepared as explained in Section 2.2.2.  Mass flow 

controllers (Aalborg GFC 17) were used to regulate the flow rates of H2 (99.999%, Valley National 

Gases), D2 (99.999%, Valley National Gases) and Ar (99.999%, Valley National Gases) through 

the channels to the CSAF surface.  The area within each microreactor and corresponding to one 

catalyst composition across the ternary CSAF was approximately 0.006 cm2.  The inlet flow rates 

of H2, D2, and Ar were adjusted to the conditions listed in Table 4.1.  

Table 4.1. Flow rates of H2 (𝐹H2

in ), D2 (𝐹D2

in ), and Ar (𝐹Ar
in) for the eleven different gas conditions 

used during H2-D2 exchange experiments at 𝑃tot = 1 atm. Flow rates in one channel can be 

found by dividing the listed values into 102. The total flow rate is kept constant at 0.15 mL/min 

per channel. 

 

 
𝐹D2

in  

(mL/min) 

𝐹H2

in  

(mL/min) 

𝐹Ar
in 

(mL/min) 

𝑃D2
 

(kPa) 

𝑃H2
 

(kPa) 

1 5.00 5.00 5.00 33.8 33.8 

2 5.00 1.00 9.00 33.8 6.75 

3 5.00 0.50 9.50 33.8 3.38 

4 5.00 0.20 9.90 33.8 0.67 

5 5.00 0.10 9.80 33.8 1.35 

6 5.00 0.05 9.95 33.8 0.34 

7 10.00 0.05 4.95 67.5 0.34 

8 2.50 0.05 12.45 16.9 0.34 

9 1.00 0.05 13.95 6.75 0.34 

10 5.00 1.00 4.00 50.7 10.1 

11 5.00 1.00 14.00 25.3 4.05 
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The CSAF was heated by a thermocouple spot-welded to one of its sides.  The experiments 

were performed over a temperature range of 333 K to 533 K with 20 K increments and at 

atmospheric pressure.  At each temperature, approximately 4 minutes were required to allow the 

system to reach steady state.  The product gas mixture from each of the 100 different reaction 

volumes was sent to the mass spectrometer for quantification.  The CSAF surface was pretreated 

with H2 prior to the experiments.  Also, between each set of experiments the CSAF surface was 

left in contact with flowing H2.  

The composition of the reaction products was calculated using the mass spectrometer 

signals at m/q = 2, 3, and 4 amu obtained from the product gas samples.  Two extra channels were 

added to the microreactor system, one of which is an empty capillary, which allows the reactant 

gas mixture to bypass the microreactor.  This channel gave the signals at m/q = 2, 3, and 4 amu 

when there is no H2-D2 exchange activity.  These signals are our baseline, which indicates zero 

conversion.  The second channel is also a capillary through which the reactant gas mixture 

bypasses the microreactor.  A coiled flow reactor filled with Pd is attached to the end of this extra 

channel.  By heating the Pd wire to a temperature that ensures equilibrium conversion of the 

product gases, we can collect signals of m/q = 2, 3, and 4 amu at equilibrium conversion.  With 

these extra channels, the mass spectrometer signals can be calibrated after each experiment.  The 

composition of the product gases can be calculated by assuming that the H2, HD, and D2 mass 

spectrometer signals sampled from the product gas are proportional to the H2, HD, and D2 partial 

pressures exiting the microreactor between zero and equilibrium conversion.  
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𝑆2 = (1 − 𝑋)𝑆2
𝑧𝑒𝑟𝑜 + 𝑋𝑆2

𝑒𝑞                                                    (4.1) 

𝑆3 = (1 − 𝑋)𝑆3
𝑧𝑒𝑟𝑜 + 𝑋𝑆3

𝑒𝑞                                                    (4.2) 

𝑆4 = (1 − 𝑋)𝑆4
𝑧𝑒𝑟𝑜 + 𝑋𝑆4

𝑒𝑞                                                    (4.3) 

 

where X is conversion and S is the mass spectrometer signal collected.  Subscripts 2, 3, and 4 show 

the m/q values.  Superscript zero represents our baseline, the signals collected from the zero 

conversion channel.  Superscript eq represents the signals collected when the reaction has reached 

equilibrium, or full conversion.  Linear least squares regression is used to calculate conversions.  

At equilibrium, the composition of the product gases H2, HD, and D2 can be calculated by 

 

𝑃𝐻𝐷
2

𝑃𝐻2
𝑃𝐷2

= 4.16 𝑒𝑥𝑝 (
−77.7

𝑇
)                                                        (4.4) 

 

 

where T is temperature (K); and 𝑃H2
, 𝑃D2

 and 𝑃HD are the partial pressures of H2, D2 and HD, 

respectively [57].  

H2 conversions were measured at 100 channels at T = 333 - 593 K at 11 different inlet flow 

conditions specified in Table 4.1. The measured conversions were used to calculate the kinetic 

parameters, i.e. the activation barriers to dissociative adsorption (∆𝐸𝑎𝑑𝑠
‡

) and recombinative 

desorption (∆𝐸𝑑𝑒𝑠
‡

) for the catalytic H2-D2 exchange reaction as a function of CuxAuyPd1-x-y alloy 

composition.  A detailed explanation of the microkinetic model and calculation methods has been 

given in Section 3.4.  
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4.4 Results and discussion 

 

4.4.1 Performance of the microreactor 

 
During the course of this work, we have developed a new design for our microreactors as 

explained in detail in the Experimental section (Section 2.2.2).  After the multichannel 

microreactor system is set up, the first step was to measure the flow rates through individual 

channels.  Using an automated valve, the gas flow of Ar and N2 was alternated at the inlets to the 

microreactor and the time for N2 to reach the end of the output capillary for each channel was 

measured.  The measured transit times through each of the 100 individual channels are shown in 

Figure 4.1.  The measured transit times depend on the flow rates used (𝐹𝑁2
 = 𝐹𝐴𝑟 = 10 mL/min) 

and the volumes of each channel. The mean transit time was measured to be approximately 42 

seconds.  The standard deviation of the transit times for the 100 channels was found to be 2.3% of 

 
Figure 4.1. The measured gas transit times through each of the 100 microreactor channels. 
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their mean value.  Since transit time and flow through the channel are inversely related, this number 

also characterizes the standard deviation in flow rate through the microreactor array. 

The ability of the multichannel microreactor system to characterize the catalytic activity 

across CSAFs was also tested.  The H2-D2 exchange reaction, which has the simplest possible 

reaction mechanism (shown schematically at the inset of Figure 4.2), was chosen to run 

preliminary reaction kinetics experiments across a pure Pd film.  As seen in Figure 4.2, uniform 

activity was observed across the pure Pd film at the specified reaction temperature.  Changing the 

reaction temperature and the reactant flow rates, permits collection of a large amount of kinetic 

data for comparisons of catalytic activity in a short amount of time. 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 4.2. In order to test the performance of the multichannel microreactor system in 

capturing catalytic activity across the CSAFs, H2-D2 exchange across a pure Pd film was 

investigated. H2 conversion was chosen to be the indicator of catalytic activity. The graph 

shows how catalytic activity changes across the Pd film. Uniform activity has been observed 

across the Pd surface. In the inset, the schematic representation of the H2-D2 exchange reaction 

is given. 
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4.4.2 Characterization of CSAF composition 

 

   Spatially resolved measurements of CuxAuyPd1-x-y composition were made using XPS 

across a 13 × 13 grid with 1 mm spacing, as shown in Figure 4.3.  

 

 

The generated composition maps for all three components, Cu, Au, and Pd, are given in 

Figure 4.4.  Composition changes from 0% to almost 100%, which shows that nearly the full 

composition range for Cu, Au and Pd was covered.  The gradient is widespread, which makes it 

possible to analyze a large amount of distinct ternary alloy compositions.  This can be seen by 

looking at the ternary composition map in Figure 4.5, where the measurement points are marked 

as black squares.  The even distribution of points shows that CSAF spans all ternary alloy 

composition space.  Having several data points on the edges shows that we also have all three 

binary alloys (Cu-Pd, Au-Pd, and Cu-Au) on the CSAF.  The CSAF surface is 14 × 14 mm2, 

however, our multichannel microreactor array only covers 10 × 10 mm2 at the center of the CSAF 

substrate.  The alloy compositions on the 10 × 10 reactor grid are determined using a composition 

 
Figure 4.3. Photograph of the ternary CuxAuyPd1-x-y CSAF with an overlaid grid of real-space 

coordinates across which the XPS measurements are performed. 
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distribution model (CDM), which was developed in our group.  CDM provides a quantitative basis 

for estimating composition continuously at all locations across the CSAF from a set of discrete 

measurements, and is based on simplifying assumptions regarding the evaporative flux profiles 

produced by the rotatable shadow mask deposition tool.  The details of the model can be found 

elsewhere [58].  The composition space showing all the 100 different alloy compositions that 

corresponds to each of the 100 channels in the multichannel microreactor array can be seen in 

Figure 4.5-b. 
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Figure 4.4. Concentration distribution (at. %) obtained with XPS for Cu, Au, and Pd across a 

CuxAuyPd1-x-y CSAF. 
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Figure 4.5. a) CuxAuyPd1-x-y alloy compositions across 14 × 14 mm2 substrate surface (a 13 × 

13 grid with 1 mm spacing). b) CuxAuyPd1-x-y alloy compositions covered in ternary space. 

Each of the red dots represent a different alloy composition corresponding to the 100 different 

microreactor channels.  
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4.4.3 Characterization of CSAF electronic structure 
 
 

XPS was used to map the valence band electronic structure of the CuxAuyPd1-x-y CSAF 

across a 13 × 13 grid with 1 mm spacing, as shown in Figure 4.3.  Figure 4.6 illustrates the 

background subtracted v-band spectra mapped at 169 discrete locations across the CuxAuyPd1-x-y 

CSAF.  The spectra are plotted as functions of energy with respect to the Fermi level (𝜀𝐹), which 

is located at zero on the energy scale.  Since we have a ternary alloy, it is not straightforward to 

interpret this data, however, it can be said that the density of states shifts towards the Fermi level 

as the Pd composition increases.   

 
 

 
Figure 4.6. Background subtracted XP spectra of 169 different CuxAuyPd1-x-y compositions 

across the entire composition space. 
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Cu and Au have filled d-bands whereas Pd has almost full d-band (9 to 10 electrons). 

Interesting feature of Pd is that it has broader d-bands than Au or Cu.  For Pd, the bottom of the 

valence s-band is situated below the binding energy of −5 eV and the top of the sp-band is above 

𝜀𝐹, leaving the energy range of 0–3 eV below 𝜀𝐹 for the d-bands [59].  We have obtained a very 

similar energy range for Pd (red line of Figure 4.7).  Figure 4.7 shows the obtained XPS spectra 

for almost pure Cu, almost pure Au, and almost pure Pd.  Using the spectrum for Pd in Figure 4.7, 

we can say that as the Pd concentration of the alloy increases, more states closer to the Fermi level 

are filled.  In contrast, as the amount of Cu and Au in the alloy increases, the density of filled states 

shifts further away from Fermi level.  When the spectrum of Cu0.98Au0Pd0.02 (almost pure Cu, black 

 

 
Figure 4.7. Background subtracted XPS spectra for the three extreme compositions across the 

CuxAuyPd1-x-y CSAF. These three compositions represent pure Cu, pure Au and pure Pd. 
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line of Figure 4.7) is compared with Cu0.06Au0.92Pd0.02 (almost pure Au, blue line of Figure 4.7), it 

is obvious that Au has a distinct peak at around -8 eV.  From the detailed analysis of the spectra 

given in Figure 4.6, we observed that as Au content increases in the alloy, the intensity of this peak 

also increases.  

