
 

 

 

 

Thin film alloys and composites for application of hydrogen storage and oxygen 

reduction electrocatalysts 

 

by 

 

XueHai Tan 

  

  

 

 

 

 

A thesis submitted in partial fulfillment of the requirements for the degree of 

 

 

Doctor of Philosophy 

 

in 

 

Materials Engineering 

 

 

 

 

 

Department of Chemical and Materials Engineering 

 

University of Alberta 

 

 

 

 

 

 

 

  

 

 

© XueHai Tan, 2015 



ii 
 

 Abstract 
 

This thesis encompasses aspects of alloy design, fabrication and characterization of 

thin films, which are employed as model systems to enhance hydrogen storage kinetics 

and thermodynamics in magnesium hydride and to enhance the catalytic efficacy and 

corrosion stability of platinum-based electrocatalysts towards oxygen reduction reaction. 

Chapter 2 describes the development of various bilayer Pd/X (X = Ti, Nb, Ta) 

surface catalysts that are used for all Mg-based alloys films in this thesis. The selected 

interlayer, which forms stable hydride both during absorption and during desorption, 

reduces the rate of intermetallic formation between Mg and Pd, allowing the Pd to remain 

catalytically active. The Pd coating is also effective to prevent the underlying alloy from 

oxidation during the transfer/storage before the hydrogen sorption measurement.  

Chapter 3 describes a new bimetallic Nb-V catalyst for enhancing the hydrogen 

storage kinetics of magnesium hydride. Mg combined with bimetallic Nb-V catalyst 

displays rapid and stable low temperature (200 °C) sorption kinetics even after 500 cycles. 

We employed JMA-type kinetic analysis and cryo-stage TEM analysis on fully and 

partially sorbed materials to provide insight into the rapid Mg to MgH2 phase 

transformation. Our results point to the surface catalyst distribution and stability against 

coarsening as being a key influence on the hydriding kinetics. The cycled Mg-V-Nb 

structure consists of a dense distribution of catalytic Nb-V nanocrystallites covering the 

surfaces of larger Mg and MgH2 particles. 

Chapter 4 describes the hydrogen storage properties of ternary Mg-Ni-Cu films using 

binary Mg-Ni and Mg-Cu as baselines, and aims to elucidate the influences of alloying 

elements on the hydrogen sorption kinetics, thermodynamics and cycleability. Mg-rich 

Mg-Ni-(Cu) alloys show two stages during absorption. The first stage due to the 

absorption of Mg is very quick, but the second one due to the absorption of intermetallic 

Mg2Ni and/or Mg2Cu is significantly slower. The rapid first stage absorption is catalyzed 

by the intermetallic phase Mg2Ni. Cu substitution improves the desorption kinetics, but 

decreases the kinetics of the second absorption stage. From pressure-composition 
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isotherms, it is found that the Cu substitution has no influence on the plateau pressure of 

MgH2 from free-Mg phase, but slightly increases the plateau pressure of LT-Mg2NiH4. 

Chapter 5 describes a new metastable alloy hydride with promising hydrogen storage 

properties. Body centered cubic (bcc) (Mg0.75Nb0.25)H2 possesses 4.5 wt.% H capacity. 

The measured enthalpy of hydride formation of -53 kJ mol
-1

 H2, which indicates a 

significant thermo-destabilization relative to the baseline -77 kJ mol
-1

 H2 for rutile MgH2. 

The hydrogenation kinetics are remarkable: At room temperature and 1 bar hydrogen it 

takes 30 minutes to absorb a 1.5 μm thick film at cycle 1, and 1 minute at cycle 5. Using 

ab initio calculations we have examined the thermodynamic stability of metallic alloys 

with hexagonal close packed (hcp) versus bcc crystal structure. Moreover we have 

analyzed the formation energies of the alloy hydrides that are bcc, rutile or fluorite. 

Chapter 6 describes the support effects of a new highly conductive support that 

comprises of a 0.5 nm titanium oxynitride film coated by atomic layer deposition onto an 

array of carbon nanotubes for both pure platinum and platinum–nickel alloy 

electrocatalysts. Oxynitride induces a downshift in the d-band center for pure Pt and 

fundamentally changes the Pt particle size and spatial distribution. This results in major 

enhancements in oxygen reduction reaction electrocatalytic activity and corrosion 

stability relative to an identically synthesized catalyst without the interlayer. Conversely, 

oxynitride has a minimal effect on the electronic structure and microstructure, and 

therefore, on the catalytic performance of Pt-Ni alloy.  

Chapter 7 describes the oxygen reduction reaction electrocatalytic activity and the 

corrosion stability of several ternary Pt-Au-Co and Pt-Ir-Co alloys. The addition of Au 

fine-tunes the lattice parameter and the surface electronic structure to enable activity and 

cycling stability that is unachievable in the state-of-the-art binary Pt-Co baseline. Certain 

Pt-Au-Co ternary alloy shows an activity enhancement that is in fact the most optimum 

reported for skeleton-type Pt systems. The ternary catalysts exhibit improved corrosion 

stability with increasing levels of Au or Ir substitution. HRTEM and XPS show that Au 

alloying promotes the formation of an atomically thin Pt-Au-rich surface layer, which 

imparts kinetic stabilization against the dissolution of the less noble solute component. 
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Preface 
 

This thesis is organized into 7 chapters: 

Chapter 1 of this thesis provides an overview of the hydrogen-centered energy 

system, the challenges of hydrogen storage and hydrogen fuel cells technologies, and the 

research scope of this thesis. The employed thin film deposition method is also 

introduced in this chapter. 

Chapter 2 of this thesis has been published as XueHai Tan, Christopher T. 

Harrower, Babak Shalchi Amirkhiz, David Mitlin, “Nano-scale bilayer Pd/Ta, Pd/Nb, 

Pd/Ti and Pd/Fe catalysts for hydrogen sorption in magnesium thin films”, International 

Journal of Hydrogen Energy 2009, vol. 34, 7741-7748.  

Chapter 3 of this thesis has been published as XueHai Tan, Beniamin Zahiri, Chris 

M.B. Holt, Alan Kubis, David Mitlin, “A TEM based study of the microstructure during 

room temperature and low temperature hydrogen storage cycling in MgH2 promoted by 

Nb-V”, Acta Materialia 2012, vol. 60, 5646–5661.  

Chapter 4 of this thesis has been published as XueHai Tan, Mohsen Danaie, Peter 

Kalisvaart, David Mitlin, “The influence of Cu substitution on the hydrogen sorption 

properties of Magnesium rich Mg-Ni films”, International Journal of Hydrogen Energy 

2011, vol. 36, 2154-2164.  

Chapter 5 of this thesis has been published as XueHai Tan, Liya Wang, Chris M. B. 

Holt, Beniamin Zahiri, Michael H. Eikerling, David Mitlin, “Body Centered Cubic 

Magnesium Niobium Hydride with Facile Room Temperature Absorption and Four 

Weight Percent Reversible Capacity”, Physical Chemistry Chemical Physics 2012, vol. 

14, 10904-10909.  

Chapter 6 of this thesis has been published as XueHai Tan, Liya Wang, Beniamin 

Zahiri, Alireza Kohandehghan, Dimitre Karpuzov, Elmira Memarzadeh Lotfabad, Zhi Li, 

Michael H. Eikerling, David Mitlin, “The Effect of an Atomic Layer Deposition (ALD) 
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Titanium Oxynitride Interlayer on the ORR Activity and Corrosion Stability of Pt and Pt-

Ni”, ChemSusChem 2014, doi:.  

Chapter 7 of this thesis has been submitted as XueHai Tan, Sagar Prabhudev, 

Alireza Kohandehghan, Dimitre Karpuzov, Gianluigi A. Botton, Michael H. Eikerling, 

David Mitlin, “Pt-Au-Co Alloy Electrocatalysts Demonstrate Enhanced Activity and 

Durability towards Oxygen Reduction Reaction”, ACS Catalysis 2014, doi:. 

For each work presented in this thesis, I was involved in the concept formation, and 

was responsible for the performance of experiments, the data collection and analysis, and 

the manuscript composition. Dr. David Mitlin was the supervisory author and was 

involved in the concept formation and the manuscript composition. In chapter 4 and 5, 

the modeling works based on density functional theory calculations were conducted by 

Liya Wang and Michael H. Eikerling from Simon Fraser University, as part of research 

collaboration within the network of Catalysis Research for Polymer Electrolyte Fuel 

Cells (CaRPE FC). In chapter 6, the atomically-resolved high angle annular dark field 

(HAADF) and electron energy loss spectroscopy (EELS) analysis were conducted by 

Sagar Prabhudev and Gianluigi A. Botton from McMaster University, as part of research 

collaboration within the network of CaRPE FC. The other coauthors, which are not 

particularly mentioned here, have contributed either to the discussion of research topics, 

and/or to the operation of scanning electron microscope and photoelectron spectrometer. 
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Chapter 1 
Introduction 

 

1.1 Hydrogen as an energy carrier 
 

Despite the recent discoveries of large shale gas reserves, the concerns of the 

excessive greenhouse gas emission, national energy security and economic stability still 

demand the adoption of renewable energy sources. A key hurdle for the large-scale 

integration of some most important renewable energy resources, for example the solar 

and wind energies, into our energy system is their intermittent characteristic. 

Consequently, clean energy carriers that can store the generated energy and also facilitate 

transportation are necessary to balance the dynamic changing between the energy 

demand and the intermittent supply. In many ways, hydrogen is the leading candidate as 

an energy carrier to store the excess energy produced in peak hours. Its chemical energy 

can be converted to electricity with high-energy efficiency during peak demand time. To 

realize the future “hydrogen economy”, a hydrogen-centered energy system requires both 

reliable mechanism for storage of the hydrogen and high efficient energy conversion to 

electricity. Stored hydrogen can be used in two forms: as a gas in e.g. proton exchange 

membrane fuel cells (PEMFCs) [1] or electrochemically in rechargeable Nickel-Metal 

Hydride (NiMH) batteries [2], which can be used in portable applications or in Hybrid 

Electric Vehicles (HEVs) [3]. This thesis concerns the technologies related to the former 

scenario. 
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1.2 Overview of hydrogen storage 
 

At present, there are a number of different storage options for hydrogen. It can be 

stored under very high pressures in containers, as a liquid at cryogenic temperatures, or 

within a “material-based” hydrogen storage system using the interaction of hydrogen 

with various materials [4].  

Currently, pressurized hydrogen gas and cryogenically liquefied hydrogen are the 

two main commercially available options for hydrogen storage. These two storage 

technologies however suffer from high operating pressure safety hazards, non-

competitive energy efficiency/cost and their low volumetric densities. The latter 

deficiency can be a major impediment when volumetric constraints are imposed on the 

design of storage system, e.g. in transportation applications.  

The material-based hydrogen storage has the potential to reach higher volumetric 

density than that of liquid hydrogen, which has a density of 70 kg m
-3 

[5]. The material-

based hydrogen storage systems can be generally categorized into metal hydrides, 

chemical hydrides and carbon-based large surface area materials [6]. Metal hydrides 

provide a possibility to reversibly store and extract hydrogen through the hydride 

formation and decomposition reaction, respectively [7]. Since the discovery of hydrogen 

absorption by palladium in 1866 [8], metal hydrides have been intensively studied. Metal 

hydrides can be further classified into three groups depending on the character of the 

metal-hydrogen bond [9], including covalent hydrides such as SnH4 and AlH3, interstitial 

hydrides such as PdH0.7 and LaNi5H6 and ionic hydrides such as NaH and MgH2. The 

latter case of storing hydrogen as MgH2 is the focus of the present thesis and will be 

studied in detail in the following chapters. Chemical hydrides are referred to the systems 

when hydrogen is produced by the chemical reaction of a hydride, generally with water 

or an alcohol. This reaction is not easily reversible on-board of a vehicle. The spent fuel 

and the by-products of the hydrogen generation reaction should be removed from the 

vehicle and regenerated in a plant [10]. The last category, carbon-based high surface area 

materials, takes advantage of the small surface forces to adsorb hydrogen molecule on 

large surface area materials, e.g. metal organic frameworks (MOF) or different forms of 
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carbon allotropes. As the magnitudes of these surface interactions are small, these storage 

techniques usually operate at low temperatures [11].   

 

1.2.1 Magnesium as a hydrogen storage medium 
 

For a hydrogen storage technology to be viable, it must store more than 5.5 wt.% of 

hydrogen as stated in the U.S. Department of Energy (DoE) target for 2015 [4,12]. Pure 

Mg has a competitively high reversible hydrogen storage capacity, storing up to 7.6 wt.% 

H with a volumetric hydrogen density of 110 kg m
-3

 upon transformation to MgH2. Also, 

Mg is cheap, safe and non-toxic. These make MgH2 a very attractive hydrogen storage 

medium in principle.  

The biggest issue of MgH2 originates from its excessive stability (enthalpy of 

hydride formation is approximately 77 kJ mol
-1

 H2) [13], which requires either high 

temperature or very low pressure for the hydride to decompose. Using the standard Van’t 

Hoff equation: 

ln (
𝑃𝑒𝑞

𝑃0
) =

∆𝐻0

𝑅𝑇
−
∆𝑆0

𝑅
                                               (Eq. 1.1) 

where Peq is the equilibrium hydrogen partial pressure; H
0
 and S

0
 indicate the standard 

enthalpy and entropy of hydride formation, respectively, this would yield an equilibrium 

hydride decomposition temperature of more than 300C at 1 bar hydrogen pressure. This 

temperature-pressure combination is unsuitable for any on-board hydrogen storage 

application, since the target of operating temperature at 1 bar hydrogen pressure for 

transportation application is -50 to 150C [14].  

Besides, hydrogen absorption and desorption are kinetically slow, arising both from 

the sluggish phase transformation, and the high oxidation sensitivity of Mg surface. To 

break down the kinetic limitations of Mg  MgH2 phase transformation into individual 

possible rate-limiting step, the slow kinetics is due to the high energy barrier for 

hydrogen dissociation and recombination [15,16], very slow hydrogen diffusion through 

MgH2 [17] and through Mg [18], and the difficulty of nucleation of Mg in hydride and 
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vise-versa, given the large volumetric and chemical interfacial energy mismatch between 

Mg and MgH2 [19,20].   