The XPS-derived average energy of the filled v-band, 𝜀𝑣(𝑥), was calculated (Equation 4.5) 

from the background subtracted v-band spectra (Figure 4.6) obtained from the CuxAuyPd1-x-y CSAF 

[60]. 

 

𝜀𝑣 =
∫ 𝑁(𝜀) 𝜀 𝑑𝜀

∫ 𝑁(𝜀) 𝑑𝜀
                                                                       (4.5) 

 

where 𝜀 is the energy of the filled state in the valence band relative to the Fermi level (𝜀𝐹) and 

N(ε) is the density of filled states at that energy which is proportional to the intensity of v-band 

spectrum.  The XPS-derived average energy of the filled v-band (𝜀𝑣) was calculated over the 

binding energy range -10 to 0 eV.  The change in v-band energy with respect to CuxAuyPd1-x-y 

composition can be observed in Figure 4.8.  The results on two different ternary diagrams were 

obtained across two different CuxAuyPd1-x-y  CSAFs and show high degree of reproducibility.  The 

average energy of the CuxAuyPd1-x-y v-band shifts toward the Fermi level as the Pd content 

increases, i.e. as the color changes from green to red.  This result is in good agreement with the 

observation from Figure 4.6.  Estimates of d-band center values for pure metals (Cu, Au, or Pd) 

are available in the literature, most having been obtained from electronic structure calculations.  

The range of d-band energies reported for pure Cu is 𝜀𝑑 = −3.6 −  2.0  𝑒𝑉 [61-66], roughly 1 eV 

higher than our measurement of  𝜀𝑣
𝐶𝑢 = −4.5  𝑒𝑉 (Figure 4.8).  For Au, a wide range of d-band 

energies are reported, 𝜀𝑑 = −4.45 𝑡𝑜 − 2.5 𝑒𝑉 [39, 40, 42, 63, 66-71].  There is an offset between 
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these values and the one measured in our study, 𝜀𝑣
𝐴𝑢 = −5.3  𝑒𝑉.  For Pd, values in the range     

𝜀𝑑 = −2.64 𝑡𝑜 − 2.02 𝑒𝑉 [39, 62, 63, 69, 72-74] were reported, which is about 1 eV higher than 

our measurement of 𝜀𝑣
𝑃𝑑 = −3.4  𝑒V.  There are significant differences between the literature 

values of d-band center and our measurements.  This may be because of the use of different 

calculation approaches which causes variations in the density of states (DOS) [75].  For a given 

DOS, the choice of upper and lower integration limits can cause differences in the values of             

d-band center [39, 76].  Another reason for this offset may be an incomplete background 

subtraction of secondary electrons contributing to the XP spectra at high binding energies.  We 

can say that the composition dependence of the XPS-derived v-band energy is a very good proxy 

for the d-band energy since the shift in the energy of the filled portion of the total DOS follows 

that of the d-band, as determined using electronic structure calculations.  
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Figure 4.8. XPS-derived average energy of the filled v-band relative to the Fermi level of 

CuxAuyPd1-x-y  CSAF versus Pd   (at. %) compositions. 
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4.4.4 H2-D2 Exchange on the CuxAuyPd1-x-y CSAF 

 

H2-D2 exchange over the CuxAuyPd1-x-y CSAF was carried out by feeding H2, D2, and Ar 

mixtures into the microreactor at constant temperature, partial pressures and flow rates, while 

monitoring the product gas composition by mass spectrometry.  Mass spectrometer signals were 

converted to conversion, 𝑋, for 100 different CuxAuyPd1-x-y compositions, x and y, at 11 different 

temperatures, 𝑇, and 11 different flow conditions.  Within these conditions, the CuxAuyPd1-x-y 

CSAF surface was found to give stable reactivity during successive experiments, as can be seen 

from the example in Figure 4.9.  The measured conversions were plotted in Figure 4.9 as a function 

of T for four randomly selected alloy compositions for two successive experiments.  
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Figure 4.9. HD flow rate in the outlet measured at four different positions across the 

CuxAuyPd1-x-y CSAF versus temperature for two successive experiments. The inlet flow rate 

contains 0.05 mL/min H2, 0.05 mL/min D2 and 0.05 mL/min Ar per channel. The closeness of 

black and red data points shows that the surface is giving reproducible reactivity.  
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Collected X versus 𝑇 for all the inlet conditions listed in Table 4.1 is then converted to the 

flow rate of produced HD using Equation 3.26.  Calculated HD flow rates for all inlet flow 

conditions across all 100 different CuxAuyPd1-x-y compositions are given in Figure 4.10. 
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Figure 4.10. HD flow rate versus temperature measured across CuxAuyPd1-x-y composition 

space.  For all 100 CuxAuyPd1-x-y compositions, conversion increases with increasing  𝑇 and 

decreasing x and y. Flow conditions in one channel are labeled on each figure. (𝑃𝑡𝑜𝑡 = 1 atm) 
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Across the CSAF, H2-D2 exchange activity increases with increasing 𝑇 and decreasing Cu 

and Au content, x and y.  At 𝑇 = 333 K, the conversion was 𝑋 ≈ 0 at all alloy compositions.  

Experiments should be performed far below equilibrium conversion, since at equilibrium it is not 

possible to detect differences in catalytic activity across the CSAF.  Therefore, the maximum 

temperature tested was 𝑇 = 533 K.  However, it is possible to test higher temperatures and lower 

flow rates if equilibrium conversion is desired.  We made sure the H2-D2 exchange reaction 

progressed far enough so the product concentration would be easily measurable.  Each data point 

in Figure 4.10 was collected under isothermal conditions; the CSAF was heated at 1 K/s and then 

held at constant temperature for ~4 min to reach steady state before sampling HD production across 

all 100 alloy compositions.   

H2 conversion as a function of alloy composition across the CuxAuyPd1-x-y  CSAF can better 

be represented using a ternary diagram.  Waterfall plots given in Figure 4.10 show the collected 

data as a function of T at different Pd concentrations.  Since we have a ternary alloy, this may not 

be useful in understanding the effect of Cu and Au addition to Pd on catalytic activity.  One 

example of a ternary diagram showing how measured conversion changes with Cu, Au and Pd 

content for the inlet flow consisting of 0.05 mL/min H2, 0.05 mL/min D2, and 0.05 mL/min Ar (per 

channel) at 533 K is given in Figure 4.11.  This diagram shows that as the color gradient changes 

from blue to green, which is also the direction of increasing Pd content, X increases.  So, the highest 

conversions are achieved on the Pd-rich side of the CSAF.  It should be noted that for the equimolar 

flow conditions at 533 K the equilibrium conversion is ~0.49.  
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The black edge of the triangle represents the Cu-Au binary alloy compositions on the 

CSAF, the blue edge represents Au-Pd binary compositions, and the red edge represents Cu-Pd 

binary compositions.  In Figure 4.11, if one of the iso-activity lines is followed from the blue edge 

to red edge, i.e. from the Au-Pd binary region to the Cu-Pd binary region, one can see that Au-Pd 

binary alloys are slightly more active than Cu-Pd binary alloys because they give the same activity 

with less Pd content.  
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Figure 4.11. Ternary composition space showing how the catalytic activity of the H2-D2 

exchange reaction changes with Cu, Au and Pd composition across the CuxAuyPd1-x-y CSAF. H2 

conversion was selected to be the indicator of activity and was measured at 533 K for the inlet 

flow 0.05 mL/min H2 + 0.05 mL/min D2 + 0.05 mL/min Ar.  
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Figure 4.12 shows how H2 conversion changes with temperature across the real physical 

space of the CuxAuyPd1-x-y CSAF.  At 𝑇 = 333 K, H2 conversion is X ≈ 0 across the entire CSAF.  

As T increases, the activity also increases, especially across the Pd-rich side of the CSAF.  Further, 

when Figure 4.12 is compared with the CSAF’s XPS composition map (Figure 4.4), there is higher 

activity for the Au-Pd binary region than for the Cu-Pd binary region.  In Figure 4.12, the bottom 

edge represents the Cu-Pd binary region and the right edge represents the Au-Pd binary region.  At 

533 K, a wider green region is observed at the bottom edge, showing that side is more active than 

the right edge.  

 

   

 

Figure 4.12. H2-D2 exchange conversion across CuxAuyPd1-x-y CSAF at T = 333 K, 433 K and 

533 K. Inlet flow was 0.05 mL/min H2, 0.05 mL/min D2, and 0.05 mL/min Ar per channel. 
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The pressure dependence of HD production from H2-D2 exchange over CuxAuyPd1-x-y alloys 

has been investigated across the temperature range 𝑇 = 333 - 533 K by varying 𝑃H2
 and  𝑃D2

 

independently.  The first 6 rows of Table 4.1 correspond to the inlet conditions where 𝑃D2
 was 

kept constant while changing 𝑃H2
.  Rows 6 to 9 of Table 4.1 correspond to the inlet conditions 

where 𝑃H2
was kept constant while changing 𝐷.  Rows 2, 10 and 11 belong to the set of experiments 

where the total pressure (𝑃D2
+ 𝑃H2

) changes for 𝑃D2
/𝑃H2

 = 5.  For all experiments, activity was 

found to increase with T.   

 

Figure 4.13 shows HD flow rates, 𝐹HD
out obtained for two different CuxAuyPd1-x-y 

compositions and five different feed gas conditions, where 𝐹𝐷2
 is kept constant at 5 mL/min (0.05 

mL/min per channel).  FD2
 is changed from 5 mL/min to 0.05 mL/min (0.05 mL/min to 0.0005 

mL/min per channel).  The total flow rate per channel is kept constant at 0.15 mL/min.  The 

 

  

Figure 4.13. a), b) HD flow rate in the outlet measured for two CuxAuyPd1-x-y alloy 

compositions vs. T for five inlet flow conditions. Solid squares are the experimental 

measurement points and the solid lines are the fits of the data to the microkinetic model. 

 

 



109 
 

experimental values of the HD flowrates for the five different feed conditions are shown as the 

discrete data points while the fits to the microkinetic model are represented as the solid lines.  The 

quality of the fit can be assessed using these 𝐹HD
out versus T plots.  A parity plot (Figure 4.14) 

comparison of the modeled HD flow rates (solid lines) and the experimental HD flow rates shows 

that the model fits the experimental data (12100 values of FHD
out) well for all catalyst compositions 

across the entire temperature range of the experiment (T = 333 - 593 K).    
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Figure 4.14. Parity plot of the HD flow rates predicted by the microkinetic model vs. 

experimental measurements. Data are shown for all 100 CuxAuyPd1-x-y compositions (x = 0 – 1, 

y = 0 - (1 - x)) at 11 different temperatures (T = 333–533 K) and 11 inlet flow conditions (Table 

4.1). 
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4.4.5 Kinetic Parameters for H2-D2 Exchange on the CuxAuyPd1-x-y CSAF 

 

 

The comprehensive dataset obtained using high throughput methods and the microkinetic 

model have been used to estimate the kinetic parameters, ν𝑎𝑑𝑠, ν𝑑𝑒𝑠, ∆𝐸𝑎𝑑𝑠
‡

 and ∆𝐸𝑑𝑒𝑠
‡

 for each 

CuxAuyPd1-x-y alloy composition.  Previous studies have shown that the pre-exponential factors are 

fairly independent of alloy composition [21, 46].  So in this study, model fitting was performed by    

fixing the pre-exponents to their transition state theory values of ν𝑎𝑑𝑠 = 10−4 mol/m2/s/Pa and 

ν𝑑𝑒𝑠 = 106 mol/m2/s [77] and only varying ∆𝐸𝑎𝑑𝑠
‡

 and ∆𝐸𝑑𝑒𝑠
‡

.  Values for ∆𝐸𝑎𝑑𝑠
‡

 are plotted in 

Figure 4.15-a and standard errors on estimated ∆𝐸𝑎𝑑𝑠
‡  are plotted in Figure 4.15-b.  It was seen that 

the value of ∆𝐸𝑎𝑑𝑠
‡

 decreases from ~0.6 eV to ~0.15 eV with increasing Pd content.  When the Pd 

content is more than 50 at.%,  similar ∆𝐸𝑎𝑑𝑠
‡

 values were calculated for both Cu-Pd and Au-Pd 

binary regions, as well as for the Cu-Au-Pd ternary alloy compositions. 