Numerous studies have aimed to overcome the kinetic limitations by the addition of 

catalysts to enhance the dissociation rate of hydrogen at the Mg surface and by reducing 

the particle size to shorten the diffusion length [21-25]. There are also some recent 

promising studies where researchers have shown thermodynamic destabilization of MgH2 

through selective alloying [26-29 ] or creation of constrained nanolayered structures 

[30,31]. Despite great efforts to overcome its limitations, practical application of Mg 

remains problematic. 

 

1.3 The Hydrogen-driven Fuel cell 
 

The hydrogen stored in Metal Hydrides when released via the gas phase can be used 

in a PEMFC, which produces electricity from the electrochemical oxidation of hydrogen. 

A schematic picture of a PEMFC is shown in Figure 1.1.  

 

 

Figure 1.1: Schematic overview of a hydrogen-driven PEM fuel cell [32]. 
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The chemical reactions taking place inside a fuel cell are simple. On the anode, the 

gaseous hydrogen fuel is oxidized into protons and electrons: 

𝐻2(𝑔)
𝑐𝑎𝑡𝑎𝑙𝑦𝑠𝑡
→     2𝐻+ + 2𝑒−                                                  (Eq. 1.2) 

where the protons migrate towards the cathode through a polymer membrane electrolyte, 

and the electrons travel through an external circuit. On the cathode, the oxygen gas (air) 

is recombined with the protons and electrons to form water: 

𝑂2(𝑔) + 4𝐻
+ + 4𝑒−

𝑐𝑎𝑡𝑎𝑙𝑦𝑠𝑡
→     2𝐻2𝑂                                        (Eq. 1.3) 

This reaction is referred as the oxygen reduction reaction (ORR) that proceeds with the 

complete 4-electron reduction mechanism. As a result, the process produces only water 

and heat as the by-products, and the electrons that are moving through an external circuit 

could drive e.g. an electric motor in an automobile.   

Fuel cell vehicles powered by hydrogen from secure and renewable sources have 

one of the highest potential for reducing greenhouse gas emission [33]. Over the past 

decade, extensive research and development on all aspects of this technology has 

delivered prototype cars with impressive performances; however, taking the step towards 

the successful commercialization still requires the PEMFCs to meet three major criteria: 

cost, performance and durability [34]: 

(1) At present, the PEMFCs require relatively high loading of platinum, because the 

cathode ORR and anode hydrogen oxidation reaction both occur on the surfaces 

of Pt-based catalysts. Though substantial gains have been made in the 

development of low cost non-noble electrocatalysts [ 35 - 37 ], Pt-based 

electrocatalysts continue to remain as the key commercialization target due to 

their unsurpassed catalytic activities [38-40]. The high price of this scarce 

precious metal consequently has a decisive impact on the costs of PEMFCs.  

(2) The performance of fuel cell strongly depends on the catalytic efficacy of the 

ORR catalysts. The cathode ORR is orders of magnitude slower than the anode 

hydrogen oxidation reaction, and thus limits the performance of PEMFCs [34].  

(3) The development criteria for automotive fuel cell electrocatalysts must also meet 

the durability target of hundreds of thousands of load cycles over the 5000-hour 

operation lifetime [34]. However, the widely used cathode electrocatalysts 
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nowadays, such as carbon-supported Pt nanoparticles, degrade during operation. 

This is due to the tendency for the cathode to reach potentials higher than the 

onset of Pt dissolution and carbon oxidation [41,42].  

Given these technical challenges stated above, most research and development is 

focusing on improving the cathode catalyst and electrodes. Finding a way to reduce the Pt 

loading i.e. the cost without the loss of performance and durability is the subject of most 

ORR electrocatalyst research.  

 

1.4 Scope of this thesis 
 

The present thesis is focused on the design and characterization of various alloys and 

composites for application of solid state hydrogen storage and of PEMFCs cathode 

electrocatalysts, aiming to tackle all the technical issues that are stated above. In chapter 

2 to 5, the thesis is centered on hydrogen storage in solid state using magnesium-based 

alloys and composites as the storage medium. The content embodies my research 

findings of several new catalyst designs for accelerating the hydrogen sorption kinetics, 

and of the discovery of metastable alloys with favorably altered thermodynamics to lower 

the required hydriding/dehydriding temperatures. In chapter 6 and 7, the thesis is centered 

on electrocatalysts for cathode oxygen reduction reaction. The content embodies my 

research findings of several multicomponent Pt-based alloys with outstanding ORR 

activity and corrosion stability. Several catalyst supports including different carbon 

allotropes and metal oxide/nitride are also investigated.  

There are several approaches of alloy design that are involved in this thesis. In each 

chapter, the details of alloy design including the targeting technical issues, the selection 

of alloy elements and compositions, the wanted crystal structure and microstructural 

properties, and the resulting hydrogen storage / ORR properties are clearly presented. 
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1.5 Materials Preparation 
 

In this thesis, alloy design is one essentially coherent topic that is involved in both 

hydrogen storage and ORR electrocatalyst research. All the materials designed and tested 

in this thesis were fabricated by co-sputtering technique in the form of thin films or 

dewetted nanoparticles.  Thin film can serve as ideal model system for alloy design to 

search for promising alloy composition and structure, which may be then translated to 

bulk material. Thin film deposition by co-sputtering is a high throughput screening 

method, allowing rapid synthesis and testing of numerous compositions and 

microstructure. Co-sputtering also has excellent stoichiometry control, and more 

importantly can repeatably synthesize both metastable or equilibrium structure. 

Metastable alloys, which are not predicted by equilibrium phase diagram or are not 

achievable at ambient condition using conventional material synthesis techniques, are 

expected to possess enhanced performance for both applications of Mg-based hydrogen 

storage and Pt-based ORR electrocatalysts. 

 

1.5.1 Sputtering 
 

Sputtering is a physical vapor deposition technique that involves using ionized noble 

gas atoms (typically argon) to kinetically eject atoms from a target surface in a vacuum 

chamber. The positive charged noble gas ions are accelerated toward the target with 

sufficient kinetic energy, causing cascade of collisions on the target surface. Part of the 

target atoms will be ejected out and travel towards a substrate to deposit a thin film with 

desired composition. Sputtering requires sustained plasma created by ionizing the noble 

gas, in order to have continuous ions bombardment on the target surface. For better 

efficiency, powerful magnets are mounted behind the target (magnetron sputtering), so 

that electrons will be trapped by the magnetic fields, which cause a much higher 

ionization fraction of the sputtering gas near the target surface. As a result, the deposition 

rate can be increased by an order of magnitude via magnetron sputtering. 
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 In DC sputtering, the entire vacuum chamber and most equipment inside are 

grounded, with the exception that the deposition target is kept at a large negative 

potential. In such a way, the positive gas ions will be continuously accelerated towards 

the target. This method is suited to sputter highly conductive materials such as metals, 

which are the majority of materials used to fabricate Mg-based or Pt-based alloys. For 

dielectric materials, i.e. metal oxides, radiofrequency (RF) or pulsed-DC sputtering must 

be used. The periodic polarity reversal of the target potential prevents the charges build-

up on the target surface and allows the deposition of virtually any material, but at much 

slower rates than that of DC magnetron sputtering. 
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Chapter 2 
Nano-scale bilayer Pd/Ta, Pd/Nb, Pd/Ti and Pd/Fe 

catalysts for hydrogen sorption in magnesium thin 

films*  

 

2.1 Introduction 
 

Magnesium-based thin films are subject to intense scientific inquiry as they are 

becoming increasingly more utilized for optical hydrogen sensing, switchable mirrors and 

solar absorbers, and as model alloys for designing and understanding bulk hydrogen 

storage materials [1-7]. Magnesium and magnesium oxide are known to have poor 

activity towards hydrogen dissociation, which is the first step in the absorption process. 

Because of this, Pd catalyst films are normally deposited on the fresh magnesium 

surfaces to aid the sorption kinetics. Increasingly, these catalysts consist of bilayers, 

consisting of Pd on an oxide or a metallic support. This intermediate layer serves the 

critical role of reducing the highly deleterious interdiffusion between the Pd and the 

underlying hydrogen storing material [8]. Bilayer catalysts may also exhibit enhanced 

kinetics due to strong-metal support-interactions (SMSI) [9], though this effect is less 

explored for two metals as it is for metals on oxide supports. 

Remhof et al. was the first to utilize a metallic (Nb) intermediate layer between the 

catalytically active palladium cap and the hydrogen storing yttrium phase, though not 

                                                           
*
 Materials in this chapter has been published in: 

 XueHai Tan, Christopher T. Harrower, Babak Shalchi Amirkhiz, David Mitlin, 

International Journal of Hydrogen Energy 2009, 34, 7741-7748. 

http://www.sciencedirect.com/science/article/pii/S0360319909010465
http://www.sciencedirect.com/science/article/pii/S0360319909010465
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providing a comparison of the sorption kinetics without it [10]. An early work on oxide-

based intermediate layers for hydrogen storing materials was by researchers who 

examined nano-scale Y2O3 buffer layers for YHx [11], and nano-scale AlOx buffer layers 

for LaHx and YHx [12]. In both studies the authors concluded that the presence of an 

intermediate oxide layer did not impede hydrogen loading. Rather these purposely grown 

buffer layers had a beneficial role of impeding the interdiffusion of the active base metal 

and the Pd catalytic cap. The interdiffusion would presumably result in the formation of a 

discontinuous layer of binary intermetallics, the oxidation of the underlying active metal, 

and a subsequent loss of hydrogen dissociation catalytic activity. Subsequent studies 

utilized Ti or Fe underlayers to reduce the interdiffusion of the palladium with the base 

material and the consequent formation of intermetallics [13-19]. The base materials tested 

include pure Mg, a range of Mg–Ni alloys, Y and Mg–Al alloys.  

It is difficult to provide a systematic comparison of the bilayer scientific literature 

since in the above studies not only did the materials for the base and the intermediate 

layers differ, but so did the individual layer thicknesses, as well as the conditions for 

hydrogen loading (temperature, pressure, volumetric vs. electrochemical). Therefore one 

cannot establish a systematic trend in the degree of underlayer effectiveness in terms of 

long-term microstructural stability. That is the goal of this study: To provide a systematic 

comparison of the sorption cycling behavior for a range of bilayer catalysts using 

identical sample geometries and sorption conditions for each one. We chose bilayer 

combinations of Pd/Nb, Pd/Ti and Pd/Fe, Pd/Ta, using pure Pd as a baseline. The 

elements Nb, Ti and Fe are explored because various researchers have utilized them as 

intermediate layers for several base materials. Tantalum is chosen because it is well 

known as an excellent diffusion barrier for metals [20]. It also possesses a very high 

hydrogen permeability (1.310
-7

 mol/ms Pa
1/2

 at 500 C) [21]. We chose pure magnesium 

as the base material since it represents the simplest case in terms of the equilibrium 

phases formed upon hydrogen sorption (-MgH2) and has well defined equilibrium 

binary phase diagrams with both the Pd and the intermediate layers [22]. 
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2.2 Experimental 
 

The samples consisted of 1.5 m Mg films coated with bilayer 7.5 nm Pd/7.5 nm Fe 

(or Ti or Nb or Ta) catalysts on both the top and the bottom Mg surfaces. The transition 

metal served as an intermediate layer between the Mg and the Pd. A 15 nm Pd single-

layer film, on both top and bottom, was used as a baseline. The films were sputtered onto 

a nominally room temperature 4 inch Si (100) substrate that was coated with a hardened 

(so as not to outgas in the chamber) photoresist. Inside the sputter system the thin films 

stack had following sequence: vacuum/7.5 nm Pd/7.5 nm transition metal/1.5 m Mg/7.5 

nm transition metal/7.5 nm Pd/photoresist/Si wafer.  

After deposition the photoresist was washed away using acetone allowing the films 

to be fully released from the Si wafer. Release from the substrate allowed the films to be 

treated as free powders, in turn allowing for both accurate volumetric sorption testing and 

XRD analysis. During the release step, the films developed cracks perpendicular to their 

surface, disintegrating into millimeter and micron-scale flakes. The ultimate geometry of 

the films was that of powder-like flakes that were 1.5 m thick with the bilayer catalysts 

coating the top and the bottom flake surfaces. Figure 2.1A shows a SEM micrograph of a 

cross section of the Pd/Nb catalyzed Mg thin film flake after removal from the wafer and 

prior to testing. The bilayer catalyst coats the Mg film conformally. Figure 2.1B shows a 

plan-view SEM micrograph of the top flake surface revealing the morphology of the Mg 

grains. The Mg is microcrystalline with columnar grain morphology.  

Depositions of the catalysts and of the bulk Mg were performed sequentially without 

any interruption. We used Ar gas with a purity of 99.999% at a sputtering pressure of 

510
-3

 mbar, with a maximum base pressure of 510
-8

 mbar. Deposition was performed 

using a DC-magnetron co-sputtering system (AJA International). The substrate 

temperature was maintained near ambient. Deposition was done in a sputter-up 

configuration with continuous substrate rotation. Film thickness and deposition rates 

were obtained through the use of crystal deposition rate monitor held at the substrate 

plane. A separate series of experiments involving ex-situ film thickness measurements 
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versus deposition parameters were used to cross check the thickness/rate accuracies. The 

deposition rates were the following: Mg 3; Pd 1.7; Ta 0.3; Ti 0.4; Nb 0.4; and Fe 0.7 Å s
-1

. 

Volumetric absorption and desorption measurements were performed on a Sieverts 

hydrogen sorption analysis system (Hy-Energy LLC. PCTPro 2000). All the 

measurements were carried out at 250 C. All specimens were absorbed at a starting 

pressure near 2.5 bar and desorbed at a starting pressure near 0.05 bar. Samples received 

up to 8 absorption/desorption cycles. 

 

Figure 2.1: (A) SEM micrograph of a cross section of the Pd/Nb catalyzed Mg thin film flake 

after removal from the wafer and prior to testing. The 7.5 nm Nb/Pd bilayer (present, though not 

discernable) coats both surfaces, with the Nb being in contact with the Mg. (B) Plan-view SEM 

micrograph of the top flake surface revealing the morphology of the Mg grains. 

We used scanning electron microscopy (SEM) to analyze the morphology of the 

films. A Hitachi S-4800 SEM was operated at 7 kV accelerating voltage. Imaging was 

performed in secondary electron mode. The loose film flakes where mounted onto SEM 

stubs using conductive carbon tape. X-ray diffraction experiments were performed on a 

Bruker AXS diffractometer (Bruker Discover 8) using a copper K radiation source ( = 

0.1541 nm) that was monochromatized using a single Gobel mirror. Geometry of the 

system was in the Bragg-Brentano Geometry with a general area 2-dimensional detection 

system (GADDs). The data from the XRD database on EVA
TM

 software were used for 
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peak identification. Additional simulation of the peaks was performed using Desktop 

Microscopist
TM

 commercial electron and X-ray diffraction simulation package using the 

well-known crystallographic information of the metals, intermetallics and hydrides. The 

samples were analyzed by XRD directly after the last sorption cycle shown in the 

accompanying figure. The samples analyzed by Sieverts and XRD were in powder form 

after having been removed from the Si wafer by dissolving the photoresist. 

 

2.3 Results 
 

Figure 2.2A shows the absorption and desorption data of the Mg films with the 

baseline 15 nm Pd capping layers. At 250 C the kinetics are very slow, agreeing with the 

commonly reported observation that pure magnesium requires temperatures in excess for 

300 C for appreciable sorption [23,24]. The absorption time for the first cycle was 2.5 h. 

While the magnesium would have taken on more hydrogen if held for longer times the 

point was to demonstrate the sluggishness of the baseline reaction. After two and a half 

hours, less than 1 wt.% hydrogen is absorbed (theoretical capacity of MgH2 is 7.6 wt.%) 

and the majority of the magnesium remains metallic. The sample was even slower in 

desorption, essentially possessing negligible rates at the 0.05 bar hydrogen pressure. 

Subsequent attempts to absorb and desorb this microstructure were not successful. As we 

will demonstrate in the rest of the figures, the sorption rates achieved with various bilayer 

catalysts are orders of magnitude higher at identical pressure/temperature sorption 

conditions. Figure 2.2B shows that XRD pattern obtained from the sample after the last 

attempted desorption cycle (desorption data taken from 4.5 to 5 h). As expected the base 

material microstructure is a mixture of magnesium that displays peaks of the highest 

intensity and some -MgH2. No Pd peaks were detected. Instead clear and relatively 

intense Mg6Pd intermetallic peaks were present, indicating almost complete (within the 

detection limits of the XRD analysis) reaction of the Pd with the Mg at elevated 

temperatures.  

Figures 2.3–2.6 will show the sorption and the XRD data for the Pd/Fe, Pd/Ta, Pd/Nb 
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and Pd/Ti bilayer catalysts. Figure 2.7 will provide a comparison of the absorption and 

desorption times for each of these systems as a function of sorption cycle number. Figure 

2.3A demonstrates that the initial absorption/desorption behavior of Mg with the Pd/Fe 

bilayer catalysts is markedly different from the case when single-phase Pd was used. In 

the first sorption cycle the Pd/Fe sample absorbs over 4 wt.% hydrogen in 10 min. The 

first desorption cycle is also quite encouraging: 12 min to fully desorb. However the 

subsequent sorption cycle is much less impressive, with the required time to absorb 4 

wt.% hydrogen being an hour. Subsequent desorption is not possible, with the sample 

losing only about 0.5 wt .% before the kinetics become very sluggish. 

 

     

Figure 2.2: Cycled kinetics of magnesium with Pd catalyst layers. The corresponding XRD 

pattern after the last sorption cycle (partial desorption). For all samples in this study absorption 

was at 2.5 bar hydrogen and desorption was at 0.05 bar hydrogen. The testing temperature was 

250 C. 



17 
 

      

 

 

Figure 2.3: Cycled kinetics of magnesium with Pd/Fe bilayer catalysts. The corresponding XRD 

pattern after the last sorption cycle (absorption). 

The XRD pattern shown in the Figure 2.3B is of the specimen after the last sorption 

cycle. The sample should nominally contain 4 wt.% hydrogen, and hence be only 

partially sorbed. The theoretical capacity for pure MgH2 is 7.6 wt.%. The theoretical 

capacity of the composite should be lower due to the presence of the bilayer catalysts on 

both film surfaces. As expected the XRD pattern shows the presence of a-MgH2 as well 

as unsorbed Mg. Interestingly the other dominant phase that is clearly present in the 

material is the Mg6Pd intermetallic. This is somewhat surprising considering that the Mg 

and the Pd were not in contact in the as-synthesized films. This result can be qualitatively 

understood by considering the phase diagrams for Mg–Fe, Mg–Pd and Fe–Pd [22]. 
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Magnesium and Fe are virtually immiscible and do not form any intermediate phases. 

Magnesium and Pd form a series of intermetallics with the Mg6Pd being the stable phase 

on the Mg-rich side. The Fe–Pd phase diagram consists of an -Fe phase, with negligible 

solubility for Pd at 250 C, in equilibrium with ordered Fe–Pd having the prototype 

AuCu structure. At higher Pd compositions the ordered FePd3 phase is formed (prototype 

AuCu3). This phase is unlikely since at a bilayer film thickness of 7.5 nm/7.5 nm there is 

not enough Pd to fully react with the Fe. A possible scenario is that at elevated 

temperatures the Pd and Fe interdiffuse, forming a Fe–Pd alloy that is in contact with the 

underlying Mg. The formation of Mg6Pd then ensues with the accompanying loss of 

catalytic activity for hydrogen dissociation/reassociation.  

Figure 2.4 shows the cycling and the XRD data for the Pd/Ta bilayer samples. Figure 

2.4A shows the cycling data in its entirety while Figure 2.4B highlights the first and the 

second desorption cycle. The initial absorption cycle is quite slow, taking 5.5 h to absorb 

5 wt.% hydrogen. However the first desorption is extremely fast, where 5 wt.% is 

released in 6 min. Interestingly, the second absorption cycle becomes faster (2 h) while 

the second desorption cycle becomes slower (also 2 h). The XRD data from the sorbed 

specimen indicates that -MgH2 coexists with remaining Mg and with Mg6Pd. Since Pd 

and Ta have appreciable mutual solubility at 250 C (~ 9 at.% Pd in Ta, and ~ 15 at.% Ta 

in Pd) the formation of Mg6Pd is feasible. It is not possible to conclusively identify or 

negate the presence of -TaH0.5 since its XRD peaks overlap those of Mg6Pd. For 

example the most intense peak of -TaH0.5 (111) at 2 = 37.5, would experimentally 

overlap with the second most intense peak of Mg6Pd (066) at 2 = 38. The (020), (200), 

(002) and (220) peaks of -TaH0.5 would similarly do that.  

Figure 2.5 shows the results for the Pd/Nb system, which behaves similarly to Pd/Ta. 

The first absorption cycle is slow, taking over slightly over 2 h to reach 5 wt.% hydrogen 

content. First desorption is very rapid, achieving fully metallic state in just 13 min. As in 

the case of Pd/Ta, the second desorption cycle is slower while the second absorption 

cycle becomes faster. The XRD pattern shows the presence of -MgH2, Mg, Mg6Pd and 

NbH0.5 phases. Niobium and Pd have nearly 20 at.% mutual solubility and thus allow for 

the formation of Mg6Pd.  
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Figure 2.4: Cycled kinetics of magnesium with Pd/Ta bilayer catalysts. The corresponding XRD 

pattern after the last sorption cycle (absorption). 
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Figure 2.5: Cycled kinetics of magnesium with Pd/Nb bilayer catalysts. The corresponding XRD 

pattern after the last sorption cycle (absorption). 
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Figure 2.6: Cycled kinetics of magnesium with Pd/Ti bilayer catalysts. The corresponding XRD 

pattern after the last sorption cycle (desorption). 

Figure 2.6 shows the Pd/Ti system. The initial time to absorb 5 wt.% hydrogen is 14 

h. The time to desorb is even longer: 16 h. However, with cycling the sorption behavior 

improves. On the second cycle the time to absorb is 4 h, while the time to desorb is 3 h. 

With addition cycling the sorption times improve. The XRD pattern obtained after the 

last desorption cycle indicates the presence of Ti2Pd3 intermetallics as well as TiH2 

(really a substoichiometric TiH1.7) in addition to metallic Mg.  

Figure 2.7 compares the absorption and the desorption behavior of each of the 

bilayer catalyst systems versus the number of cycles. In the figure ‘‘cycle 1’’ indicates 

the first absorption cycle, ‘‘cycle 2’’ indicates the second absorption cycle, etc. In all  
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Figure 2.7: Absorption and desorption comparisons of the bilayer catalysts. 

 

cases the bilayer catalyst systems perform better (faster rates, higher stability) than the 

baseline single-layer Pd. The baseline Pd data is not included in Figure 2.7 because the 

samples did not sufficiently absorb. Magnesium catalyzed with Pd absorbed less than 1 

wt.% hydrogen, versus the bilayer systems that absorbed over 4 wt.% at the identical 

temperature/pressure conditions.  
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Interestingly both the absorption data and the desorption data indicate a 

fundamentally different behavior during the first two cycles versus consequent cycling. 

For cycle 1 Pd/Fe clearly shows the fastest absorption, followed by Pd/Nb and Pd/Ta. 

Pd/Ti has the slowest absorption of all the bilayer catalyst combinations. The first cycle 

desorption for Pd/Fe, Pd/ Nb and Pd/Ta are all similarly fast: 12, 13 and 6 min. However 

Pd/Ti takes almost two orders of magnitude more time to desorb than the others.  

The sorption behavior observed in these composites during the first several cycles is 

quite complex. Comparing the initial rates of hydrogen sorption of the various bilayers 

versus the pure Pd there certainly appears to be a strong support effect. This may be 

understood in terms of the heats of hydride formation and the hydrogen diffusivities 

through the intermediate layers, using the methodology established by authors in Ref. 

[19]. It is also perhaps due to a fundamentally different catalytic behavior of the Pd on 

various supports [9]. However, it is difficult to model or even discuss the root-causes of 

the observed trends without detailed analysis of the ‘‘early’’ microstructures. We intend 

to pursue such analysis in future research.  

By cycle 3 the Pd/Nb and Pd/Ti catalysts begins to reach a nearly identical steady-

state behavior, for both absorption and desorption. The desorption time in Pd/Ta also 

reaches a steady state though at a higher value; 110 min vs. approximately 50 min for 

Pd/Nb and Pd/Ti. However the absorption behavior of samples with the Pd/Ta catalytic 

layers does begin to show slight kinetic degradation with increasing number of cycles. 

Despite having very rapid initial sorption rates the composite with the Pd/Fe bilayer is not 

cycleable beyond the first adsorption/desorption. 

 

2.4 Discussion 
 

A fundamental question that arises from the results summarized by Figure 2.7 is why 

it is possible to cycle Mg with Pd/Nb, Pd/Ta and Pd/Ti catalysts, whereas Mg covered 

with Pd or Pd/Fe rapidly and irreversibly degrade. One hypothesis is that the bilayers that 

are stable during sorption preserve some Pd (not Pd based intermetallic) coverage. This, 
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in turn, is a result of having the underlying transition metal transform to a hydride that 

remains stable during desorption. Unlike its metallic counterpart, these hydrides have 

negligible solubility for atomic Pd and hence are much more effective in separating the 

catalyst form the base Mg. An alternative explanation is that the transition metal hydrides 

are sufficiently active towards hydrogen dissociation/reassociation and transport that the 

observed stable kinetic behavior is actually due the their presence on the Mg surface, 

rather than due to any remaining Pd. Similar argument was put forward by Huot et al. for 

case of MgH2 – Nb powder composites [25]. In both scenarios, however, the key is the 

hydride’s thermodynamic stability.  

If we consider the heats of hydride formation for Pd, Fe, Ta, Nb and Ti [26], the 

cycling stability trends are relatively consistent with the above hypothesis. The test 

temperature in this study was 250 C and the hydrogen desorption pressure was 0.05 bar, 

while the absorption pressure was 2.5 bar. The standard Van’t Hoff equation is used to 

calculate the plateau pressure with respect to temperature: In(P/P0) = H/RT - S/R 

where H is the enthalpy of hydride formation, S = -130 J K
-1

 mol
-1

 H2, and P0 = 1 bar. 

Magnesium hydride (-MgH2) with a heat of formation equal to -74 kJ mol
-1

 has a 

plateau pressure of 0.25 bar; an order of magnitude higher than the desorption pressure. 

PdH0.6 has a heat of formation of -40 kJ mol
-1

 and a plateau pressure of 634 bar. This 

indicates that Pd will be in its metallic state throughout absorption and desorption. FeH0.5 

has a positive heat of hydride formation of 10 kJ mol
-1

 and will remain metallic 

throughout the entire test as well. An ordered alloy of Fe and Pd should similarly not 

form hydrides at the test conditions.  

The heat of formation for NbH0.5 is -88 kJ mol
-1

, giving a pressure plateau of 0.01 

bar. TiH2 has an enthalpy of formation of -134 kJ mol
-1

 and a pressure plateau of 2.510
-7

 

bar. Thus once these hydrides are formed, they will remain for the remainder of the test. 

The presence of Mg6Pd intermetallics in the XRD pattern of the Pd/Ti and Pd/Nb samples 

is likely due to the interdiffusion that has taken place during the initial sorption cycle 

before the hydrides could form. This may also be the origin of the kinetic variations in 

the sorption behavior observed during the first few cycles: Once stable hydrides are 

formed, steady-state sorption behavior is achieved.  
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Ta is the one outlier. -TaH0.5 has a heat of formation equal to -76 kJ mol
-1

. 

Thermodynamically it should be a hydride during sorption and metallic during desorption. 