 

 

 

 

Figure 4.15. a) Barriers for H2 adsorption as a function of CuxAuyPd1-x-y alloy composition and 

b) standard errors (SE) on estimated adsorption barriers.  
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Values for ∆𝐸𝑑𝑒𝑠
‡

 are plotted in Figure 4.16-a and standard errors on estimated ∆𝐸𝑑𝑒𝑠
‡  are 

plotted in Figure 4.16-b for all 100 different alloy compositions across the CuxAuyPd1-x-y CSAF.  

However, the standard errors observed on  ∆𝐸𝑑𝑒𝑠
‡   showed a high degree of uncertainty when Pd 

content was less than ~20 at.%.  So these points were not used for further discussion of ∆𝐸𝑑𝑒𝑠
‡

.  

Figure 4.16-c and Figure 4.16-d shows the calculated  ∆𝐸𝑑𝑒𝑠
‡

 and their standard errors after the 

 

 
 

 
 

Figure 4.16. a) Barriers for H2 desorption as a function of CuxAuyPd1-x-y alloy composition and 

b) standard errors (SE) on estimated desorption barriers for all 100 different points across the 

CSAF. c) ∆𝐸𝑑𝑒𝑠
‡

 as a function of CuxAuyPd1-x-y alloy composition and d) standard errors (SE) 

on estimated desorption barriers after discarding the points giving very high SEs.  
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erroneous points are discarded (the values across the white region in Figure 4.16c and d).  It is 

observed that the value of ∆𝐸𝑑𝑒𝑠
‡

 decreases from ~0.9 eV to ~0.6 eV as Pd content increases.  In 

the region where ∆𝐸𝑑𝑒𝑠
‡

 exhibits low SEs, ∆𝐸𝑑𝑒𝑠
‡

 is found to be greater than ∆𝐸𝑎𝑑𝑠
‡

, suggesting that 

the rate-limiting step for the H2-D2 exchange reaction is the recombinative desorption of HD.  For 

the composition range Pd at.% < 20, the microkinetic modeling of H2-D2 exchange kinetics 

yielded high values of SE in  ∆𝐸𝑑𝑒𝑠
‡

 that was greater than the magnitude of ∆𝐸𝑑𝑒𝑠
‡

 itself, 𝜎𝐸𝑑𝑒𝑠
‡ >

 ∆𝐸𝑑𝑒𝑠
‡

.  This can be interpreted as an insensitivity of the H2-D2 exchange kinetics over Cu and Au 

to the value of ∆𝐸𝑑𝑒𝑠
‡

 due to dissociative adsorption being the rate-limiting step in this region.  This 

observation suggests that in the region where Cu and Au dominates the composition of the alloy, 

the rate-limiting step changes from recombinative desorption of HD to dissociative adsorption of 

H2/D2. For Pd at.% > 50, both calculated values for ∆𝐸𝑎𝑑𝑠
‡

 and ∆𝐸𝑑𝑒𝑠
‡

 are fairly independent of 

composition.  For this region, ∆𝐸𝑎𝑑𝑠
‡

 was calculated to be ~ 0.16 eV and ∆𝐸𝑎𝑑𝑠
‡

 was calculated to 

be ~ 0.6 eV.  Very similar catalytic activities were also be achieved for the H2-D2 exchange reaction 

for alloys containing 50 at.% Pd  as for pure Pd.  This observation is  promising since it enables 

the preparation of reduced cost catalysts  when comparing the $0.01/g price of Cu [78] with Pd 

($32.43/g) [79] and Au ($41.56/g) [80]. 

O’Brien et al. measured the values of ν𝑎𝑑𝑠, ν𝑑𝑒𝑠, ∆𝐸𝑎𝑑𝑠
‡

 and ∆𝐸𝑑𝑒𝑠
‡

 for the steady state 

catalytic H2-D2 exchange reaction over fixed beds of Cu, Cu0.53Pd0.47, Cu0.30Pd0.70, and Pd in a 

conventional flow reactor [21].  In that study, the adsorption barrier for Cu0.53Pd0.47 was reported 

to be ∆𝐸𝑎𝑑𝑠
‡ = 0.15 ± 0.02 𝑒𝑉 and the desorption barrier for Cu0.53Pd0.47 was reported to be 

∆𝐸𝑑𝑒𝑠
‡ = 0.67 ± 0.03 𝑒𝑉.  Gumuslu et al. measured the values of ν𝑎𝑑𝑠, ν𝑑𝑒𝑠, ∆𝐸𝑎𝑑𝑠

‡
 and ∆𝐸𝑑𝑒𝑠

‡
 for 

steady state catalytic H2-D2 exchange  across a CuxPd1-x CSAF.  In that study, the adsorption barrier 
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for Cu0.53Pd0.47 was reported to be ∆𝐸𝑎𝑑𝑠
‡ ≈ 0.11 𝑒𝑉 and the desorption barrier for Cu0.3Pd0.7 was 

reported to be ∆𝐸𝑑𝑒𝑠
‡ ≈ 0.6 𝑒𝑉.  In our study, the adsorption barrier for Cu0.28Au0Pd0.72 was 

reported to be ∆𝐸𝑎𝑑𝑠
‡ = 0.16 𝑒𝑉 ± 0.01 𝑒𝑉 and the desorption barrier for Cu0.28Au0Pd0.72 was 

reported to be ∆𝐸𝑑𝑒𝑠
‡ = 0.6 ± 0.01 𝑒𝑉.  Both of these results display good agreement.  

 

4.4.6 Reaction Rate Analysis of H2-D2 Exchange on CuxAuyPd1-x-y CSAF 

 
 

Figure 4.17 displays the experimental HD production rate on five different CuxAuyPd1-x-y 

compositions at 433 K as a function of 𝑃H2
, while 𝑃D2

 was held constant at 34 kPa.  A positive 

dependence of the HD production rate was observed at all different temperatures tested, as well as 

on the growing 𝑃H2
 (from a small partial pressure), while 𝑃D2

remained constant (at a relatively 

high pressure).  The calculated slopes are very close to 1, which suggest that the reaction is first 

order with respect to 𝑃𝐻2
.   

 

Figure 4.17. Plot of experimental HD production rate on five different CuxAuyPd1-x-y 

compositions (as listed on the figure) at 433 K as a function of 𝑃𝐻2
with 𝑃𝐷2

constant at 34 kPa. 

 

ggfg 
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Figure 4.18 displays the experimental HD production rate on five different CuxAuyPd1-x-y 

compositions at 433 K as a function of 𝑃D2
, while 𝑃H2

 was held constant at 0.34 kPa.  A zero slope 

was detected with increasing 𝑃H2
 (at a relatively high partial pressure), while 𝑃D2

 was held constant 

(at a small partial pressure). 

 

The experimental formal reaction orders with the reaction orders predicted by the classical 

Langmuir-Hinshelwood model for the H2/D2 pressures are summarized in Table 4.2.  The 

theoretical reaction orders are derived analytically using the microkinetic model described in the 

previous chapter (Section 3.4).  For the inlet conditions, where 𝑃D2
is constant and 𝑃H2

is changing, 

the reaction orders obtained from experiment match the analytical solution of the Langmuir-

Hinshelwood model.  For the other case, where 𝑃H2 is constant and 𝑃D2
 is changing, we observed 

zero order dependency of reaction order on  𝑃D2
.  When the surface coverage is close to 0, 

 

 

Figure 4.18. Plot of experimental HD production rate on five different CuxAuyPd1-x-y 

compositions (as listed on the figure) at 433 K as a function of 𝑃𝐷2
with 𝑃𝐻2

constant at 0.34 kPa. 
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𝜃𝐻/𝐷,𝑠𝑢𝑟𝑓 ≈ 0, the Langmuir-Hinshelwood model predicts the reaction order to be zero.  So, it can 

be said that the classical Langmuir-Hinshelwood model predicts the HD production rate well when 

the coverage of the surface species is close to zero.  

  

 The total coverage of H and D atoms during H2-D2 exchange over 100 different  

CuxAuyPd1-x-y alloy compositions was calculated using Equation 3.14 and the kinetic parameters, 

∆Eads
‡

 and ∆Edes
‡

, were extracted from the microkinetic model.  Figure 4.20 shows the total 

coverage of H and D atoms on five different CuxAuyPd1-x-y alloy compositions, and Figure 4.20 

shows the total coverage of H and D atoms on Cu0.02Au0.03Pd0.95 for four different inlet gas 

conditions over the temperature range T = 333 - 533 K.  At low temperature (~350 K), the catalyst 

surface is nearly saturated with H and D atoms for different CuxAuyPd1-x-y alloy compositions.  As 

temperature increases, the total coverage decreases for all feed conditions.  Keeping 𝑃H2
 constant 

and reducing 𝑃D2
 (going from the red solid line to the pink solid line in Figure 4.21-b) reduces the 

rate of D2 adsorption so that the total coverage of H and D atoms decreases.  Since the coverage 

of H and D atoms are very low, it can be said that the Langmuir-Hinshelwood model does well at 

predicting the reaction order at high temperatures (T > 360 K). This is due to the fact that at high 

temperatures, only surface H and D species are present [81].   

  

Table 4.2. Experimental and theoretical reaction orders for different inlet conditions. 

Inlet conditions Experiment Langmuir-Hinshelwood 

Constant 𝑃H2
 

(Changing 𝑃D2
) 

 

+0.95 ± 0.02 
 

~𝟏 

Constant 𝑃D2
 

(Changing 𝑃H2
) 

 

−0.01 ± 0.01 
 

~ − 𝟏 𝒐𝒓 𝟎 
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Figure 4.19. Total coverage of H and D atoms during H2-D2 exchange reaction over three 

different AgxPd1-x alloy compositions (x = 0.01, 0.2, 0.37) as a function of T. The flow contains 

9 mL/min H2, 0.009 mL/min D2 and 20.991 mL/min Ar. 