However in the case of Ta, the prolonged catalytic activity may be related to its elevated 

temperature stability. Recent work have shown that metallic Ta may be utilized as a 

nano-scale barrier for hydrogen storing thin films, minimizing the interdiffusion of Mg 

and Al with the Pd catalyst [27]. Alternatively the observed relatively stable cycling 

behavior may actually be due to the catalytic properties of Pd–Ta alloys that form during 

desorption. A theoretical study has predicted the Ta/Pd system to be very effective for 

hydrogen catalysis [9].  

We intend to further test these scenarios in subsequent studies where we will rely on 

analytical tools such as TEM and in-situ neutron reflectometry to site-specifically probe 

the microstructure of each layer.  

 

2.5 Conclusion 
 

This study focused on the elevated temperature (250 C) hydrogen sorption behavior 

of magnesium catalyzed by nanoscale bilayers of Pd/Ta, Pd/Nb, Pd/Ti and Pd/Fe. The 

bilayers, which were 7.5/7.5 nm in thickness, were sputter deposited on each side of 1.5 

m thick pure Mg thin films. For a baseline we also examined a standard single-layer Pd 

catalyst deposited on each side. Volumetric sorption cycling demonstrated two 

fundamentally different behaviors: With the pure Pd and the Pd/Fe catalysts, the sorption 

kinetics of the Mg films rapidly degraded. The samples with Pd failed to appreciably take 

up hydrogen even in the first absorption cycle, while the samples with Pd/Fe catalyst 

could only absorb/desorb once before deteriorating. Conversely the Pd/Ta, Pd/Nb and 

Pd/Ti catalysts remained active throughout multiple sorption cycles, reaching what 

appeared to be steady-state kinetics. For example, Mg catalyzed by Pd/Nb is able to sorb 

5 wt.% hydrogen in approximately 40 min during cycles 5–8. Our hypothesis is that the 

cycling stability of the Mg film depends on the intermediate metal layer’s enthalpy of 

hydride formation. Palladium and Fe remain metallic throughout sorption. This allows for 

rapid interdiffusion of the elements and the complete transformation of the Pd catalyst to 
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Mg6Pd. Metals with high negative heats of hydride formation, such as Ti and Nb, remain 

as hydrides during sorption cycling, acting as more effective diffusion barriers to stabilize 

the Pd catalyst. In addition the NbH0.5 and TiH2 may actively catalyze hydrogen 

dissociation/reassociation and provide transport paths in and out of the Mg 

microstructure. 
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Chapter 3 
A TEM based study of the microstructure during 

room temperature and low temperature hydrogen 

storage cycling in MgH2 promoted by Nb-V*  
 

3.1 Introduction 
 

Magnesium hydride (MgH2) based systems are considered promising for solid-state 

hydrogen storage [1-4]. However practical applications are hindered by the systems’ 

excessive thermodynamic stability and sluggish hydriding/dehydriding kinetics [5,6]. The 

origins of the slow kinetics have been investigated using a variety of analytical 

techniques, such as in situ synchrotron X-ray diffraction [7], in-situ or cryo-stage electron 

microscopy [8-10], first principles calculations [11], and neutron scattering [12-14]. 

There have been some recent promising studies where researchers have shown 

thermodynamic destabilization of MgH2 through selective alloying [15-17] or creation of 

constrained nanolayered structures [18,19]. Some researchers have demonstrated that the 

sorption kinetics are significantly accelerated by intimately mixing or alloying proper 

transition metals with Mg [20-25]. A number of authors have also accelerated the kinetics 

by synthesizing nanoscale structures so as to reduce diffusion limitations [26-31], or by 

creating highly deformed structures with high dislocation densities [32-34]. 

                                                           
*
 Materials in this chapter has been published in: 

 XueHai Tan, Beniamin Zahiri, Chris M.B. Holt, Alan Kubis, David Mitlin, Acta 

Materialia 2012, 60, 5646–5661. 

http://www.sciencedirect.com/science/article/pii/S1359645412003710
http://www.sciencedirect.com/science/article/pii/S1359645412003710
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Mg-based alloys, in thin film form, are currently subject to intense scientific inquiry. 

As a high-throughput screening method, thin film techniques are useful to identify the 

ideal compositions and amounts of secondary catalytic or destabilizing additives [35-37]. 

For example, by physical vapor depositing Mg films with suitable elements, such Fe, Ti, 

V, Cr, it is possible to create materials with rapid sorption kinetics [38-40]. It is known 

that if the selected elements do not form intermetallic compounds with Mg or have 

appreciable solubility in Mg at equilibrium, they will segregate from the as-deposited 

supersaturated solid solutions of Mg and form separate phases [41]. The superb kinetic 

enhancement of such composite materials has been attributed to the catalytic effect of the 

secondary phases that are densely dispersed in the Mg matrix. Though the exact role of 

the secondary phase is yet to be determined, it has been hypothesized that it could serve 

as hydrogen dissociation/recombination catalysts, heterogeneous nucleation sites and 

high H diffusivity paths. The secondary phase may also act as pinning points forming a 

network along the Mg(MgH2) grain boundaries [41]. This would prevent the growth of 

Mg grains and the sintering of Mg particles, reducing the diffusion distances. More work 

is needed in terms of providing direct microstructural evidence to demonstrate these 

arguments. For example, one unknown regards the systems’ microstructural evolution 

during extended elevated temperature hydriding/dehydriding cycling and its relationship 

to the universally observed degradation of the kinetics. Another question concerns the 

microstructural origin of fundamental differences that have been reported in the sorption 

kinetics of systems catalyzed by single elements versus that of bimetallic catalyst phases 

[38].   

Both V and Nb are known catalysts that promote the hydrogen sorption kinetics in 

Mg [42-44]. They have body-centered cubic (bcc) structure, with appreciable hydrogen 

solubility and high hydrogen diffusivity [45]. In addition, both elements form hydrides at 

the pressures/temperatures utilized for magnesium. The catalytic properties of their 

respective hydrides, rather than those of the metals, have been suggested to play an 

equally important role for catalyzing the reactions under certain sorption conditions [46]. 

Though binary systems of Mg and a single transition metal have been the subject of 

extensive research, hydrogen storage in Mg-rich ternary Mg-V-Nb has not received any 

attention.  
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In the present study the interrelationship between the microstructure and the 

hydrogen storage cycling behavior of Mg-rich ternary Mg-V-Nb alloys is investigated in 

detail. As a baseline we also present the properties and the microstructure of Mg-V and 

Mg-Nb systems. As will be demonstrated, Mg-20V and Mg-10V-10Nb samples possess 

similarly rapid initial hydrogen sorption kinetics. However the two systems show 

fundamentally differing trends in the microstructural evolution induced by hydrogen 

absorption and desorption cycling, with concomitantly disparate rates of kinetics 

degradation. Though we utilize a variety of analytical techniques along with Avrami-type 

(Johnson-Mehl-Avrami; JMA) kinetic analysis, our primary tool is cryogenic stage 

transmission electron microscopy (TEM). Using cryo-stage TEM allowed us to observe 

the microstructures in the fully hydrided or fully metallic state with minimal beam-

induced specimen damage. It also allowed us to examine partially sorbed microstructures 

containing both Mg and MgH2, thus allowing for a realistic comparison between the 

obtained JMA parameters and the actual growth process. Combining these techniques led 

to a general mechanistic description of the microstructural evolution in these alloys both 

at 200 °C and at room temperature. 

 

3.2 Experimental 
 

The ternary Mg-V-Nb and binary Mg-V and Mg-Nb alloy films were synthesized by 

physical vapor deposition (PVD). They were 10 cm in diameter and 1.5 m thick. The 

Mg-based alloy films were coated with 7.5 nm Pd/7.5 nm Ta bilayers on the top and 

bottom of the stack. The Ta interlayer reduced the rate of intermetallic formation between 

the Mg and the Pd, allowing the Pd to stay active during the first few cycles [47]. 

Deposition was performed using a DC-magnetron co-sputtering system (AJA 

International Inc. ATC ORION 8), in a sputter-up configuration with continuous 

substrate rotation. The substrate temperature was maintained near ambient for all 

depositions. Argon gas with a purity of 99.999% was used at a working pressure of 5 

10
-3 

mbar, with a maximum base pressure of 510
-8

 mbar. The Si substrates were first 

coated with a layer of hardened photoresist to enable post deposition lift-off of the films 
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using acetone. The deposition rates were the following: Mg 2.3 Å s
-1

, Pd 1.6 Å s
-1

, Ta 0.3 

Å s
-1

. The deposition rates of V and Nb varied accordingly to adjust for different 

stoichiometries. The levels of secondary additions were kept the same for both ternary 

and binary samples, namely 20 at.%. For simplicity, we denote samples as Mg-xV-yNb, 

which indicates stoichiometry of 80 at.% Mg – x at.% V – y at.% Nb. 

Volumetric absorption and desorption kinetic measurements and the desorption 

pressure-compositions isotherms (PCT-desorption) were performed on an automated 

Sieverts type hydrogen sorption analysis system (Hy-Energy LLC. PCTPro 2000). The 

typical sample amount used for each measurement was ~15 mg. Cycling kinetics 

measurements were performed at 200 C and at 20 C. For cycling tests at 200 C, the 

hydrogen pressures at the beginning of absorption and desorption steps were ~2.3 and 

0.007 bar, respectively. The absorption and desorption steps were reversed when the 

average sorption rate fell below 0.005 wt.% min
-1

 over a period of 3 minutes. Room 

temperature hydrogen uptake was performed with a sample that first underwent 50 full 

sorption cycles at 200 C. The sample was then cooled to 20 °C and absorbed at 1 bar. 

After absorption, the sample was again heated to 200 °C to desorb at a starting hydrogen 

pressure of 0.005 bar. Partially absorbed/desorbed samples were prepared by interrupting 

the sorption process at a predetermined reaction wt.% fraction. 

X-ray diffraction (XRD) analysis was performed on a Bruker AXS diffractometer 

(Bruker Discover 8) using a Cu-K radiation source ( = 1.5406 Å) that was 

monochromatized using a single Gobel mirror. The diffractometer was equipped with a 

HiStar general area 2-dimensional detection system (GADDs) with a sample-detector 

distance of 15 cm. Powder diffraction patterns from both simulated results and the XRD 

database of DIFFRAC
plus 

EVA
TM

 software were used for peak identifications. Grain size 

(D) analyses were performed by using the well-known Scherrer equation:   

𝐷 =
𝑘

𝛽 cos 𝜃0
                                                                (Eq. 3.1) 

where k is a constant taken as 0.9,  is the x-ray wavelength,  is the full width half 

maximum of the peak (FWHM) in radians with the instrumental broadening effect 
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corrected, and 0 is the position of the peak maximum. For each testing condition, the 

grain size was reported as the average value from the best-resolved peaks. The deviation 

of the mean from the maximum and minimum calculated values are reported as the error 

bars. The peak fitting using Voigt function and necessary deconvolution of overlapping 

peaks were performed on Fityk commercial software [48]. The instrumental broadening 

was carefully determined by using a LaB6 standard material and subtracted from the 

measured line broadening.  

Scanning electron microscopy (SEM) analysis was performed on a Zeiss NV vision 

400 equipped with a gallium liquid metal ion source. The cross-section sample of internal 

film structure was prepared using focused ion beam (FIB) lift-out. The FIB was operated 

at 30 kV and down to a lowest probe current of 80 pA to polish the surface of the cross-

section sample. Imaging and selected area electron diffraction (SAD) analysis was 

performed on JEOL 2100 transmission electron microscope operated at 200 kV, using a 

liquid nitrogen cooled sample holder. At 93 K the beam-induced decomposition of 

hydride phases occurred relatively slowly, allowing for proper analysis of the hydride 

[49]. The TEM powder samples were prepared by dry dispersion of the powders onto an 

ultrathin carbon film supported by a lacey carbon film on a copper grid. Commercial 

software Desktop Microscopist
TM 

and Crystal Maker
TM

 are used to simulate electron 

diffraction patterns.    

 

3.3 Results 

3.3.1 Hydrogen sorption at 200 °C and at room temperature 
 

Figure 3.1 compares the hydrogen cycling sorption behavior of the binary (Mg-20V 

and Mg-20Nb), as well as the ternary (Mg-7V-13Nb, Mg-10V-10Nb, Mg-13V-7Nb) 

systems. The measured hydrogen absorption/desorption capacities, and the time to 

absorb/desorb 80% of the average capacity for each composition, as a function of cycle 

number, are depicted in Figure 3.1A-D respectively. Mg-20V exhibits rapid sorption 

kinetics at early stages of cycling. However, after ~90 sorption cycles, the system  
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Figure 3.1: Hydrogen cycling sorption behaviors of the binary (Mg-20V and Mg-20Nb), as well 

as the ternary (Mg-7V-13Nb, Mg-10V-10Nb, Mg-13V-7Nb) systems at 200C. (A, B) The 

measured hydrogen absorption and desorption capacities for each composition as a function of 

sorption cycle number. (C, D) The time to absorb and desorb 80% of the average measured 

capacity for each composition as a function of sorption cycle number up to 210 cycles. (E, F) The 

time to absorb and desorb 80% of the average measured capacity for Mg-10V-10Nb and Mg-

13V-7Nb up to 500 cycles. 
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begins to display obvious kinetic degradation, which is especially manifested during 

absorption. For example, it takes 40 times longer to absorb 80% of the average capacity 

at the 200
th

 cycle, as compared to the 45
th

 cycle. Since the sorption step was reversed 

when the rate fell below 0.005 wt.% min
-1

, the kinetic slowdown also led to a decrease in 

the reversible capacity with cycling. Since the kinetics of binary Mg-20Nb rapidly 

degraded during the early stages of cycling, testing for that system was ceased after 100 

cycles. The ternary Mg-V-Nb alloys exhibit much more favorable hydrogen storage 

cycling properties. All three ternary compositions show almost no kinetic degradation 

even at over 200 cycles. Since the sorption kinetics of both Mg-10V-10Nb and Mg-13V-

7Nb were extremely rapid, the two compositions were cycled 500 times, and these results 

are shown in Figure 3.1E and F, respectively. Overall the Mg-10V-10Nb system displays 

the least cycling-induced kinetics degradation though the difference with Mg-13V-7Nb is 

fairly minor. The sorption kinetics of Mg-7V-13Nb is not as rapid, indicating that a 

minimum amount of V is required before the kinetics reaching optimum. This may 

highlight the superior catalytic properties of V over Nb. The fact that all five alloys begin 

with essentially the same sorption kinetics seems to suggest that the selection of 

secondary catalytic phases becomes more important during later stages of cycling. 

It is evident that the hydrogen cycling sorption behaviors of the ternary Mg-V-Nb 

alloys and the binary Mg-V alloy possess a common characteristic: the presence of an 

“activation period” before the sorption kinetics reaching the fully activated state. Though 

to a varying extent, both the absorption and the desorption kinetics progressively worsen 

during the first 10-20 cycles. The sorption rates subsequently improve and reach the fully 

activated state at which they remain stable for a duration that depends on the sample’s 

composition. The length of the activation period varies with the sample compositions. 

While the binary Mg-20V required less than 20 cycles to be fully activated, the ternary 

Mg-V-Nb films required significantly more cycles. Also, the kinetic slowdown during the 

activation period became more severe with increasing Nb doping. In all cases, the first 

cycle absorption times were much longer than those in the subsequent cycles. For 

example, the first cycle absorption times of Mg-10V-10Nb and Mg-7V-13Nb samples 

were so long that the data could not be practically plotted on the same graphs. This 

behavior is not representative of the materials’ general hydriding performance. The as-
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synthesized microstructures were supersaturated solid solutions without a secondary V, 

Nb or V-Nb catalytic phase, but with the bilayer Ta/Pd surface coatings still intact. It is 

known that decomposition of as-deposited supersaturated Mg solid solution mainly 

occurs during the first hydrogenation [41,50]. 

Pressure composition temperature (PCT) tests were utilized for Mg-10V-10Nb to 

ascertain its thermodynamic properties. The plateaus were obtained from specimens that 

have undergone 100 plus sorption cycles, so as to analyze the “steady-state” 

microstructure. The desorption plateaus at 190 C, 210 C and 230 C are shown in 

Figure 3.2. The measured equilibrium pressures are 0.031, 0.072 and 0.153 bar, yielding 

the enthalpy and entropy of hydride decomposition of 76.8 kJ mol
-1

 H2 and 136.9 J K
-1

 

mol
-1

 H2, respectively. Both are in good agreement with literature-reported values for the 

equilibrium -MgH2 phase, e.g. [27]. It is thus confirmed that the rapid sorption behavior 

of the alloys is a kinetic effect. 

 

Figure 3.2: Desorption pressure-composition-temperature (PCT) at 190, 210 and 230 C of Mg-

10V-10Nb. 

Among the five compositions examined above, binary Mg-20V and ternary Mg-10V-

10Nb and Mg-13V-7Nb are the most interesting candidates for further investigation. The 
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cycling stability without compromising the sorption kinetics. These materials also exhibit 

different lengths of activation. Figure 3.3A and B show the selected absorption and 

desorption cycles of Mg-20V at 200 C. From the 45
th

 to the 200
th

 cycle, the amount of H 

that can be absorbed within 10 seconds significantly decreases from 4.5 to only 2.3 wt.%. 

The kinetics of desorption on the other hand degrades only slightly. Figure 3.3C and D 

show the selected absorption and desorption cycles of Mg-10V-10Nb. The sorption 

curves of Mg-13V-7Nb are analogous, and are thus not shown here. In the ternary cases, 

even at 500 cycles, both absorption and desorption kinetics show negligible degradation. 

 

Figure 3.3: Comparison of the hydrogen sorption cycling behaviors between Mg-20V and Mg-

10V-10Nb at 200 C. (A) Selected absorption cycles and (B) selected desorption cycles of Mg-

20V. (C) Selected absorption cycles and (D) selected desorption cycles of Mg-10V-10Nb. 
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To obtain further insights into the cycling induced kinetic degradation mechanism, in 

particular as manifested in the hydriding kinetics, we first fit the experimental absorption 

data (first 90% of the transformed fraction) of Mg-20V and Mg-10V-10Nb at various 

cycling stages with the  Johnson-Mehl-Avrami (JMA)
 
kinetic model [51]. The JMA 

model is a well-known analytical description of transformation kinetics based on 

homogeneous nucleation and growth (NA) process and is expressed as 

𝑓 = 1 − exp(−𝑘𝑡)𝑛                                               (Eq. 3.2) 

where  is the transformed fraction, k is the kinetic rate constant and t is the reaction time. 

The value of the Avrami exponent n, which depends on the type of nucleation, 

dimensionality of growth and the rate-limiting step of growth, can be obtained from the 

slope of the straight line when plotting ln[ln(1/(1f ))] vs. ln(t).  

The best fits to the experimental absorption data are obtained with two JMA 

functions. In Figure 3.4A and B, the experimental data (reported as open diamonds) for 

Mg-20V (45
th

 and 200
th

 cycles) and Mg-10V-10Nb (100
th

 and 500
th

 cycles) are plotted as 

both ln[ln(1/(1f ))] vs. ln(t) and as  vs. t. Two stages with different slopes are observed 

for all cases. The JMA fits are superimposed onto the experimental data, with solid and 

dashed lines fitting stages I and II, respectively. Such two-stage behavior is known, 

having been covered by Christian [52]. The onset of stage II has been attributed to site 

saturation [52], which would lead to impingement of the growing hydride nuclei and a 

corresponding significant reduction of the transformation rate. In the case of Mg-20V, 

with increasing cycling there was progressively less material transformed to the hydride 

at the conclusion of stage I (indicated as t). For example, t decreased from 0.95 at the 

45
th

 cycle to 0.45 at the 200
th

 cycle. Conversely for Mg-10V-10Nb, t decreased only 

slightly from 0.81 at 100
th

 cycle to 0.78 at 500
th

 cycle. Since stage II is significantly 

slower than stage I, the fraction of material that can be transformed to hydride before the 

onset of the stage II would directly impact on the overall absorption kinetics. It should be 

noted that the n values of the absorption stage I, for both samples, remain close to 1 

throughout cycling. This strongly suggests that the nucleation and growth mechanism 

during stage I is similar for both systems and does not evolve with cycling. According to  
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Figure 3.4: Kinetic analyses on the absorption curves of Mg-20V and Mg-10V-10Nb at selected 

sorption cycles. Top figures: the evaluation of the experimental data (open diamonds) using Eq. 

3.2; two stages with different slopes (n) are clearly observed. Bottom figures: the experimental 

data (open diamonds) plotted as transformed fraction  vs. time in seconds; the JMA models fits 

for the stages I and II are superimposed in the transformed fraction graphs as solid and dashed 

lines respectively. (A) The 45
th
 and the 200

th
 absorption cycle for Mg-20V. (B) The 100

th
 and the 

500
th
 absorption cycle for Mg-10V-10Nb.   

Christian [52], n = 1 could describe several phenomena, such as grain boundary 

nucleation or diffusion controlled growth of various geometries.  

The superb absorption kinetics during stage I can be further characterized by 

calculating the apparent activation energy of the hydriding reaction (QA), according to the 

Arrhenius-type ln(k) vs. 1/T formulation. The rate constant k was obtained by fitting the 

sorption data with the JMA model. To minimize any influence on sorption kinetics due to 

cycling degradation, the data was acquired on a fully activated Mg-10V-10Nb sample, 

which is kinetically more stable than Mg-20V. In addition, only the initial 60% of the 

transformed fraction was fitted. This ensures that the obtained apparent activation energy 
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could truly represent the stage I hydrogenation reaction. The pressure-temperature 

combinations used for activation energy measurements were specified, so that the 

reaction driving forces were kept as close as possible to the one used during hydrogen 

cycling sorption. Based on the results from Zahiri’s work [53], the driving force formula 

T(1(PeqP)
0.5

) was selected in this study. This expression was originally derived by 

Rudman [54], assuming that diffusion is the rate-limiting step. Figure 3.5 shows the 

Arrhenius plot of rate constants k of the absorption stage I at five different temperatures 

(190, 200, 210, 220 and 230 C). An apparent activation energy (QA) of 14.6 ± 1.1 kJ 

mol
-1

 is obtained. Such a low energy barrier is consistent with the sorption kinetics during 

absorption, stage I being extremely rapid. 

 

Figure 3.5: Measured activation energy of the stage I absorption. 

The ternary samples are also able to relatively quickly absorb hydrogen at room 

temperature at a pressure of 1 bar and over 20 sorption cycles. The selected hydrogen 

uptake curves of the activated Mg-13V-7Nb sample are shown in Figure 3.6. Since the 

enthalpy of hydride decomposition is not altered compared to bulk MgH2, after each 

absorption step, the sample was heated to 200 C to release the hydrogen under a rough 

vacuum. Analogous to the absorption curves at 200 C, two-stage behavior also presents 

in the hydrogenation curves at room temperature. However, the onset of stage II occurs at 

a lower transformed fraction. The hydriding kinetics during stage II becomes 

substantially slower as well. 
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Figure 3.6: Room temperature absorption cycling of Mg-13V-7Nb at 1 bar hydrogen pressure. 

After each absorption step, hydrogen is released at 200 °C. 

 

3.3.2  Microstructural analysis 
 

Figure 3.7A shows the XRD patterns of Mg-20V in the as-deposited state, in the 

post-cycled desorbed state, and in the post-cycled absorbed state. In the as-deposited state, 

the film has a strong Mg [0001] fiber texture. The Mg (0002) reflection shifts to higher 

angle (2θ = 35.5) as compared to the equilibrium value of 34.4 for pure Mg. The lattice 

parameter of V (a = 3.04Å) is smaller than that of Mg (a = 3.21 and c = 5.21Å), so a shift 

to higher 2 values is expected. Conversely there is no evidence of the equilibrium V 

Bragg peaks. This indicates that the as-deposited alloy microstructure consists of 

supersaturated solid solution of V in Mg. After cycling, the most prominent peaks can be 

unambiguously indexed to Mg and MgH2. Since there is no detectable variation of the 

lattice parameters from the literature-reported values, the previously dissolved V has 

almost entirely segregated out of the Mg/MgH2 lattice. Despite the Ta underlayer, the 

Mg–Pd intermetallics are still formed during cycling. Mg6Pd is detected in the desorbed 

state, while Mg5Pd2 is detected in the absorbed state. In the diffraction patterns of Mg-

20V after 200 sorption cycles, body-centered tetragonal VH0.5 (I4/mmm (139)) is found 

in the fully absorbed state, and a mixture of VH0.5 and metallic V (Im-3m (229)) is found  
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Figure 3.7: XRD patterns of (A) Mg-20V and (B) Mg-10V-10Nb in the as-deposited state, the 

post-cycled desorbed state and the post-cycled absorbed state, respectively. 

in the desorbed state. The reported values of the enthalpy of formation for VH0.5 range 

from -70 to -84 kJ mol
-1

 H2 [50,55]. Assuming an entropy of -130 J mol
-1

 K
-1

, the 

equilibrium pressure would range from 0.1 bar to 0.003 bar. The partially desorbed 

microstructure of VH0.5 indicates that the plateau pressure at 200 C should be slightly 

higher than 0.007 bar that is used for desorption. The vanadium dihydride VH2 is not 

observed, agreeing with the reported enthalpy of formation of -40.25 kJ mol
-1

 H2 [56]. 

Figure 3.7B shows the XRD patterns of Mg-10V-10Nb. In the as-deposited state, the 

Mg (0002) peak in this case is located at 2 = 35.8. After 500 cycles, the reflections of 

Mg and MgH2 are at their theoretical positions. For the post-cycled Mg-10V-10Nb, a 

broad reflection is observed, partially overlapping with the strongest peak of the Mg-Pd 

intermetallic. Since Nb and V possess a small but negative enthalpy of mixing (-5 kJ  

mol
-1

), and are negligibly soluble in Mg, the formation of a bcc Nb-V solid solution is 

expected. The position of this broad reflection, centered at 2 = 38.5, does not change 

between the desorbed and the absorbed state. Authors have reported that the 

monohydrides of Nb-V possess a bcc lattice, with a = 3.32 Å for the Nb0.5V0.5H 

stoichiometry [57]. This unit cell yields the observed 2θ position for the (110) reflection. 
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Conversely, a strict “Vegard’s law” lattice parameter for metallic Nb0.5V0.5 would give 

the position of the (110) reflection at 2θ = 40.2, which is significantly outside the 

measured position. 

Figure 3.8A shows the average grain size of metallic Mg in the desorbed state, as a 

function of cycle number. For the binary Mg-20V, the Mg grain size is 35 nm after 45 

cycles, which increases to 57 and 84 nm after 90 and 200 cycles, respectively. For the 

ternary Mg-10V-10Nb, an increasing trend for Mg grain size is also observed, but the rate 

of increase is markedly lower. After 45 cycles, the Mg grain size is 29 nm. This value 

increases to 33 and 43 nm after 90 and 200 cycles, respectively. Eventually, the Mg grain 

size increases to 60 nm after 500 cycles. This value is still smaller than that of binary 

sample after 200 cycles. Figure 3.8B shows the average grain size of MgH2 in the 

absorbed state after selected cycling stages. The ternary sample again shows a markedly 

lower rate of grain growth. The grain size of MgH2 increases almost synchronously 

compared to the metallic counterpart. After prolonged sorption cycling, the mean grain 

size of MgH2 becomes slightly smaller than that of Mg. However, since the differences 

are still within the range of error bars, this discrepancy in grain size cannot be 

conclusively argued. Figure 3.8C shows the crystallite size of the catalysts during various 

stages of cycling. For Mg-20V, the catalyst is denoted as VH0.5/V. The size of VH0.5/V 

increases from 4 nm after 45 cycles, to 7 nm after 200 cycles. For Mg-10V-10Nb, the 

size of Nb0.5V0.5H stays essentially the same; it is 3 nm after 45 cycles and 4 nm after 500 

cycles.  