 

 

 
 

Figure 4.20. Total coverage of H and D atoms during H2-D2 exchange as a function of T for 

four different inlet flow compositions. The coverage is calculated using Equation (3.14) and 

the kinetic parameters, 𝜈𝑎𝑑𝑠, 𝜈𝑑𝑒𝑠, ∆𝐸𝑎𝑑𝑠
‡

 and ∆𝐸𝑑𝑒𝑠
‡

, are extracted from the microkinetic model. 
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4.4.7 Correlation of activity and structure across composition space 

 

  One of the goals of this study has been to correlate fundamental kinetic parameters for 

catalytic H2-D2 exchange over CuxAuyPd1-x-y alloys with characteristics of their electronic 

structure.  Computationally, this can be achieved using DFT for various catalytic processes by 

correlating the calculated mean energy of the d-band, 𝜀𝑑, of various metals with the calculated 

barriers, ∆𝐸‡, to elementary reaction steps on their surfaces [1, 39, 73, 82].  In this work, we have 

used XP spectra from a CuxAuyPd1-x-y CSAF to measure the energy of the filled valence band 

center, 𝜀𝑣(𝑥), and microkinetic modeling to calculate the ∆𝐸𝑎𝑑𝑠
‡

 and ∆𝐸𝑑𝑒𝑠
‡

 for the H2-D2 

exchange reaction.  The correlation between these parameters are plotted in Figure 4.22 for 

different CuxAuyPd1-x-y alloy compositions.  The correlation shows that as 𝜀𝑣 shifts toward the 

Fermi level, ∆𝐸𝑎𝑑𝑠
‡ (𝜀𝑣) and ∆𝐸𝑑𝑒𝑠

‡ (𝜀𝑣) decrease slightly and then plateaus at ∆𝐸𝑎𝑑𝑠
‡ (𝜀𝑣) =

~0.16 𝑒𝑉 and ∆𝐸𝑑𝑒𝑠
‡ (𝜀𝑣) = ~0.6 𝑒𝑉.  As discussed in previous sections, these values correspond 

to the alloy compositions containing more than ~40 at.% of Pd.  To the best of our knowledge, 

this is the first experimental study that correlates fundamental kinetic parameters for the H2-D2 

exchange reaction over CuxAuyPd1-x-y alloys with characteristics of their electronic structure.  
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4.5 Conclusions 

 
 

In this study, catalytic the H2-D2 exchange reaction was investigated across CuxAuyPd1-x-y 

composition space by using a high throughput methodology.  A materials library spanning 

CuxAuyPd1-x-y composition space from x = 0 - 1 and y = 0 - (1 - x) was prepared using the rotatable 

shadow mask deposition tool, as explained in Section 2.2.1.2.  The characterization of composition 

and electronic structure across the CSAF was performed using XPS.  Also, catalytic reactivity at 

100 discrete positions (100 different alloy compositions) across the CSAF was measured using the 

multichannel microreactor array, as described in Section 2.2.2.  Coupling spatially resolved 

characterization techniques and the high throughput reaction system, composition – catalytic 

activity – electronic structure correlation for Cu-Au-Pd ternary alloys has been investigated across 

 

Figure 4.21. Energy barriers for dissociative adsorption of H2, ∆𝐸𝑎𝑑𝑠
‡ (𝑥, 𝑦),  (black) and 

associative desorption of H2, ∆𝐸𝑑𝑒𝑠
‡ (𝑥, 𝑦),  (red) as a function of  v-band center energy measured 

across the CuxAuyPd1-x-y CSAF. 
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a continuous composition space.  We found that the activity increased with increasing Pd at.%.  

Microkinetic analysis of the reaction showed that the H2-D2 exchange reaction was limited by the 

rate of desorption across the CSAF, except  where Pd content is less than ~15 at.%.  Obtained        

v-band spectra showed that v-band center moved closer to the Fermi level with increasing Pd 

content in the alloy.  When correlating kinetic parameters and electronic structure, i.e. ∆𝐸𝑎𝑑𝑠
‡

 

and ∆𝐸𝑑𝑒𝑠
‡

 vs 𝜀𝑣, it was observed that both adsorption and desorption barriers decrease as v-band 

center changes from -5.5 eV to -4.5 eV.  At the Fermi level, both ∆𝐸𝑎𝑑𝑠
‡

 and  ∆𝐸𝑑𝑒𝑠
‡

 were found to 

be independent of the v-band center of the alloy.  

With these results, we were able to show that our high throughput methodology can be 

successfully applied to ternary, as well as binary alloys.  Using this methodology, we were able to 

correlate the fundamental kinetic parameters for the H2-D2 exchange reaction with the electronic 

structure of the ternary alloy catalyst across a wide composition range.  
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4.6 Appendix: HD Flow Rate vs. Temperature across CuxAuyPd1-x-y Composition Spac 
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Figure 4.22. HD flow rate versus temperature measured across CuxAuyPd1-x-y composition 

space.  For all 100 CuxAuyPd1-x-y compositions conversion increases with increasing  𝑇 and 

decreasing x and y. Flow conditions in one channel are labeled on each figure. (𝑃tot = 1 atm) 
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Figure 4.22. cont’d HD flow rate versus temperature measured across CuxAuyPd1-x-y 

composition space.  For all 100 CuxAuyPd1-x-y compositions conversion increases with 

increasing  𝑇 and decreasing x and y. Flow conditions in one channel are labeled on each figure. 

(𝑃tot = 1 atm) 
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Figure 4.22. cont’d HD flow rate versus temperature measured across CuxAuyPd1-x-y 

composition space.  For all 100 CuxAuyPd1-x-y compositions conversion increases with 

increasing  𝑇 and decreasing x and y. Flow conditions in one channel are labeled on each figure. 

(𝑃tot = 1 atm) 
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CHAPTER 5 

Characterization of Composition, Electronic Structure and Ethylene 

Hydrogenation Activity across CuxAuyPd1-x-y Alloys 

 

5.1 Chapter abstract 

 

Hydrogenation processes are crucially important to the chemical industry and a significant 

fraction of these processes are performed on heterogeneous transition-metal catalyst.  In order to 

understand the general mechanism and kinetics for hydrogenation reactions, ethylene 

hydrogenation has often been used as a probe reaction.  Ethylene hydrogenation reaction           

(C2H4 + H2  C2H6) has been one of the most widely studied reactions in heterogeneous catalysis.  

There is still much to learn about this relatively simple reaction since it possesses an extremely 

rich and complicated chemistry.  Hence, investigating this reaction on alloy catalysts has major 

challenges.  

In order to investigate ethylene hydrogenation reaction across multicomponent catalysts, 

thin multicomponent films called Composition Spread Alloy Films (CSAFs) are prepared, which  

have composition gradients parallel to their surfaces, AxByC1-x-y with x = 0 → 1 and y = 0 → 1 - x.  

In order to study alloy catalysis across a CSAF, a 100 channel microreactor array has been 

developed to run steady state catalytic reactions at different positions or alloy compositions on the 

CSAF.  CuxAuyPd1-x-y CSAFs spanning all of binary and ternary composition space have been 

prepared using a rotating shadow mask CSAF deposition tool developed in house. 
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High-throughput techniques have been used to characterize the activity of ethylene 

hydrogenation reaction over ternary alloy catalysts.  Ethylene hydrogenation reaction has been 

chosen for this work since it is a simple reaction (producing only ethane) and it has been 

investigated on binary alloy catalysts before.  Horiuti-Polanyi mechanism is widely accepted for 

this reaction.  In this mechanism, ethylene adsorbs onto catalyst surface molecularly and H2 

adsorbs dissociatively.  Adsorbed H atoms combine with adsorbed ethylene to form ethyl groups 

on the surface.  As the last step, another H atom is added to the ethyl group, ethane is formed and 

immediately desorbed from the surface.  The relationship between alloy catalyst activity and 

electronic structure is investigated experimentally across CuxAuyPd1-x-y CSAFs.   

C2H4 hydrogenation kinetics were measured at 100 discrete compositions on the CSAFs 

over a temperature range of 295 – 433 K.  Characterization of the CSAFs was done using X-ray 

photoelectron spectroscopy.  C2H4 conversion was chosen to be the indicator of activity and it was 

found to increase with increasing Pd content.  A microkinetic model was used to estimate the 

energy barriers for all elementary steps in the mechanism as functions of alloy composition, x and 

y.  Across the CuxAuyPd1-x-y CSAF, ethyl hydrogenation was found to be the rate-limiting step.  

Spatially resolved X-ray photoelectron spectra obtained from the CSAFs were used to estimate the 

energy of the valence-band center as a function of alloy composition.  The v-band center shifted 

monotonically from -3.4 to -5.6 eV across the CuxAuyPd1-x-y CSAF.  This data provides the first 

experimental correlation of elementary reaction barriers with valence band energy across a 

continuous span of ternary alloy composition space for C2H4 hydrogenation reaction. 
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5.2 Introduction 

 

Ethylene hydrogenation has been one of the most widely studied reactions in 

heterogeneous catalysis.  It has been used as a probe reaction for understanding the general 

mechanism and kinetics for olefin and aromatics hydrogenation [1-3].  Ethylene hydrogenation is 

one of the fastest heterogeneous catalytic reactions with the turnover rates of around 10 site-1 s-1 at 

room temperature and atmospheric pressures of ethylene and hydrogen [4].  There are a number 

of elegant studies investigating the kinetic behavior of ethylene hydrogenation on transition metal 

surfaces [5-10]. In various experimental studies conducted on Pt and Pd usually the apparent 

activation energies changing between 8-11 kcal/mol have been reported [1, 4, 11-17]. However 

there are still many unknowns about the basic elementary steps of the reaction.  

The reaction order in both ethylene and hydrogen was found to be dependent on 

temperature and the partial pressures of the reactants on pure Pt and Pd [4, 5, 11-13, 18]. In these 

studies, the hydrogen kinetic order was reported to increase with increasing temperature from      

0.5 to 1.1. The ethylene order was found to be nearly zero at low temperatures and high ethylene 

pressures, and as temperature increases and ethylene pressure decreases, the ethylene kinetic order 

becomes negative. This strong dependence of the kinetics of ethylene hydrogenation on reaction 

conditions and catalyst characteristics makes it complicated to study [19]. Horiuti-Polanyi 

mechanism has generally been used to model ethylene hydrogenation (Figure 5. 1) [20]. According 

to this mechanism ethylene adsorbs molecularly and hydrogen adsorbs dissociatively. Atomic 

hydrogen inserts into a metal-carbon bond to form ethyl intermediate. The ethyl intermediate then 

reacts with a second H atom to form ethane. Ethane desorbs from the surface into the gas phase. 

With the improvement in experimental and computational techniques, more details have been 
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added to this mechanism as explained in detail in Introduction section. However it is still very 

practical to capture the characteristics of fundamental elementary steps.  

 

Alloying has been known to increase the selectivity and/or catalytic activity for other 

hydrogenation reactions over that from either of the pure metals (Pt and/or Pd). The effect of 

alloying Pd with Ag, Au and/or Cu on H2-D2 exchange has been studied in the previous sections. 

Alloying Pd with Au was reported to enhance the selectivity for various industrial processes such 

as the trimerization of acetylene to benzene [21] and acetylene hydrogenation [22, 23]. When it 

comes to ethylene hydrogenation, Davis and Boudart have found that the addition of Au to Pd has 

no effect on catalytic activity, they reported no change of the activation barriers [24].  The effect 

of alloying Pd with Au was also studied using a first-principles-based dynamic Monte Carlo 

simulation method and the apparent turnover frequency was reported to remain constant with Au 

composition up to 12.5%. Alloying Pd with Cu was reported to suppress undesired ethylene 

hydrogenation during acetylene hydrogenation process [25]. For acetylene hydrogenation, when 

 

Figure 5. 1. Ethylene hydrogenation mechanism proposed by Horiuti-Polanyi. In this 

mechanism, H2 adsorbs dissociatively and C2H4 (ethylene) adsorbs molecularly. Adsorbed H 

combine with adsorbed C2H4 to form C2H5 (ethyl) and then another H is added to C2H5 to 

produce C2H6 (ethane).  
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the effects of alloying Pd with Cu, Au and Ag was compared, Cu was found to exceed both Au 

and Ag in conversion while Ag is the best one to enhance the selectivity [26].  

In this study, a CuxAuyPd1-x-y CSAF that spans a continuous range of compositions               

(x = 0 → 1 and y = 0 → 1-x) was used to characterize the activity for C2H4 hydrogenation reaction.  

Quantitative kinetic data has been obtained and analyzed to elucidate the mechanism and extract 

fundamental kinetic parameters for C2H4 hydrogenation as functions of alloy composition. C2H4 

hydrogenation has been parameterized by 7 rate constants: 𝑘𝑖 (i = 0 -7) for each elementary 

reaction as given below. By measuring these seven rate constants over a range of temperature, the 

activation barriers to dissociative adsorption (∆𝐸𝑖
‡
) can be estimated across CuxAuyPd1-x-y alloy 

composition space.  