Figure 3.9 shows the SEM micrographs of Mg-20V and Mg-10V-10Nb samples after 

selected cycling stages. The microstructures of Mg-20V are presented after 45, 90 and 

200 cycles. The microstructures of Mg-10V-10Nb are presented after 45, 90 and 500 

cycles. With increasing cycle number, the film structures of both materials show 

progressive disintegration. This is due to the repeated volume expansion/contraction 

(24.5% volume mismatch, with respect to the hydride phase, between the metal and the 

hydride phase) during hydrogen absorption/desorption cycling. The low magnification 

images highlight one important difference between the two systems: the film structure of 

binary sample disintegrated faster. For example, after 90 cycles the Mg-10V-10Nb film  
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Figure 3.8: During-cycle grain size analysis for Mg-20V and Mg-10V-10Nb. (A) Grain size of 

metallic Mg in the desorbed state. (B) Grain size of MgH2 in the absorbed state. (C) Crystalline 

size of catalyst. 

(Figure 3.9H) still consisted of large flakes in the size of 100 or more m. However, after 

the same number of cycles the Mg-20V film (Figure 3.9B) was finer, with the size of vast 

majority of the flakes being 10 m or less. 

 The higher magnification micrographs reveal the edge and the surface morphologies 

of the flakes. For Mg-20V, a high density of surface cracks is visible after 45 cycles 

(Figure 3.9D). Some of the cracks develop into large fractures through the entire flake 

thickness after 90 cycles (Figure 3.9E). The Mg-10V-10Nb sample is similarly rough at 

the surface after 45 cycles (Figure 3.9J). However, the middle section of the flake holds 
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its structural integrity relatively well. After 90 cycles, the original dense film structure 

has cracked into particles that are held together in the planar film geometry (Figure 3.9K). 

The absence of large fracture through the thickness may account for the larger flake size 

of ternary samples at macroscopic view. After extended cycling, both Mg-20V and Mg-

10V-10Nb specimens disintegrate into loose powders, though flake edges several 

micrometers long can still be found (Figures 3.9F and L). 

 

Figure 3.9: SEM micrographs of Mg-20V and Mg-10V-10Nb after various stages of cycling. (A-

C) Low magnification images of Mg-20V flakes after 45, 90, and 200 cycles, respectively. (D-F) 

High magnification images of Mg-20V flakes after 45, 90, and 200 cycles, respectively. (G-I) 

Low magnification images of Mg-10V-10Nb after 45, 90, and 500 cycles, respectively. (J-L) 

High magnification images of Mg-10V-10Nb flakes after 45, 90, and 500 cycles, respectively. 
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Figure 3.10: SEM and TEM micrographs of Mg-20V, in the desorbed state, after 200 cycles. 

SEM micrographs of (A) representative post-cycled powder agglomerate and (B) a cross section 

through the powder agglomerate achieved via FIB sectioning. (C) Bright field TEM micrograph 

of a representative sample region. (D) Indexed selected area diffraction (SAD) pattern acquired 

from the Mg particle marked by an arrow in (C). (E) Dark field micrograph of the Mg, obtained 

using g = (10-11)Mg reflection. (F) Bright field TEM micrograph of a region adjacent to the same 

Mg particle, showing a cluster of fine crystallites. (G) SAD pattern acquired from the crystallite 

cluster, indexed as belonging to V/VH0.5; isolated Mg spot reflections are also marked in the SAD 

(arrowed). Dark field micrograph of the catalyst obtained using a portion of the (110) ring that is 

marked by a dashed circle. 
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Figure 3.10 shows the results of SEM and TEM analysis of Mg-20V, in the desorbed 

state, after 200 cycles. A bimodal powder distribution can be identified in the SEM 

micrographs (Figure 3.10A). The large 500+ nm particles are magnesium. Though these 

particles are an obvious feature of the SEM images, much smaller Mg particles are also 

detected using TEM. A cross section through the representative powder agglomerate, 

achieved via FIB sectioning, is shown in Figure 3.10B. The image reveals the extensive 

porosity of the post-cycled sample. The specimens appear to disintegrate into powders 

that are weakly held in the original film geometry. Figure 3.10C shows a bright field 

TEM micrograph of a representative sample region. Figure 3.10D shows the indexed 

selected area diffraction (SAD) pattern acquired from the Mg particle (arrowed). In the 

corresponding dark field micrograph (Figure 3.10E), obtained using the g = 10-11Mg 

reflection, one section of the particle displays strong Bragg contrast. The grain is large 

enough to show thickness contours along its edges. It also displays Pendellosung contrast 

of several threading dislocations (top left and bottom right). Figure 3.10F shows a bright 

field image of the same region, but now with the Mg grain tilted away from strong Bragg 

contrast. Figure 3.10G shows the indexed SAD pattern acquired from the cluster of fine 

crystallites (arrowed). The simulation indicates that the observed rings have a bcc-type 

periodicity, which could be associated with either metallic V or VH0.5 (the hydrogen 

superlattice reflections would not show in an electron diffraction pattern). Isolated Mg 

spot reflections are also marked in the SAD. Figure 3.10H shows a dark field micrograph 

of the V catalyst crystallites, obtained using a portion of the (110) ring that is marked by 

a dashed circle.  

Figure 3.11 shows the SEM and TEM micrographs of Mg-10V-10Nb in the desorbed 

state, after 500 cycles. Figures 3.11A and B highlight the structure of the powder 

agglomerate, which shows somewhat different morphology compared to Mg-20V. 

Overall there are fewer 500+ nm large magnesium particles. High levels of porosity are 

similarly present in the ternary system, though qualitatively the pores appear more 

uniform. The bright field image (Figure 3.11C), SAD (Figure 3.11D) and dark field 

micrograph of Mg (Figure 3.11E) all appear relatively similar to Mg-V. However, as 

evidenced by the dark field micrograph of catalyst particles (Figure 3.11F), the major 

difference between the two systems is in the size and distribution of the surface catalyst 
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particles. Judging from the image contrast and the appearance of the SAD patterns, the 

regions shown in Figures 3.10 and 3.11 are of similar thickness. It can be then stated that 

the catalyst crystallites shown in the ternary Mg-V-Nb are both finer and more densely 

distributed than those in Mg-V. 

To seek direct evidence demonstrating the interrelationship between microstructure 

and the observed two-stage absorption behavior, we used cryo-stage TEM to examine a 

binary Mg-20V sample that was partially absorbed. The material was previously cycled 

 

Figure 3.11: SEM and TEM micrographs of Mg-10V-10Nb, in the desorbed state, after 500 

cycles. SEM micrographs of (A) representative post-cycled powder agglomerate and (B) FIB 

cross section through the agglomerate. (C) Bright field TEM micrograph of a representative 

electron transparent region. (D) The corresponding SAD pattern, indexed as a single crystal Mg. 

(E) Dark field TEM micrograph of Mg, obtained using g = (10-10)Mg reflection. (F) Dark field 

micrograph of catalyst particles, obtained using a portion of the (110)Nb-V ring that is marked by a 

dashed circle. 
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200 times at 200 °C, and the final absorption procedure was interrupted right after the 

rapid stage I (~ 50% reaction fraction). In this way, we were able to identify the type of 

microstructure that would absorb hydrogen rapidly during stage I. The material remaining 

as metallic Mg would thus absorb hydrogen slowly during stage II. The partially 

absorbed sample contains 2 wt.% hydrogen, corresponding to an overall H/Mg ~ 1. 

However, as been previously reported using in situ neutron scattering, H (D) solubility in 

 

Figure 3.12: Cryo-stage TEM analysis of partially absorbed (~ 50% reaction fraction) Mg-20V, 

after 200 full sorption cycles at 200 ˚C. (A) A bright field micrograph of a representative region. 

(B) SAD pattern acquired from the region marked 1, indexed as single crystal Mg. (C) A dark 

field micrograph of the Mg grain obtained using g = (10-11)Mg reflection. (D) SAD pattern 

acquired from the region marked 2, indexed as a single crystal MgH2, along with rings associated 

with the V/VH0.5 catalyst crystallites. (E) A dark field micrograph of MgH2 obtained using g = 

(101)MgH2 reflection. (F) A dark field micrograph of V/VH0.5 catalyst crystallites obtained using a 

portion of the (110) ring that is marked by a dashed circle. 
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the Nb- and V-catalyzed Mg α-phase is very low even at an elevated temperature of 

320 °C [46]. This implies that the H-absorbed microstructure is β-MgH2. The results of 

cryo-stage TEM analysis are shown in Figure 3.12. Examining region marked 1 in the 

bright field micrograph (Figure 3.12A), it is apparent from the dark field micrograph 

(Figure 3.12C) that the grain remains entirely metallic. Conversely, the region marked 2 

in the bright field micrograph, has transformed to a relatively large MgH2 grain that can 

be imaged using the g = (101) MgH2 reflection. The dark field micrograph of the MgH2 

grain shown in Figure 3.12E has the characteristic mottled contrast related to ionic 

materials [49]. As shown in the dark field micrograph of catalyst crystallites (Figure 

3.12F), the catalyst number density in region 2 is higher than that in region 1. What is 

evident from the microstructure is that the hydride preferentially formed in the region 

with a denser catalyst distribution. The regions of microstructure where few catalyst 

particles were observed remained untransformed.  

We examined a partially absorbed ternary Mg-13V-7Nb sample that was previously 

cycled for 500 times at 200 °C. The hydriding procedure was interrupted ~60 to 70% 

reaction fraction, which also corresponds to stage I absorption. The results of cryo-stage 

TEM analysis are shown in Figure 3.13. For sample regions with non-uniform catalysts 

distribution (see Figure 3.13A–F), the hydrides again show clear spatial correlation with 

the Nb-V catalyst particles distributed on the surface, agreeing very well with what was 

observed in the binary Mg-20V sample. This mechanistic picture of hydride formation is 

also encountered at room temperature. Figure 3.14 shows the results of the ternary Mg-

13V-7Nb sample that is partially absorbed (~35% reaction fraction) at room temperature.   

It should be noted that the non-uniform catalyst distribution is not the representative 

microstructure of the ternary systems. For a representative region of ternary Mg-13V-

7Nb sample (see Figure 3.13G-L), the particle with uniform catalyst distribution has 

completely transformed to a single grain of MgH2, though its size is as large as the ones 

shown in Figures 3.12A and 3.13A. The presence of growth twins of MgH2 is consistent 

to what has been previously reported by Zahiri et al. [53]. The fast hydrogenation process 

and the presence of trace-level Nb and V impurities in the hydride promote the twinning 

that would compensate for the internal stress buildup during the Mg to MgH2 phase 
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transformation. What needs to be emphasized is that regardless of the surface catalyst 

distribution, there is no evidence of any “core-shell” or “contracting volume” type of 

hydride growth mechanism, where many small MgH2 nuclei would form covering the Mg 

surfaces. Rather the formation of isolated MgH2 nuclei and their subsequent growth into 

the magnesium grain is always the hydriding mechanism in both the binary and the 

ternary systems.  

 

Figure 3.13: Cryo-stage TEM analysis of partially absorbed (60-70% reaction fraction) Mg-7Nb-

13V, after 500 full sorption cycles at 200˚C. (A) Bright field micrograph of a representative 

region with non-uniform catalysts distribution. (B) The corresponding SAD pattern. (C) Dark 

field micrograph of Nb-V catalyst crystallites (C) Dark field micrograph of the Mg grain obtained 

using g = (10-12)Mg reflection. (D) Dark field micrograph of MgH2 obtained using g = (110)MgH2 

reflection. (E) Dark field micrograph of another MgH2 grain obtained by tilting the sample. (G) 

Bright field micrograph of a representative region with uniform catalysts distribution. (H) The 

corresponding SAD pattern. (I) Simulation of the diffraction pattern which shows that Matrix ZA 

is close to [-1-11], and the observed twinning plane is (101). (J) Dark field micrograph of Nb-V 

catalyst crystallites obtained using a portion of the (110) ring that is marked by a dashed circle. 

(K) Dark field micrograph of MgH2 obtained using the matrix spot g = (101)MgH2 reflection. (L) 

Dark field micrograph of the twinned MgH2 obtained from g = (101)twin reflection. 
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Figure 3.14: Cryo-stage TEM analysis of partially absorbed (35% reaction fraction) Mg-7Nb-13V 

at room temperature. (A) Bright field micrograph of a representative region with non-uniform 

catalysts distribution. (B) The corresponding SAD pattern. (C) Dark field micrograph of Nb-V 

catalyst crystallites. (D) Dark field micrograph of Mg obtained using g = (0002)Mg reflection. (E) 

Dark field micrograph of MgH2 obtained from g = (110)MgH2 reflection. (F) Dark field micrograph 

of another MgH2 grain obtained by tilting the sample. 
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an extensive network of cracks running throughout the bulk. At that stage, the surface Pd 

layer also has not yet fully reacted with the underlying Mg [47]. Therefore the primary 

regions that are catalytically active towards hydrogen dissociation/recombination are the 

Pd layers on top and bottom. The dissociated hydrogen atoms have to diffuse into the 

bulk. For pure Mg films with a catalyst layer on the surface, it has been observed that the 

migration of hydrogen atoms into or out from the bulk would be impeded by the blocking 

effect of a continuous MgH2 layer [58,59]. However in systems alloyed with elements 

such as Cr-V [41] or Al [60], hydriding proceeds quite uniformly throughout the bulk of 

the film, indicating enhanced hydrogen diffusion.  

From Figure 3.1, an initial progressive kinetic worsening has been observed in both 

absorption and desorption kinetics. This occurs for a set number of cycles, after which the 

sorption kinetics slowly improves again. The activation behavior in sorption kinetics may 

be viewed as the interplay between the progressive degradation of the surface Pd/Ta 

catalyst and the progressive formation of V or Nb-V exposed catalytic surface. As 

demonstrated in Figure 3.9, the progressive film disintegration that exposes more 

secondary catalysts to hydrogen molecules has occurred in both binary and ternary 

systems. Once the amount of V or Nb-V exposed catalytic surface is sufficient to 

overcome the loss of Pd, both the absorption and desorption rates begin to improve.  

It is evident that the behaviors of activation depend on the sample compositions. 

Since all the films contain initially the same amount of Pd/Ta catalyst and the degradation 

rate of Pd/Ta layer should be roughly the same, the difference in activation behavior is 

most likely due to the variation in film disintegration rates (see Figure 3.9). It is expected 

that the internal stress buildup, induced by repeated volume expansion/contraction during 

hydrogen absorption/desorption cycling, would result in cracking at Mg-MgH2 interfaces 

[61]. From the fracture mechanism, it is known that the distance that a crack will advance 

per cycle will scale with the material’s grain size [62]. It can be therefore argued that the 

variation in grain sizes is the microstructural cause for the observed discrepancy in film 

disintegration rates. As shown in Figure 3.8A, the Mg grain size in the binary Mg-20V is 

consistently larger than that in the ternary Mg-10V-10Nb. Therefore, the former film 

would disintegrate faster with deeper cracks. This provides the binary system with a 
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kinetic advantage during activation due to more dissociation/recombination sites and 

reduced diffusion distance. 

As shown in Figure 3.8C, the bimetallic Nb0.5V0.5H crystallites exhibit improved 

resistance towards cycling-induced coarsening as compared to VH0.5/V crystallites. The 

microstructural stability of secondary catalytic nanoparticles plays a role in stabilizing the 

grain size and particle size of Mg/MgH2. From the dark field micrographs of both binary 

and ternary systems (see Figures 3.10E, 3.11E, 3.12C, 3.12E, 3.13D-F, 3.13K and 3.14D-

F), there is no evidence of Ashby-Brown type strain contrast [63,64] that would be 

expected if the nanoparticles were actually embedded in the bulk of the grains. Rather the 

catalyst particles remain at grain boundaries and/or surfaces throughout cycling sorption. 

In the following paragraphs, we will discuss the possible mechanisms through which the 

V or Nb-V catalysts at grain boundaries and/or the surface result in the observed 

differences in magnesium (hydride) grain size and particle size between the binary and 

the ternary systems. 

It is known that the precipitates at grain boundaries can act as pinning points 

retarding the grain growth of the matrix material. The pinning force P (Zener Drag effect) 

that a particle exerts on the boundary is expressed by [65]: 

𝑃 =
3𝑓𝛾

2𝑟
                                                                (Eq. 3.3) 

where f is the volume fraction of precipitates,  is the grain boundary energy and r is the 

radius of the precipitates. The pinning effect is reduced as the size of precipitates 

increases. Therefore, one would expect to see more substantial coarsening of the Mg 

grains in the binary Mg-V sample, since the crystallite size of VH0.5/V is consistently 

larger than that of Nb0.5V0.5H. It must be kept in mind that if the precipitated particles 

coarsen above a certain critical size, grain growth of the matrix phase would still occur 

[66]. Moreover, as is evident from Figures 3.10 and 3.11, the majority of catalyst 

crystallites wind up distributing on the external surface of relatively large Mg particles 

(which may or may not be a single crystal) after extended sorption cycling. These facts 

suggest that the precipitates’ pinning effect will diminish with cycling.  
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Considering the possibility that every V or Nb-V catalyst/Mg interface is a potential 

nucleation center for hydride to grow, the distance between the catalyst particles will then 

primarily determine the hydride grain size. It has been recently demonstrated that the 

finely dispersed MgF2 nanocrystals, serving as nucleation centers for MgH2, have 

remarkable effect on refining the grain size of hydride throughout cycling [67]. From 

Figure 3.10 and 3.11, it is clear that the ternary Mg-V-Nb systems consist of an overall 

denser distribution of catalysts on the surface of Mg particles. Herein, one would expect a 

higher density of MgH2 nuclei in the ternary systems. The shorter distance between the 

hydride nuclei would result in an earlier impingement of growing hydride crystallites, 

and thus a smaller grain size of MgH2 in the ternary systems. This agrees well with the 

result shown in Figure 3.8B. The ternary Mg-V-Nb system with a denser surface catalyst 

distribution has a consistently smaller grain size of MgH2 than the binary Mg-V one.  

Though not being characterized quantitatively, the particle size of Mg/MgH2 also 

increases with sorption cycling, due to the sintering and the agglomeration of “loose” 

particles. However, as shown in Figures 3.10 and 3.11, the overall Mg particle size in the 

ternary Mg-V-Nb system is smaller than that in the binary Mg-V system. It has been 

recently demonstrated that Fe (which does not hydride) is much less effective than Ti 

(which forms a very stable hydride), in preventing sintering/agglomeration of the 

hydrogen cycling magnesium microstructure [68]. This is in line with our results. As 

demonstrated in Figure 3.7, Nb-V nanoparticles remain as hydride throughout the cycling, 

whereas the V particles are at least partially desorbed. Since a diffusional flux of metal 

atoms away (or towards) the hydride would upset the exact stoichiometry, it would be 

more difficult for a hydride to undergo some form of Ostwald Ripening.  

On the basis of the above-mentioned discussion, a mechanistic description is 

provided for the hydrogen cycling-induced microstructural evolution at elevated 

temperature, as shown in the schematic in Figure 3.15. In the period of activation, the 

films continuously transform from fully dense structures, with hydrogen ingress being 

possible only at surfaces, to powders with progressively more exposed catalysts. After 

extended cycling, the sample structure becomes analogous to that of a weakly held 

together nanocomposite powder, with a distribution of catalytic nanoparticles on the 
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surfaces of larger Mg/MgH2 particles. The schematic illustrates the cracking during 

activation. It also illustrates the interrelationship between the size of catalyst particles and 

the grain size, particle size of Mg, as well as the surface catalyst distribution. The 

schematic highlights the difference in microstructure between Mg-V and Mg-V-Nb 

during hydrogen cycling.  

 

Figure 3.15: Schematic representation of the mechanistic description for the cycling-induced 

microstructural evolution of initial Magnesium alloy film. Dashed lines indicate non-physical 

boundaries. The microstructures and the absorption behaviors between the elemental V catalyzed 

and the bimetallic Nb-V catalyzed MgH2 are compared in parallel with respect to the cycle 

numbers. 

The ultimate outcome of the disparity in the coarsening rates of the V versus Nb-V 

catalysts is that the kinetics of the binary system degrades much more rapidly than that of 

the ternary system. Generally speaking, the kinetic degradation could be due to several 

microstructural factors. The decreased availability of the surface catalysts with increasing 

cycle number, the progressive increase in the Mg grain size and particle size, which 

increases the hydrogen diffusion distance, or a combination of both are all plausible 

explanations. However, as observed from the Avrami plots in Figure 3.4, it is the 

magnitude of a two-stage hydriding behavior, namely the conclusion point of the rapid 

stage I with respect to reaction fraction, that defines the disparate rates of kinetics 
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degradation between the binary and the ternary systems. Therefore, any insight regarding 

the microstructural origin for the two-stage hydriding behavior would be the key for 

understanding the degradation mechanism and the enhanced cycling stability of ternary 

systems.  

The cryo-stage TEM analysis, prepared by interrupting the reaction right after or 

within the stage I absorption, reveals direct microstructural evidence for the rapid 

absorption in stage I. Figures 3.12-3.14 demonstrate a key feature of Mg to MgH2 phase 

transformation: The hydriding during stage I only occurs in the regions with a denser 

distribution of surface catalysts. The regions with few catalyst particles remain 

untransformed. Therefore, our hypothesis is that it is the surface catalyst distribution and 

its stability that dictate the magnitude of the two-stage hydriding kinetics. This 

hypothesis is in accord with the results shown by Anastasopol et al. [31], where the 

heterogeneity in the reaction rates within one sample is due to the different configurations 

(e.g. particle size in their case) of the reacting particles. 

As indicated by the cryo-stage TEM analysis, hydride nucleates on the surface in 

close proximity to the catalyst particles. In a previous study, we have also demonstrated 

that the hydride to metal phase transformation occurs entirely on the particle surface, in 

that case on pre-existing MgH2 with the right crystallographic orientation [69]. This 

makes sense in terms of the difficulty of nucleating one phase in the bulk of the other, 

due to the immense volumetric and chemical interfacial energy mismatches between the 

metal and the hydride. One plausible interpretation for the spatial correlation is that the 

catalyst particles facilitate the nucleation of hydride by serving as heterogeneous 

nucleation sites or nucleation centers for MgH2 [39,67,70]. If the nucleation density of 

MgH2 scales with the surface catalyst distribution, the different magnitudes of two-stage 

hydriding behaviors between binary Mg-V and ternary Mg-V-Nb systems can be 

rationalized by arguing that there are more hydride nuclei formed in the ternary samples.  

The comparison between the two microstructures in Figure 3.13 suggests another 

mechanistic picture regarding the influence of surface catalyst distribution on hydriding 

kinetics. Compared to the hydride grains in the region with non-uniform catalyst 

distribution (see Figures 3.13E and F), the hydride grain in Figure 3.13K grew up to at 
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least five times larger (measured by projected area) within the same period of time. This 

fact indicates that the denser distribution of surface catalysts dramatically increased the 

growth rate of the hydride phase. To explain the influence on growth rate, we have to 

consider the fact that the effectiveness of secondary catalytic phases is also strongly 

affected by the actual distribution of catalyst on Mg surface. Hydrogen dissociation 

would primarily take place on the exposed surface of V or Nb-V catalysts, rather than on 

the pure Mg surface. Thus, the distribution of catalyst on Mg would strongly affect the 

surface concentration of hydrogen atoms and the flux of hydrogen atoms diffusing 

towards the growth front of the hydride phase. Overall, since ternary Mg-V-Nb samples 

have a larger proportion of Mg with a denser surface catalyst distribution than the binary 

Mg-V sample, a larger fraction of Mg can be transformed to hydride during the rapid 

stage I absorption. 

The measured apparent activation energy (see Figure 3.5) shed light on the hydride 

growth mechanism during the stage I absorption. One may argue that the measured 

activation energy (QA = 14.6 kJ mol
-1

) agrees quite well with hydrogen diffusion in 

magnesium, as the reported values for hydrogen diffusion in magnesium range from 24 to 

40 kJ mol
-1

 [71,72]. A variety of experimental and theoretical studies yielded activation 

energies, ranging from 96 to 166 kJ mol
-1

, for hydrogen diffusion in MgH2 [73-75]. 

Therefore, we could rule out the possibility that diffusion of hydrogen through a product 

layer of hydride is the rate-limiting step here. Rather, hydrogen atoms transport towards 

the hydride growth front through the surrounding magnesium matrix. This mechanistic 

picture of hydride growth is consistent with the results of cryo-stage TEM analysis, 

where little evidence for any “core-shell” structure was observed.  

 

3.5 Conclusion 
 

Magnesium hydride catalyzed by new nano-scale bimetallic Nb-V catalysts exhibits 

significantly enhanced cycling kinetic stability without compromising the sorption 

kinetics even after 500 hydrogen sorption cycles. By studying a binary Mg-V system as 
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the baseline, we observed clear trends of the cycling-induced microstructural evolution 

and the concomitant change in sorption kinetics. Using a combination of several 

analytical techniques, we elucidated the major differences in microstructure between the 

ternary Mg-V-Nb and the binary Mg-V systems. By employing cryo-stage TEM 

characterization on partially absorbed material, we demonstrated that it is the surface 

catalyst distribution and its stability that dictate the magnitude of a two-stage hydriding 

behavior, which in turn determines the cycling-stability of the materials. We provided a 

mechanistic description of the cycling-induced microstructural evolution, which serves to 

systematically explain the interrelationship between the microstructure and the observed 

kinetic trends for both the binary and the ternary systems during the activation period and 

after prolonged sorption cycling.  
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Chapter 4 
The influence of Cu substitution on the hydrogen 

sorption properties of Magnesium rich Mg-Ni films*  

 

4.1 Introduction 
 

Magnesium is one of the most promising candidates for solid state hydrogen storage 

due to its high storage capacity and low cost. It reacts with hydrogen to form MgH2, 

according to reaction: 

Mg + H2 ↔ MgH2                                                       Eq. 4.1 

with a calculated hydrogen capacity of 7.6 wt.%. However, the thermodynamic and 

kinetic limitations are major obstacles preventing the use of MgH2 in mobile applications. 

Recent results showed that, by alloying Mg with secondary catalyst phases such as Fe-Ti, 

Fe-V, Al-Ti, the kinetic barriers of MgH2 can be overcome [1-3]. These ternary systems 

display very fast sorption kinetics and excellent cycling stability at 200 C. However, 

since the active hydrogen storage medium in these systems is pure MgH2, the 

thermodynamic barrier still exists. Therefore it is necessary to destabilize MgH2 or use 

less stable hydrides. 

                                                           
*
 Materials in this chapter has been published in: 

 XueHai Tan, Mohsen Danaie, Peter Kalisvaart, David Mitlin, International Journal of 

Hydrogen Energy 2011, 36, 2154-2164. 

http://www.sciencedirect.com/science/article/pii/S0360319910022731
http://www.sciencedirect.com/science/article/pii/S0360319910022731
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Alloying Mg with Ni, Cu or both of them may be an effective way to achieve this 

goal. It is reported that the destabilization effect on MgH2 increases in the order: Ti, Nb, 

Al, Fe, Ni and Cu according to first-principles simulation assuming that all the alloying 

elements were in solid solution in the MgH2 phase [4]. It is also known that Mg reacts 

with Ni to form Mg2Ni, which can react with hydrogen to form Mg2NiH4, according to 

reaction: 

Mg2Ni + 2H2 ↔ Mg2NiH4                                                   Eq. 4.2 

with a calculated hydrogen capacity 3.6 wt.% [ 5 ]. Two forms of Mg2NiH4 exist. 

Mg2NiH4 transforms from a high temperature (HT) cubic structure to a low temperature 

(LT) monoclinic structure at about 235°C, but LT-Mg2NiH4 is more stable than HT-

Mg2NiH4, shown in both theoretical simulations and experimental results [6-8]. The 

hydride formation enthalpy for the two Mg2NiH4 phases is experimentally determined 

only for the HT form, which sits in a range from -64.3 to -69.3 kJ mol
-1

 H2
 
[5, 9-10]. 