𝐻2(𝑔)  +  2 ∗  
𝑘1

↔
𝑘−1

 𝐻 ∗  + 𝐻 ∗                                                   (5.1) 

 

𝐶2𝐻4(𝑔)  +∗ 
𝑘2

↔
𝑘−2

 𝐶2𝐻4 ∗                                                          (5.2) 

 

𝐶2𝐻4 ∗  + 𝐻 ∗ 
𝑘3

↔
𝑘−3

 𝐶2𝐻5 ∗  + ∗                                                (5.3) 

 

𝐶2𝐻5 ∗  + 𝐻 ∗ 
𝑘4

↔
 
 𝐶2𝐻6  +  2 ∗                                                 (5.4) 
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In addition, the barriers have been correlated with the valence band electronic structure of 

the alloy at each composition. Using XPS we have estimated the average energy of the filled states 

of the valence band (s-, p-, and d-bands), 𝜀𝑣(𝑥), across composition space and used it as an 

experimental proxy for the d-band energy. By doing that, we can correlate reaction barriers (∆𝐸𝑖
‡
) 

with 𝜀𝑣(𝑥) across the entire CuxAuyPd1-x-y composition space.  We have observed that as Cu and/or 

Au content decreases, the v-band center shifts toward the Fermi level. This work demonstrates a 

high-throughput experimental methodology for correlation of fundamental kinetic parameters, 

such as energy barriers, with the electronic structure of multicomponent alloy catalysts.  This 

general methodology should be applicable to a wide-range of catalytic reactions. 

 

5.3 Experimental 

 

5.3.1 CSAF preparation 

 
 

The CSAF samples were prepared by evaporative deposition of Cu, Au and Pd onto a 

14×14×2 mm3 polished Mo substrate (Valley Design Corp.) using a rotatable shadow mask CSAF 

deposition tool that has been described in detail previously [27].  Electron beam evaporation 

sources containing Cu, Au and Pd were positioned 120˚ apart from each other.  Deposition rates 

from both sources were controlled by filament heating power and measured using a QCM. The 

film thickness (~100 nm in this work) was controlled by the deposition time.  The positions and 

orientations of the shadow masks between the sources and the substrate result in a flux gradient 

across the substrate.  Mo was chosen as a substrate material because it does not alloy with Au, Cu 

or Pd and stabilizes the film against dewetting at annealing temperatures [28-31].  CSAFs were 



135 
 

deposited at room temperature over periods of 6 to 8 h, annealed at 800 K for 1 h to induce 

crystallization and sputtered using a He+ beam under ultrahigh vacuum conditions (UHV).  

 

5.3.2 Characterization of CSAF composition and electronic structure 

 

 

XPS analysis of the CuxAuyPd1-x-y CSAF was performed in a ThetaProbe™ (Thermo-Fisher 

Scientific Inc.) to map the local composition and the valence band electronic structure across the 

sample surface.  XPS characterization process was the same as described in Section 3.3.2. Spatially 

resolved maps of the Cu 2p3/2, Au 4f7/2 and Pd 3d3/2 XP spectra were obtained by lateral translation 

of the CSAF such that its plane intersected the source-analyzer focal point.  

 

5.3.3 Characterization of C2H4 hydrogenation activity across CuxAuyPd1-x-y CSAF 

 
 

The C2H4 hydrogenation activity of CuxAuyPd1-x-y CSAFs was measured by flowing H2, 

C2H4, and Ar through a 100-channel microreactor array.  The experimental setup used was 

explained in detail in Section 2.2.2.  CuxAuyPd1-x-y was prepared as explained in Section 2.2.2. 

Mass flow controllers (Aalborg GFC 17) was used to regulate the flow rates of H2 (99.999%, 

Valley National Gases), C2H4 (99.995%, Valley National Gases) and Ar (99.999%, Valley 

National Gases) through the microchannels to the CSAF surface.  A surface area corresponding to 

one catalyst composition across the ternary CSAF was approximately 0.006 cm2.  The inlet flow 

rates of H2, D2, and Ar were adjusted to the conditions listed in Table 5. 1.  

The CSAF was heated by a thermocouple spot-welded to one of its sides.  The experiments 

were performed over a temperature range 333 to 533 K with 20 K increments and at atmospheric 

pressure.  At each temperature, approximately 4 minutes were required to allow the system to 
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reach steady state.  The product gas mixture from each of the 100 different reaction volumes was 

sent to the mass spectrometer for quantification.  The CSAF surface was pretreated with H2 prior 

to the experiments.  Also between different set of experiments the CSAF surface was left in contact 

with flowing H2.  

The composition of the reaction products were calculated by using the mass spectrometer 

signals at m/q = 25, 26, 27, 29 and 30 amu obtained from the product gas samples.  Both ethylene 

(molar mass = 28) and ethane (molar mass = 30) have signals at m/q = 25, 26, 27, 28, 29 and 30 

amu.  The fragmentation patterns of these two compounds can be found in Figure 5.2 [32].  The 

two extra channels that were added to the microreactor system was used to obtain 25, 26, 27, 29 

and 30 signals at zero conversion (pure ethylene) and full conversion (pure ethane) cases after each 

 

Table 5. 1. Flow rates of H2 (𝐹H2

in ), C2H4 (𝐹C2𝐻4

in ), and Ar (𝐹Ar
in) in the eleven different gas 

conditions used during C2H4 hydrogenation experiments at 𝑃tot = 1 atm. Flow rates in one 

channel can be found by dividing the listed values into 100. Total flow rate is kept constant at 

0.1 mL/min per channel. 

 

 

𝐹C2𝐻4

in  

(mL/min) 

𝐹𝐻2

in  

(mL/min) 

𝐹Ar
in 

(mL/min) 

𝑃C2𝐻4
  

(kPa) 

𝑃𝐻2
 

(kPa) 

1 1.32 1.32 7.36 13.33 13.33 

2 0.66 1.32 8.02 6.67 13.33 

3 0.13 1.32 8.55 1.33 13.33 

4 0.66 2.63 6.71 6.67 26.66 

5 0.66 5.26 4.08 6.67 53.33 

6 0.66 7.90 1.44 6.67 80.00 

7 1.32 2.63 6.05 13.33 26.66 

8 2.63 5.26 2.11 16.9 53.33 
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experiment.  The signal at 28 amu was not used in the calculations due to the possible air 

penetration to the system and the ubiquitous presence of CO in all vacuum systems.  Least squares 

estimation was used to calculate the fraction of signals derived from ethylene and ethane:  

 

[
 
 
 
 
𝑆25

𝑆26

𝑆27

𝑆29

𝑆30]
 
 
 
 

= (𝑋𝐶2𝐻4
)

[
 
 
 
 
𝑆25

𝑆26

𝑆27

𝑆29

𝑆30]
 
 
 
 

𝐶2𝐻4

+ (1 − 𝑋𝐶2𝐻4
)

[
 
 
 
 
𝑆25

𝑆26

𝑆27

𝑆29

𝑆30]
 
 
 
 

𝐶2𝐻6

                         (5.5) 

 

 

𝛽 = [
𝑋𝐶2𝐻4

1 − 𝑋𝐶2𝐻4

]                                                                 (5.6) 

 

𝛼 =

[
 
 
 
 
 

[
 
 
 
 
𝑆25

𝑆26

𝑆27

𝑆29

𝑆30]
 
 
 
 

𝐶2𝐻4

 

[
 
 
 
 
𝑆25

𝑆26

𝑆27

𝑆29

𝑆30]
 
 
 
 

𝐶2𝐻6]
 
 
 
 
 

                                                     (5.7) 

 

 

𝛽 = (𝛼𝑇𝛼)−1(𝛼𝑇𝑆)                                                          (5.8) 

 

where 𝛼 is a matrix of the mass spectrometer signals at each m/q for pure ethylene (obtained after 

each experiment from zero conversion channel) and pure ethane (obtained after each experiment 

from full conversion channel); S is a vector of measured signal intensities at m/q = 25, 26, 27, 29 

and 30; 𝛽 is the solution tho the least squares estimation and gives the ethylene conversion 𝑋𝐶2𝐻4
. 
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C2H4 conversions were measured at 100 channels at T = 295-433 K at 8 different inlet flow 

conditions specified in Table 5. 1.  The measured conversions were used to calculate the kinetic 

parameters, the activation barriers to dissociative adsorption (∆𝐸𝑎𝑑𝑠
‡

) and recombinative desorption 

(∆𝐸𝑑𝑒𝑠
‡

) for the catalytic C2H4 hydrogenation reaction as a function of CuxAuyPd1-x-y alloy 

composition.  The detailed explanation of the microkinetic model and calculation methods has 

been explained in Section 5.4. 

 

5.4 Microkinetic model 

 

The primary mechanism for hydrogenation of simple alkenes over metal surfaces has been 

established as the Horiuti-Polanyi mechanism.  In this mechanism, ethylene is adsorbed on the 

surface, and two sequential hydrogen addition steps take place from a reservoir of adsorbed 

hydrogen atoms.  The resulting ethane desorbs spontaneously and the supply of hydrogen is 

restocked by the dissociative chemisorption of gaseous H2.  The proposed mechanism is given 

below:  

 
Figure 5.2. Fragmentation patterns of ethylene and ethane.  

 

 



139 
 

𝐻2(𝑔)  +  2 ∗  
𝑘1

↔
𝑘−1

 𝐻 ∗  + 𝐻 ∗                                                   (5.9) 

 

𝐶2𝐻4(𝑔)  +∗ 
𝑘2

↔
𝑘−2

 𝐶2𝐻4 ∗                                                          (5.10) 

 

𝐶2𝐻4 ∗  + 𝐻 ∗ 
𝑘3

↔
𝑘−3

 𝐶2𝐻5 ∗  + ∗                                                (5.11) 

 

𝐶2𝐻5 ∗  + 𝐻 ∗  
𝑘4

↔
 
 𝐶2𝐻6  +  2 ∗                                                 (5.12) 

 

where * denotes an empty surface site and the asterisk * with species denotes an adsorbed species.  

First two steps in the mechanism are dissociative adsorption of H2 and molecular desorption of 

C2H4.  Step 3 (Equation (5.11)) is the first hydrogenation step in which adsorbed ethylene and H 

atom combine to form ethyl species, leaving one vacant site.  Step 4 (Equation (5.12)) is the second 

hydrogenation step in which ethyl combined with another H atom to form ethane which 

immediately desorbs from the surface.  So this last step is modeled as an irreversible reaction, 

whereas, all the other steps are reversible.   

 The forward and reverse rate equations for all four steps can be written as 

 

𝑟1 = 𝑘1𝑃𝐻2
(1 − 𝜃𝐻 − 𝜃4 − 𝜃5)

2                                                  (5.13)  

 

𝑟−1 = 𝑘−1𝜃𝐻
2                                                                (5.14) 
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𝑟2 = 𝑘2𝑃𝐶2𝐻4
(1 − 𝜃𝐻 − 𝜃4 − 𝜃5)                                               (5.15) 

 

𝑟−2 = 𝑘−2𝜃4                                                                (5.16) 

 

𝑟3 = 𝑘3𝜃𝐻𝜃4                                                                (5.17) 

 

𝑟−3 = 𝑘−3𝜃5(1 − 𝜃𝐻 − 𝜃4 − 𝜃5)                                               (5.18) 

 

𝑟4 = 𝑘4𝜃𝐻𝜃5                                                                (5.19) 

 

where 𝑟𝑖’s are the rates of related reaction step; 𝑃𝐻2
 and 𝑃𝐶2𝐻4

 are the partial pressures of H2 and 

C2H4, respectively; 𝜃𝐻, 𝜃4 and 𝜃5 are the coverages of H atom, ethylene and ethyl species, 

respectively.  Hence, 1 − 𝜃𝐻 − 𝜃4 − 𝜃5 describes the fraction of the vacant active sites on the 

surface.  The 𝑘𝑖’s are the rate constants for each elementary step in the Arrhenius form 

 

𝑘𝑖 = 𝑣𝑖  𝑒𝑥𝑝 (−
𝐸𝑖

𝑘𝐵𝑇
)                                                   (5.20) 

 

where 𝑣𝑖 is the pre-exponential factor and 𝐸𝑖 is the energy barrier of the reaction, i.  𝑘𝐵 is the 

Boltzman constant and T is the temperature in K.  
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The rate of change of surface coverages of the species can be calculated by  

 
𝑑𝜃𝐻

𝑑𝑡
=  𝑘1𝑃𝐻2

(1 − 𝜃𝐻 − 𝜃4 − 𝜃5)
2 − 𝑘−1𝜃𝐻

2 + 𝑘−3𝜃5(1 − 𝜃𝐻 − 𝜃4 − 𝜃5) − 𝑘3𝜃𝐻𝜃4 − 𝑘4𝜃𝐻𝜃5  

(5.21) 

 
 

𝑑𝜃4

𝑑𝑡
= 𝑘2𝑃𝐶2𝐻4

(1 − 𝜃𝐻 − 𝜃4 − 𝜃5) − 𝑘−2𝜃4 + 𝑘−3𝜃5(1 − 𝜃𝐻 − 𝜃4 − 𝜃5) − 𝑘3𝜃𝐻𝜃4           (5.22) 

 
𝑑𝜃5

𝑑𝑡
= 𝑘3𝜃𝐻𝜃4 − 𝑘−3𝜃5(1 − 𝜃𝐻 − 𝜃4 − 𝜃5) − 𝑘4𝜃𝐻𝜃5                    (5.23) 

 

The rate of change in the flow rates of H2, C2H4 and C2H6 with respect to the surface area of the 

catalyst can be calculated as 

 
𝑑𝐹𝐻2

𝑑𝐴
= −𝑟1 + 𝑟−1                                                          (5.24) 

 
𝑑𝐹𝐶2𝐻4

𝑑𝐴
= −𝑟2 + 𝑟−2                                                       (5.25) 

 
𝑑𝐹𝐶2𝐻6

𝑑𝐴
= 𝑟4                                                                      (5.26) 

 

Ethylene conversion values can be calculated as 

 

𝑋𝑚𝑜𝑑𝑒𝑙 =
𝐹𝐶2𝐻6

𝑜𝑢𝑡

𝐹𝐶2𝐻4

𝑖𝑛
                                                             (5.27) 
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The model prediction of ethylene conversion, 𝑋model, was fit to the experimental C2H4 

conversion,  𝑋exp, data at each catalyst composition, for all inlet flow conditions and temperatures 

simultaneously.  The fit was performed by minimizing the sum of squared errors (SSE) between 

the calculated and experimental conversions by changing the fourteen parameters 𝑣𝑖 and 𝐸𝑖 (for 

each of the elementary steps in the mechanism of C2H4 hydrogenation reaction). 

 

𝑆𝑆𝐸 = ∑[ 𝑋𝑒𝑥𝑝(𝐹𝑖, 𝑇𝑗) −  𝑋𝑚𝑜𝑑𝑒𝑙(𝐹𝑖, 𝑇𝑗)]
2

𝑖,𝑗

                                (5.28) 

 

 

The fit of the model prediction of conversins to experimental values was performed in 

MATLAB using non-linear fitting subroutine lsqcurvefit which utilizes a “trust-region-reflective” 

least squares algorithm which is based on an interior-reflective Newton Method.  Initial guesses 

for 14 parameters (7 natural logarithm of pre-exponential factors and 7 energy barriers) were 

provided.  In the optimization routine natural logarithm of pre-exponential factors were used in 

order to make the quantitative range of the parameters closer to each other.  Using these initial 

guesses the rate constants were calculated using Equation 5.20.  Using these rate constants the 

surface coverages of the species are calculated by using Equations 5.21-5.23.  At steady state, these 

equations are equal to 0. MATLAB’s fsolve subroutine was used to calculate 𝜃𝐻, 𝜃4 and 𝜃5.  The 

flow rates of H2, C2H4 and C2H6 were calculated by using Equations 5.24-5.26.  As the last step, 

using Equation 5.27, ethylene conversion was calculated.  This routine is done for all inlet flow 

conditions and all temperatures.  After the optimum solution was found, MATLAB’s nlparci 

function was used to calculate the confidence intervals on the estimated parameters.  
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5.5 Results and discussion 

 

5.5.1 Characterization of CSAF composition 

 
   Spatially resolved measurements of CuxAuyPd1-x-y composition were made using 

XPS across a 13 × 13 grid with 1 mm spacing.  The generated composition maps for all three 

components Cu, Au, and Pd are given in Figure 5.3.  Full composition range for Cu, Au and Pd 

was covered as seen from the composition map.  Since Au gradient is quite narrow and our 

microreactor only covers 10 × 10 mm2 on the CSAF surface, we were not able to test AuPd binary 

alloy compositions on this particular CSAF.  This situation can be captured by looking at the 

ternary composition space given in Figure 5.4.  In Figure 5.4-a, the XPS measurement points are 

marked as black squares. The even distribution of the points shows that CSAF spans the entire 

ternary alloy composition. Having a good number of data points on the edges shows that we have 

all three binary alloys (Cu-Pd, Au-Pd, and Cu-Au) on the CSAF. Comparing the composition 
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Figure 5.3. Concentration distribution (at. %) obtained with XPS for Cu, Au, and Pd across a 

CuxAuyPd1-x-y CSAF.  
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measurement points across the entire CSAF (Figure 5.4-a) and the points that corresponds to the 

microreactor reaction zones (Figure 5.4-b) clearly indicates that we are missing the AuPd binary 

region. The alloy compositions at the 10 × 10 reactor grid are determined using a composition 

distribution model (CDM) which is developed in our group. CDM provides a quantitative basis 

for estimating composition continuously at all locations across the CSAF from a set of discrete 

measurements, and is based on simplifying assumptions regarding the evaporative flux profiles 

produced by the rotatable shadow mask deposition tool.  The details of the model can be found 

elsewhere [33]. The composition space showing all the 100 different alloy compositions that 

corresponds to each of the 100 channels in the multichannel microreactor array can be seen in 

Figure 5.4-b.  
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Figure 5.4. a) CuxAuyPd1-x-y alloy compositions across 14 × 14 mm2 substrate surface (a 13 × 

13 grid with 1 mm spacing). b) CuxAuyPd1-x-y alloy compositions covered in ternary space. 

Each of the red dots represent a different alloy composition corresponding to the 100 different 

microreactor channel. 
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5.5.2 Characterization of CSAF Electronic Structure 
 
 

XPS was used to map the valence band electronic structure of the CuxAuyPd1-x-y CSAF 

across a 13 × 13 grid with 1 mm spacing. In previous chapter (Section 4.4.3), the background 

subtracted v-band spectra mapped at 169 discrete locations across the CuxAuyPd1-x-y CSAF was 

given and how to interpret this spectra was explained in detail. The same procedure has been 

followed for this part of the study as well. The obtained v-band spectra across CuxAuyPd1-x-y CSAF 

used in this part of the study is given in Figure 5.5. The average energy of the CuxAuyPd1-x-y                    

v-band shifts toward the Fermi level as the Pd content increases, i.e., as the color is changing from 

green to red.  
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Figure 5.5. XPS-derived average energy of the filled v-band relative to the Fermi level of 

AgxPd1-x CSAF versus Pd   (at. %) compositions. 
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5.5.3 C2H4 hydrogenation on CuxAuyPd1-x-y CSAF 

 

C2H4 hydrogenation over CuxAuyPd1-x-y CSAF was carried out by feeding C2H4, H2, and 

Ar mixtures into the microreactor at constant temperature, partial pressures and flow rates, while 

monitoring the product gas composition by mass spectrometry.  Mass spectrometer signals were 

converted to conversion, 𝑋, for 100 different CuxAuyPd1-x-y compositions, x and y, at 8 different 

temperatures, 𝑇, and 8 different flow conditions. Within these conditions the CuxAuyPd1-x-y ternary 

CSAF surface was found to give a stable reactivity during successive experiments as can be seen 

from the example in Figure 5.6. In this figure, the measured conversion values of 3 randomly 

 
 

 
Figure 5.6. Ethylene conversion versus temperature measured at one randomly picked alloy 

composition (Cu0.26Au0.01Pd0.73) across CuxAuyPd1-x-y composition space. The measured 

conversion values belong to 3 randomly picked experiments in order to show the 

reproducibility of the reactivity across the CSAF surface. The inlet flow rate contains 0.004 

mL/min C2H4, 0.004 mL/min H2 and 0.022 mL/min Ar per channel. 
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picked experiments from multiple successive experiments on Cu0.26Au0.01Pd0.73 were given. 

Especially at high temperatures, the measured values may slightly differ from each other. Due to 

this fact, each experiment was repeated multiple times till the stable reactivity is obtained.  

 The deactivation of the CSAF surface was also tested. Standard reaction conditions are 

defined as 6.67 kPa of ethylene and 13.33 kPa of hydrogen for this study. Argon was used to 

balance the inlet flow at atmospheric pressure. In order to detect catalyst deactivation, conversion 

versus time data was collected with the standard flow conditions and at the 433 K. The results is 

shown in Figure 5.7. The deactivation study started at time zero at room temperature, then 

temperature is increased to 433 K and ethylene conversions were measured for about 1.5 hour. As 

can be seen from the graph, at 433 K no deactivation was observed within this time frame.  

 

 

 

Figure 5.7. Ethylene conversion versus time measured at one randomly picked alloy 

composition (Cu0.26Au0.01Pd0.73) across CuxAuyPd1-x-y composition space. No catalyst 

deactivation was observed.  
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Collected X versus 𝑇 for all the inlet conditions listed in Table 5. 1 were then converted to 

the flow rate of produced C2H6 using Equation 5.23. Calculated C2H6 flow rates for all inlet flow 

conditions across all 100 different CuxAuyPd1-x-y compositions are given in Figure 5.7. 

 

 

Figure 5.8. C2H6 flow rate versus temperature measured across CuxAuyPd1-x-y composition 

space.  For all 100 CuxAuyPd1-x-y compositions activity increases with increasing  𝑇 and 

decreasing x and y. Flow conditions in one channel are labeled on each figure. (𝑃𝑡𝑜𝑡 = 1 atm) 

Top figure gives the experimentally measured values and the bottom one gives the model 

predictions. 
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Across the CSAF, C2H4 hydrogenation activity increases with increasing 𝑇 and decreasing 

Cu and Au content, x and y.  At 𝑇 = 295 K, the conversion was 𝑋 < 5% at all alloy compositions. 

It was avoided to reach equilibrium conversion, since at equilibrium it is not possible to detect the 

differences in catalytic activity across the CSAF. So, the maximum temperature tested was set to 

𝑇 = 433 K.  Using our experimental set-up, it is possible to go higher temperatures and lower flow 

rates in order to reach equilibrium conversion if desired. We made sure that the C2H4 

hydrogenation reaction progress far enough so that the product concentration can easily be 

measurable. Each data point in Figure 5.8 was collected under isothermal conditions; the CSAF 

was heated at 1 K/s and then held at constant temperature for ~4 min to reach steady-state before 

sampling C2H6 production across all 100 alloy compositions.  

 C2H4 conversion as a function of alloy composition across the CuxAuyPd1-x-y ternary CSAF 

can better be represented using a ternary diagram. Waterfall plots given in Figure 5.8, shows the 

collected data as a function of T at different Pd concentrations. Since we have a ternary alloy this 

may not be useful to understand the effect of Cu and Au addition to Pd on catalytic activity. One 

example of ternary diagram showing how measured conversions change with Cu, Au and Pd 

content for the inlet flow consisting of 0.013 ml/min H2, 0.013 ml/min D2, and 0.074 ml/min Ar 

(per channel) at 433 K is given in Figure 5. 9. This diagram shows that as the color is changing 

from blue to green, X is increasing. This is also the direction of increasing Pd content. So basically 

we have achieved highest conversions across the Pd-rich side of the CSAF.   

The black edge of the triangle represents the Cu-Au binary alloy compositions across the 

CSAF, the blue edge represents Au-Pd and the red edge represents Cu-Pd binary alloy 

compositions. In Figure 5. 9, if one of the iso-activity lines are followed from the blue edge to red 

edge, i.e., from Au-Pd binary region to Cu-Pd binary region, one can see that Cu-Pd binary alloys 
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are slightly more active than Au-Pd binary alloys because they are giving the same activity with 

less Pd content.  

Figure 5. 10 shows how C2H4 conversion changes with temperature across the real physical 

space of the CuxAuyPd1-x-y CSAF.  At 𝑇 = 313 K, C2H4 conversion is X ≈ 10% at the most active 

point but usually X ≈ 0 across the entire CSAF. As T increases, the activity also increases especially 

across the Pd-rich side of the CSAF. When Figure 5. 10 is compared with the XPS composition 

map of the CSAF (Figure 5.3), again the higher activity of Cu-Pd binary region than the Au-Pd 

binary region can be observed. At 533 K, a wider active region is observed at the bottom edge than 

the top edge that corresponds to mostly Cu-Pd binary and Cu-Au-Pd ternary alloy compositions 

across the CSAF.  

 

 

 

 

 

 

 

 

 

 

0.00 0.25 0.50 0.75 1.00

0.00

0.25

0.50

0.75

1.00 0.00

0.25

0.50

0.75

1.00

C
2
H

4
 conversion

A
uC

u

Pd

0

0.2

0.4

0.6

0.8

1

 

Figure 5. 9. Ternary composition space showing how the catalytic activity of the C2H4 

hydrogenation reaction changes with Cu, Au and Pd composition across the CuxAuyPd1-x-y 

CSAF. C2H4 conversion was selected to be the indicator of the activity and measured at 433K 

for the inlet flow 0.013 mL/min C2H4 + 0.013 mL/min H2 + 0.076 mL/min Ar. 
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Figure 5. 10.  C2H4 hydrogenation conversion across the CuxAuyPd1-x-y CSAF at T = 313 K, 

373 K and 433 K. Inlet flow was 0.013 mL/min C2H4 + 0.013 mL/min H2 + 0.074 mL/min Ar 

per channel. 
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The pressure dependence of C2H6 production over CuxAuyPd1-x-y alloys has been 

investigated across the temperature range 𝑇 = 295 - 433 K by varying 𝑃C2H4
 and  𝑃H2

  

independently.  Three different 𝑃C2H4
 (1.33, 6.667, 13.33 kPa) was tested while keeping  𝑃H2

 

constant at 13.33 kPa. Measured C2H6 flow rates at three sample alloy compositions are plotted in 

Figure 5.11. The flow rates have been normalized with respect to the activity at the standard 

conditions (𝑃C2H4
 = 6.67 kPa and 𝑃H2

 = 13.33 kPa). Figure 5.11 shows that as the 𝑃C2H4
 increases 

from 1.33 kPa, the ethane production decreases. The ethane production makes a plateau at around 

𝑃C2H4
 = 5 kPa. The decline in ethane production shows that ethylene kinetic order is negative with 

respect to 𝑃C2H4
. The kinetic order becomes less negative with increasing 𝑃C2H4

 and approaches 

zero at approximately 5 kPa. The similar observations are also reported in literature [4, 5, 12, 13].  
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Figure 5.11. C2H6 flow rate in the outlet measured for three CuxAuyPd1-x-y alloy compositions 

vs. 𝑃𝐶2𝐻4
. Catalytic activities are normalized to the catalytic activities observed at standard 

conditions (T = 373 K, 𝑃𝐻2
= 13.33 kPa, Ptot = 1 atm).  
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Figure 5.12 shows ethane flow rates 𝐹C2H4
, obtained for three different CuxAuyPd1-x-y 

compositions. 𝑃C2H4
 is kept constant at 6.67 kPa and PH2

is changed from 13.3 kPa to 80 kPa. The 

total flow rate per channel is kept constant at 0.1 mL/min. Figure 5.12 shows that ethane production 

increases with increasing PH2
. The effect of total pressure was also investigated by keeping 

H2/C2H4 ratio constant at 2 and by increasing 𝑃C2H4
 and PH2

, however these experiments showed 

no significant change in activity.  
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Figure 5.12. Effects of 𝑃𝐻2
 on C2H6 flow rate in the outlet measured for three CuxAuyPd1-x-y 

alloy compositions. (T = 373 K, 𝑃𝐶2𝐻4
= 6.67 kPa, Ptot = 1 atm). 
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5.5.4 Kinetic parameters for C2H4 hydrogenation on CuxAuyPd1-x-y 

 

 

The comprehensive dataset obtained using high throughput methods and the microkinetic 

model have been used to estimate the kinetic parameters, ν𝑖 and ∆𝐸𝑖
‡
.  These calculations were 

only carried out for the active region across  the CuxAuyPd1-x-y alloy composition space (colored 

region on Error! Reference source not found.).  In this study, model fit was performed by fixing 

the pre-exponents to their transition state theory values; for dissociative adsorption 𝑣 =

10−4 mol/m2/s/Pa, for molecular adsorption 𝑣 = 10−4 mol/m2/s/Pa, for Langmuir-

Hinshelwood surface reactions 𝑣 = 106 mol/m2/s  and for molecular desorption 𝑣 =

106 mol/m2/s [34].  

Energy barriers for the first step of the mechanism are plotted in Figure 5. 13.  This first 

step consists of dissociative adsorption and recombinative desorption of H2 and their energy 

barriers are denoted as ∆𝐸𝑎𝑑𝑠,H2

‡
 and ∆𝐸𝑑𝑒𝑠,H2

‡
, respectively.  It was observed that the value of 

 

 

Figure 5. 13. a) Barriers for H2 adsorption as a function of CuxAuyPd1-x-y alloy composition and 

b) Barriers for H2 desorption as a function of CuxAuyPd1-x-y alloy composition. 
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∆𝐸𝑎𝑑𝑠,H2

‡
 decreases and ∆𝐸𝑑𝑒𝑠,H2

‡
 increases with increasing Pd content.  The energetics of the 

elementary steps for C2H4 hydrogenation has usually been investigated in theoretical studies      

[35-37].  In one of those studies a first-principles-based dynamic Monte Carlo simulation method 

was used and the energy barriers for the elementary step in C2H4 hydrogenation mechanism was 

reported on pure Pd and two different AuPd binary alloys surfaces.  For H2 adsorption and 

desorption, barriers of 0.2 eV and 0.9 eV were reported, respectively [37].  Our desorption barriers 

are in good agreement with this study however we are calculating slightly lower adsorption 

barriers.  In the same study, a decrease in ∆𝐸𝑑𝑒𝑠,H2

‡
 was reported with increasing Au content in the 

alloy.  We are also observing a similar pattern.  In Figure 5. 13, ∆𝐸𝑑𝑒𝑠,H2

‡
 is decreasing from ~0.9 

eV to ~0.75 eV with increasing Cu and Au content in the alloy.  

Energy barriers for C2H4 adsorption and desorption steps are plotted in Figure 5.14.  C2H4 

was reported to adsorb strongly on transition metal surfaces, especially on Pd and Pt both 

experimentally [38] and theoretically [39]. These studies showed that C2H4 bonds to Pd surface 

weaker than Pt surface.  C2H4 adsorption barrier was reported to change in the range 0 – 0.3 eV in 

literature [40-43]. Our calculated ∆𝐸𝑎𝑑𝑠,C2H4

‡
values which are less than 0.2 eV across the CSAF is 

in good agreement with these studies. We calculated very low ∆𝐸𝑎𝑑𝑠,C2H4

‡
 values especially on the 

Pd rich corner of the CSAF. Our experiments are carried out with excess H2 and it is known that 

in a H2-rich environment only 𝜋-bonded species are observed on Pd surfaces [38]. 𝜋-bonded 

species are very weekly bonded to the surface which can explain our low adsorption barriers. For 

C2H4 desorption, values in the range 0.3 – 0.9 eV were reported in literature [40-43]. We have 

calculated nearly flat desorption barrier which are approximately 0.4 eV. This number is again 

within the reported range. One interesting feature is that, ∆𝐸𝑑𝑒𝑠,C2H4

‡
 tends to decrease slightly with 



156 
 

increasing Pd content in the alloy. The relatively week adsorption barriers of C2H4 on Pd may 

actually be promoting desorption.  

 

 

The comparison of Figure 5. 13 and Figure 5.14 clearly states that calculated ∆𝐸𝑎𝑑𝑠,H2

‡
 is 

higher than ∆𝐸𝑎𝑑𝑠,C2H4

‡
 when the Pd content is more than 20%. This result actually shows that H2 

plays an important role in C2H4 hydrogenation. Davis and Boudart suggests that H2 adsorption was 

an irreversible and a possible rate limiting step in this reaction [44, 45]. In C2H4 mechanism, we 

cannot say that H2 adsorption is the rate limiting step, however in order for the reaction to initiate 

H2 adsorption step is putting a high energy barrier. The high barriers to H2 adsorption is largely 

due to the difficulty to find two free sites that are adjacent to each other especially in the C-rich 

environments.  

 

 

 

Figure 5.14.  a) Barriers for C2H4 adsorption as a function of CuxAuyPd1-x-y alloy composition 

and b) Barriers for C2H4 desorption as a function of CuxAuyPd1-x-y alloy composition. 
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In Figure 5.15-a, the energy barrier for the first hydrogenation step, from C2H4 to C2H5, is 

given. ∆𝐸ℎ𝑦𝑑,C2H4

‡
 was found to change in the range 0.2 – 0.4 eV across the CuxAuyPd1-x-y CSAF. 

In Figure 5.15-b, the energy barrier for the decomposition of C2H5 is given. ∆𝐸𝑑𝑖𝑠,C2H5

‡
 was found 

to vary in the range 0.23 – 0.33 eV.  In the literature, on Pd ∆𝐸ℎ𝑦𝑑,C2H4

‡
 was reported to change in 

the range 0.4 – 0.88 eV and ∆𝐸𝑑𝑖𝑠,C2H5

‡
 was reported t change in the range 0.3 – 0.75 eV [40-43]. 

Our values are comparable with those studies. In Figure 5.16, the energy barrier for the second 

hydrogenation step, from C2H5 to C2H6, is given. ∆𝐸ℎ𝑦𝑑,C2H5

‡
 was found to be flat across the 

CuxAuyPd1-x-y CSAF. It is calculated to be ~0.55 eV. Comparing the energetics of these two 

hydrogenation steps, tells us that ethyl hydrogenation step is the rate-limiting step for C2H4 

hydrogenation reaction.  

 

 

Figure 5.15. a) Barriers for C2H4 hydrogenation to C2H5 as a function of CuxAuyPd1-x-y alloy 

composition and b) Barriers for C2H5 dissociation as a function of CuxAuyPd1-x-y alloy 

composition. 
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For the first hydrogenation step, the barrier for the forward reaction was found to be slightly 

higher than the reverse reaction. This means ethyl is more likely to react back to form ethylene 

and hydrogen rather than continue on to hydrogenate and form ethane. So with this fact there 

occurs a hydrogen exchange cycle within the reaction pathway. Alloying Pd with Cu and Au, 

seems to be affecting the energetics of the forward reactions more than the reverse reactions. 

However when Pd content is more than 50%, usually flat energy barriers were calculated for all 

elementary steps. This result is in good agreement with the activity plot that we have obtained 

(Error! Reference source not found.). It is known that as Cu or Au surface composition is 

increased, the hydrogen binding energy decreases [37]. Lower binding energy means greater 

reactivity. Alloying Pd with Cu and Au on the other hand, decreases the surface coverage of 

hydrogen because it is known that H2 does not have high affinity to adsorb on Cu and/or Au [46-

52]. So these two kinetic factors compensate for each other and keep the activity more or less the 

same while alloying Pd with Cu and/or Au.  

 

 

 

 

 

 

 

 
 

Figure 5.16. Barriers for C2H5 hydrogenation to C2H5 as a function of CuxAuyPd1-x-y alloy 

composition. 
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5.5.5 Correlation of activity and electronic structure across Composition Space 

 

  One of the goals of this study has been to correlate fundamental kinetic parameters for 

catalytic C2H4 hydrogenation reaction over CuxAuyPd1-x-y alloys with characteristics of their 

electronic structure.  Computationally this can be achieved using DFT for various catalytic 

processes by correlating the calculated mean energy of the d-band, 𝜀𝑑, of various metals with the 

calculated barriers, ∆𝐸‡, to elementary reaction steps on their surfaces [53-56].  In this work, we 

have used UP spectra from a CuxAuyPd1-x-y CSAF to measure the energy of the filled valence band 

center, 𝜀𝑣(𝑥), and microkinetic modeling to calculate the ∆𝐸𝑖
‡
 for C2H4 hydrogenation reaction.   

 

Figure 5.17. Energy barriers for all 7 elementary steps in the C2H4 hydrogenation mechanism, 

∆𝐸𝑖
‡(𝑥, 𝑦),  as a function of  v-band center energy measured across nine different alloy 

compositions across the CuxAuyPd1-x-y CSAF. The corresponding elementary reaction is 

labeled next to each dataset.  
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  The correlation between these parameters are plotted in Figure 5.17 for different 

CuxAuyPd1-x-y alloy compositions.  For the sake of clear explanation, only 9 alloy compositions 

have been picked which have almost constant Cu content (8.5±1 at.%) and changing Au           

(from 78 at.% to 1 at.%) and Pd (from 91 at.% to 12 at.%) content. For all the alloy compositions, 

the data is given in the Appendix. The calculated energy barriers for H2 adsorption reaction (H2(g) 

+ 2*  H* + H*)  was found to decrease slightly as 𝜀𝑣 shifts toward the Fermi level. However 

the energy barriers for H2 desorption reaction (H* + H*  H2(g) + 2*) was observed to increase. 

This is also the direction of increasing Pd content, and it is know that H atoms are more mobile 

on Pd. So as 𝜀𝑣 shifts toward the Fermi level, H atoms tend to engage in hydrogenation reaction 

instead of desorbing from the surface.  

  When the correlation between C2H4 adsorption and desorption barriers with 𝜀𝑣 was 

observed, it can be seen that the barrier to C2H4 desorption is independent of  𝜀𝑣(pink data points 

in Figure 5.17).  The barriers to C2H4 adsorption was found to decrease slightly as 𝜀𝑣 shifts toward 

the Fermi level. This can be explained with the increased mobility of H atoms on Pd-rich surfaces 

which opens active sites for C2H4 to adsorb slightly easier than on Cu- and Au-rich surfaces. 

Actually, alloying Pd with Cu and/or Au decrease the strength of metal-hydrogen and metal-

carbon bonds, so one may expect to see a decrease in adsorption barriers as the Au content 

increases in the alloy (as 𝜀𝑣 moves further away from the Fermi level in Figure 5.17). We observed 

the opposite trend since Au addition is actually shutting down sites for H2 adsorption.  

  For the hydrogenation steps first hydrogenation step where C2H4 is hydrogenated to C2H4, 

the energy barrier was found to increase as 𝜀𝑣 shifts toward the Fermi level. And for the second 

hydrogenation step where C2H6 is produced, the energy barriers were found to be independent 

of 𝜀𝑣. These observations are consistent with the discussion above. And it should be mentioned 
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that similar patterns were observed when Au content was kept constant and Cu and Pd contents 

were varied.  

With these results, we were able to show that our high throughput methodology can be 

successfully applied to alkene hydrogenation reactions.  Using this methodology, we were able to 

correlate the fundamental kinetic parameters for the C2H4 hydrogenation reaction with the 

electronic structure of the CuxAuyPd1-x-y ternary alloy catalyst across a wide composition range.  

 

5.6 Conclusions 

 

In this study, the catalytic C2H4 hydrogenation reaction was investigated across   

CuxAuyPd1-x-y composition space by using high throughput methodology.  A materials library 

spanning CuxAuyPd1-x-y composition space from x = 0 → 1 and y= 0 → 1-x   was prepared using 

the rotatable shadow mask deposition tool, as explained in Section 2.2.1.2.  The characterization 

of composition and electronic structure across the CSAF was done using XPS. Also catalytic 

reactivity at 100 discrete positions (100 different alloy compositions) across the CSAF was 

measured using the multichannel microreactor array, as described in Section 2.2.2.  Coupling 

spatially resolved characterization techniques and the high throughput reaction system, 

composition – catalytic activity – electronic structure correlation for Cu-Au-Pd alloys has been 

investigated across a continuous composition space.  We found that the activity increased with 

increasing Pd at.%.  It was also found that alloying Pd with up to 50 at.% Cu and/or Au gives 

similar catalytic activities as pure Pd. Microkinetic analysis of the reaction showed that the C2H4 

hydrogenation reaction was limited by the ethyl hydrogenation reaction.  Obtained v-band spectra 

showed that the v-band center moved closer to the Fermi level with increasing Pd content in the 

alloy.  With the correlation between the kinetic parameters and electronic structure, i.e. ∆𝐸𝑖
‡
 vs 𝜀𝑣, 
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it was observed that C2H4 adsorption barrier decreases more that H2 adsorption barrier as the           

v-band center moved closer to the Fermi level. Energy barriers for ethyl hydrogenation step was 

found to be independent of the v-band center. With these results we were able to show that we 

have successfully developed a high throughput methodology that can be applied to catalysis 

studies.  Using this technique, we were able to correlate the fundamental kinetic parameters for the 

C2H4 hydrogenation reaction with electronic structures of the ternary alloy catalysts across the 

entire composition range. 

 

5.7 Appendix: Correlation of activity and electronic structure across composition space 

  

 

Figure 5. 18. Energy barriers for H2 and C2H4 adsorption steps in the C2H4 hydrogenation 

mechanism, ∆𝐸𝑖
‡(𝑥, 𝑦),  as a function of  v-band center energy measured across the     

CuxAuyPd1-x-y CSAF. The corresponding elementary reaction is labeled next to each dataset. 
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CHAPTER 6 

General Conclusions 

 

 In this thesis we have developed a high throughout methodology that can be used in alloy 

catalysis studies. We have tested the performance of H2-D2 exchange reaction and C2H4 

hydrogenation reaction across binary and ternary alloy libraries using a 100-channel microreactor 

array. With this method, we have collected a substantial amount of data at different temperatures 

and reactant partial pressures which led us calculate the fundamental kinetic parameters using the 

microkinetic models for each reaction.  

 We have focused on Pd-based alloys and prepared AgxPd1-x binary and CuxAuyPd1-x-y 

ternary CSAFs using a rotatable shadow mask deposition tool. Spatially resolved X-ray 

photoelectron spectroscopy (XPS) was used to characterize the composition and electronic 

structure (v-band center) across these CSAFs. Reactivity measurements were performed using the 

multichannel microreactor array that we have developed in our laboratory. During the course of 

this work, the multichannel microreactor array has been improved by changing the structure of the 

micromachined channels. The data collected has been fit to the microkinetic model and the energy 

barriers for each of the elementary steps in two different reactions were calculated as a function of 

alloy composition. These kinetic parameters were then correlated to the electronic structure data 

obtained from XPS.  

 For the H2-D2 exchange reaction, activity was found to increase with temperature and Pd 

content in the alloy for all compositions across both AgxPd1-x and CuxAuyPd1-x-y CSAFs. On 

AgxPd1-x CSAF, microkinetic analysis of the reaction showed that the H2-D2 exchange reaction 
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was limited by the rate of adsorption below 30 at. % Pd and desorption limited above that value.  

Obtained v-band spectra showed that the v-band center moved closer to the Fermi level with 

increasing Pd content in the alloy.  With the correlation between the kinetic parameters and 

electronic structure, i.e. ∆𝐸𝑎𝑑𝑠
‡

 and ∆𝐸𝑑𝑒𝑠
‡

 vs 𝜀𝑣, it was observed that both adsorption and desorption 

barriers decreased as the v-band center moved closer to the Fermi level. With these results we were 

able to show that we have successfully developed a high throughput methodology that can be 

applied to catalysis studies.  Using this technique, we were able to correlate the fundamental kinetic 

parameters for the H2-D2 exchange reaction with electronic structure of the binary alloy catalyst 

across the entire composition range. 

On CuxAuyPd1-x-y CSAFs, microkinetic analysis of the reaction showed that the H2-D2 

exchange reaction was limited by the rate of desorption across the CSAF, except  where Pd content 

is less than ~15 at.%.  Obtained v-band spectra showed that v-band center moved closer to the 

Fermi level with increasing Pd content in the alloy.  When correlating kinetic parameters and 

electronic structure, i.e. ∆𝐸𝑎𝑑𝑠
‡

 and ∆𝐸𝑑𝑒𝑠
‡

 vs 𝜀𝑣, it was observed that both adsorption and desorption 

barriers decrease as v-band center changes from -5.5 eV to -4.5 eV.  At the Fermi level, both ∆𝐸𝑎𝑑𝑠
‡

 

and  ∆𝐸𝑑𝑒𝑠
‡

 were found to be independent of the v-band center of the alloy. These results proved 

that we have successfully study reaction kinetics across ternary alloy libraries. It was found that 

the alloys containing approximately 50 at. % Pd exhibit similar adsorption and desorption barriers 

compared to pure Pd.  

Through the experiments conducted in a multichannel microreactor array, kinetic 

parameter estimations of ethylene hydrogenation reaction on CuxAuyPd1-x-y CSAFs have been done 

successfully.  We have provided kinetic data for about 50 compositions in the ternary portion of 
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the CSAF. At least two different samples of ternary CSAFs were tested in order to ensure that the 

expected composition range is scanned successfully. The 100 reactant streams consisting of C2H4 

and H2 balanced with Ar was identical to achieve a total pressure of 1 atm. The temperature range 

was kept to be between 295 and 433 K. Partial pressures of C2H4 and H2 were varied to obtain 

comprehensive kinetic data. Steady state rate of C2H6 production was measured at low conversions. 

The obtained rate data over each of the CSAF was expressed as a function of PC2H4, PH2, T, x and 

y. The energy barriers for each of the seven elementary steps in the mechanism was calculated by 

fitting the extensive experimental data into the microkinetic model. Using XPS, v-band centers 

were calculated for each of the alloy compositions. So that, the correlation between the kinetic 

parameters, alloy composition and electronic structure has been done across the continuous 

composition space.  

Starting from the simplest case, H2-D2 exchange across binary alloy catalysts,  and moving 

to a more complex system, C2H4 hydrogenation across CuxAuyPd1-x-y, we have validated the high 

throughput methodology that we have developed can be applied to other alloys and gas phase 

reactions to construct alloy composition-catalytic activity-alloy electronic structure relationship. 
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