There is lack of experimentally determined thermodynamic results for LT-Mg2NiH4 and 

deep disagreements still remain for this value, ranging from -68.6 to -81.0 kJ mol
-1

 H2 [8, 

11]. Mg will also react with Cu to form Mg2Cu, and it has been reported that Mg2Cu will 

disproportionate under H2 to form MgH2 and MgCu2 according to reaction: 

2Mg2Cu + 3H2 ↔ 3MgH2 +MgCu2                                        Eq. 4.3 

with a calculated hydrogen capacity of 2.62 wt.% [12]. The hydride formation enthalpy 

for the above reaction has been experimentally determined before as -70 or -71.9 kJ mol
-1

 

H2 [12,13].  

If the amount of Mg in the alloy is in excess of the composition needed for the 

formation of Mg2Ni or Mg2Cu, Mg and Mg2Ni or Mg2Cu intermetallics will coexist. 

Possible synergetic effects on hydrogen sorption have been actively discussed. Reilly et 

al. first pointed out that the presence of Mg2Ni or Mg2Cu has catalytic effect on Mg + H2 

 MgH2 reaction [5,12]. Zaluska et al. presented the hypothesis about synergetic effects 

in hydrogen desorption of MgH2/Mg2NiH4 systems: Mg2NiH4 undergoes significant 

contraction (~32%) upon hydrogen desorption, and this contraction applies strain to the 

attached MgH2 neighbor, which locally triggers the desorption from MgH2 [14]. In short, 
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Mg-rich ternary Mg-Ni-Cu alloys have high potential for solid state hydrogen storage 

systems and have attracted many research interests. 

Despite having been subject to extensive research, the precise mechanisms by which 

Cu-substitution affects the hydrogen desorption properties in ternary Mg-Ni-Cu systems 

are still unclear. Hao Gu et al. [15] studied the effect of Cu-doping on the hydrogen 

storage properties of Mg-rich Mg95Ni5Cux (x = 0, 0.5, 1, 2) prepared by hydriding 

combustion synthesis and mechanical milling, concluding that Cu has an obvious 

catalytic effect on the dehydriding properties, decreasing the dehydriding temperature 

onset from 450K for Mg95Ni5 to 420K for Mg95Ni5Cu2. Milanese et al. [ 16 , 17 ] 

systematically studied a large range of Mg-Ni-Cu compositions prepared by reactive 

mechanical grinding, focusing on the compositions with excess Mg. However, they 

pointed out that Ni is more effective than Cu in catalyzing the desorption reactions, 

because for mixtures with identical Mg content, the desorption rate is better for higher Ni 

content. Most of the kinetic and thermodynamic results for Mg-rich ternary Mg-Ni-Cu 

systems from literature were obtained at temperatures higher than 250 C. Moreover, not 

much attention has been paid to the cycling hydrogen sorption behavior of ternary Mg-

Ni-Cu systems at elevated temperatures. 

The present study investigates the hydrogen storage properties of sputter-deposited 

Mg-rich ternary Mg-Ni-Cu films. As an ultrafast cooling-rate technique, sputtering 

enables the synthesis of metastable alloys and solid solution with well-controlled surface 

area and reproducible defect density and grain size by using similar deposition 

parameters. The sorption kinetics, cycling stability and thermodynamic properties of the 

ternary alloys are investigated and compared with binary Mg-Ni and Mg-Cu alloys which 

are included as baseline cases. In such way, the individual role of alloying elements Cu or 

Ni in the ternary systems can be clarified. The present phases and microstructures of the 

alloys are characterized by XRD and TEM, and their relation with the observed sorption 

behaviors will be discussed. A Van’t Hoff plot for LT-Mg2NiH4 will be constructed by 

using PCT-desorption in the temperature range below 235 C. Whether Cu has an effect 

on the thermodynamic stability of Mg hydride or Mg2NiH4 will be investigated by 

comparison of isotherms. 
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4.2 Experimental 
 

The samples consist of 1.5 m Mg-based alloy layer coated with 7.5 nm Pd/7.5 nm 

Ta bilayer catalysts on top and bottom of the stack. Deposition was performed using a 

DC-magnetron co-sputtering system (AJA International). Ar gas with a purity of 99.999% 

was used at a sputtering pressure of 510
-3 

mbar, and the maximum base pressure was 

510
-8

 mbar. The detailed deposition methods and conditions are very similar to those 

described by Kalisvaart et al
 
[1]. The use of Pd/Ta bilayer as surface catalyst and 

oxidation prevention and the process to produce free-standing film were described in 

detail in a previous paper [18]. The deposition rates were the following: Mg 2.3-3.3 Å s
-1

, 

Pd 1.6 Å s
-1

, Ta 0.3 Å s
-1

; Ni and Cu rates varied with Mg rate to adjust for different 

stoichiometry. 

Volumetric absorption and desorption measurements and the PCT-desorption were 

performed on a Sieverts type hydrogen sorption analysis system (Hy-Energy LLC. 

PCTPro 2000). Cycling kinetics measurements were performed at 200 C. The absorption 

reservoir was 11.8 ml, and the desorption reservoir was 1178 ml volume. The pressure in 

the absorption reservoir was set to 3 bar; for desorption, the reservoir was initially put 

under primary vacuum. The absorption and desorption steps were terminated when an 

average rate lower than 0.0001 wt.% min
-1

 was measured over a period of 6 minutes. 

X-ray diffraction experiments were performed on a Bruker AXS diffractometer 

(Bruker Discover 8) using a Cu-K radiation source ( = 1.5406 Å). The details of XRD 

instrumentation are similar to those described in previous chapters. Grain size and lattice 

strain analyses were performed. Integral breadth analysis (IBA) was used to deconvolute 

the broadening effects of grain size and lattice strain by using the following relation [19]: 

(𝛿2𝜃)2

(𝑡𝑎𝑛𝜃0)2
=
𝑘

𝐷
(

𝛿2𝜃

𝑡𝑎𝑛𝜃0𝑠𝑖𝑛𝜃0
) + 16𝑒2                                       Eq. 4.4 

and plotting (2)
2
/(tan0)

2
 versus (2/tan0sin0), where 2 is integral breadth of the 

peaks, and 0 is the peak maximum position. The grain size (D) and microstrain (e) can 
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be obtained from the fitted linear line slope and ordinate intercept respectively. For each 

analysis, 5 best resolved peaks were used to generate the linear graph. Peak fitting was 

performed on EVA
TM

 commercial software, and deconvolution of overlapping peaks was 

performed on Origin 8, if it was necessary. The instrumental broadening was determined 

by using standard LaB6 material and subtracted from the measured line broadening. 

 

4.3 Results 

4.3.1 Thermodynamic properties of Mg-15at.%Ni 
 

PCTs-desorption were measured for Mg-15at.%Ni, in order to characterize the 

thermodynamic properties of Mg-rich binary Mg-Ni alloys. The testing temperatures 

were kept below 230 C so that the LT-Mg2NiH4 to HT-Mg2NiH4 transition would not 

occur. The PCTs-desorption results for Mg-15at.%Ni at three different temperatures i.e. 

175, 200 and 225 C with the corresponding Van’t Hoff plots for the enthalpy and 

entropy of hydride formation are shown in Figure 4.1. For Mg-15at.%Ni, without 

considering the bilayer Pd/Ta catalyst, the theoretical H capacities in the form of MgH2 

or Mg2NiH4 are 3.5 wt.% and 1.9 wt.% respectively. The observed lower plateau with 

about 3 wt.% H capacity is apparently due to MgH2, with calculated enthalpy of hydride 

formation to be -79.6 kJ mol
-1

 H2, in good agreement with previously found values of H 

for -MgH2, range from -72 to -79 kJ mol
-1

 H2, so Ni addition does not have a tangible 

effect on the stability of MgH2 from the free-Mg phase. Here, free-Mg denotes the Mg 

that is not alloyed in the form of Mg2Ni and Mg2Cu. The higher plateau is thus due to 

LT-Mg2NiH4, with calculated enthalpy and entropy of hydride formation to be -78.6 kJ 

mol
-1

 H2 and -147.83 J K
-1

 mol
-1

 H2, respectively. To author’s best knowledge, this is the 

first time that the thermodynamic properties of Mg2NiH4 restricted in the low temperature 

form are experimentally determined. Also, the relative hydride stabilities of MgH2 from 

free-Mg phase and LT- Mg2NiH4 are determined. 
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Figure 4.1: (A) Pressure-composition isotherm (PCT) of desorption of post-cycling 1.5 m Mg-

15at.%Ni film capped with Pd/Ta bilayer catalyst at 175 C, 200 C and 225 C. (B) The 

corresponding Van’t Hoff plots for enthalpy and entropy of hydride formation of Mg-15at.%Ni.  

 

4.3.2 Kinetic properties, cycleability and microstructures 
 

Figure 4.2A-F show the cycling absorption and desorption behaviors of 1.5 m Mg-

15at.%Ni, Mg-15at.%Cu and Mg-10at.%Ni-5Cu films capped with Pd/Ta bilayer catalyst 

at 200 C, with the former two as the binary baselines. The hydriding process was carried 

out with initial hydrogen pressure of 2 bar, and the dehydriding process was carried out 

with initial hydrogen pressure of 5 mbar. Mg-15at.%Ni and Mg-10at.%Ni-5Cu have been 

tested for 9 hydrogen absorption and desorption cycles at 200 C for more than 50 hours. 
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Figure 4.2: Hydrogen cycling absorption and desorption behaviors of (A-B) 1.5 m Mg-15at.%Ni, 

(C-D) Mg-15at.%Cu, and (E-F) Mg-10at.%Ni-5Cu films capped with Ta/Pd bilayer catalyst at 

200 C. 
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Over the 9 cycles, similar hydrogen cycling behaviors were observed: the active 

hydrogen capacities are initially more than 4 wt.% and degrade slightly during cycling. 

While the absorption kinetics were quite stable, the desorption kinetics at the ninth cycle 

became two folds slower compared to the first cycle,. 

On the other hand, the sorption behavior of Mg-15at.%Cu deteriorated very quickly. 

In the first cycle the initial 3.8 wt.% of hydrogen is absorbed relatively quickly compared 

to the final ~0.7 wt.%. In the second cycle the amount of hydrogen absorbed in this 

second stage is already significantly decreased, and in the third
 
cycle it is almost zero. 

There is a big decrease in the desorption rate: only about 2.7 wt.% hydrogen could be 

desorbed in the third cycle, with the active hydrogen capacity being completely lost after 

the fourth cycle.  

As can be seen, two absorption stages are clearly differentiated for Mg-15at.%Ni and 

Mg-10at.%Ni-5Cu. The first stage can absorb 3 wt.% of hydrogen in less than 1 minute 

as shown in the inserts of Figures 4.2A and E, but the second stage takes several hours to 

absorb only 1-2 wt.% of hydrogen. For Mg-15at.%Cu, two absorption stages can still be 

differentiated before its severe cycling degradation, but as shown in the inserts of Figure 

4.2C, the first absorption stage is slow comparing with the other two cases, and its second 

stage takes as long as 10 hours to absorb an additional fraction of hydrogen. The results 

strongly suggest that the superior first absorption stage in Mg-rich Mg-Ni-Cu ternary 

system is due to the Ni related phases rather than the Cu related phases. 

In order to elucidate the possible factors contributing to the different sorption 

behaviors discussed above, XRD characterizations have been performed. In the as-

deposited state (see Figure 4.3A), Mg-15at.%Ni film has amorphous or nanocrystalline 

structure, but Mg-15at.%Cu film has a strong Mg [0001] texture with Mg (0002) peak 

being clearly observed. Mg-10at.%Ni-5Cu film exhibits an intermediate structure, in 

which a small Mg (0002) peak is observed. The Mg (0002) reflection is shifted to 2 = 

34.5, a slightly higher angle compared to the value of 34.4

equilibrium, both Ni and Cu have no appreciable solubility in Mg at room temperature, 

which means the as-deposited films are metastable supersaturated solid solutions of Ni, 

Cu or both in Mg. Since both Ni and Cu have smaller molar volume than Mg, Mg (0002) 
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reflection shifts to higher angles. Since the shift is very minor, the amount of Ni or Cu 

dissolved in Mg is probably low. The hump near 2 = 40 is attributed to the Pd/Ta 

bilayer catalyst. 

The distinct microstructures of the as-deposited films, however, do not represent the 

films’ structures at the moment that the cycling hydrogen sorption begins. In the Sieverts 

apparatus, the sample is heated to 200 C under helium before being exposed to hydrogen. 

The XRD patterns of the three films after one hour equivalent heat treatment at 

temperature ramping to 200 C under helium are shown in Figure 4.3B. The as-deposited 

metastable alloys decompose to Mg and a variety of intermetallic phases. All three films 

have similar microstructure with strong Mg [0001] texture and their Mg (0002) peaks are 

shifted back to 2 = 34.4. For Mg-15at.%Ni, Mg2Ni reflections are now clearly visible 

after annealing, and the same is true for Mg-15at.%Cu where Mg2Cu reflections are now 

visible. At 2 = 38.0, a sharp reflection appears after annealing. The peak position is 

very close to the (822) reflection of Mg6Pd (F 4̅3m (NO. 216)) formed by Mg/Pd 

interdiffusion [18], pseudo-binary Mg6(Ni,Pd) as described by Cuevas et al. [20] and a 

metastable Mg6Ni phase that was found by Kempen et al. during recrystallization of melt-

spun Mg-Ni ribbon with composition very close to that of our Mg-Ni film [21]. Since the 

products of further crystallization of the ribbon, Mg and Mg2Ni [21] are also observed 

here, it is most likely the metastable Mg6Ni phase that is present in our annealed sample. 

For the ternary alloy, Mg2Ni reflections appear, the same as for Mg-15at.%Ni, but 

contrary to Mg-15at.%Cu, no crystalline Mg2Cu is observed. The hump near 20~25 is 

attributed to the background signals from the carbon tape that was used to mount the 

sample in the XRD diffractometer. 

The post-cycling X-ray powder diffraction patterns of Mg-15at.%Ni in its ninth 

absorbed state and Mg-15at.%Cu after the fifth absorption are shown in Figure 4.4. 

Tetragonal MgH2 (P42/mnm (No. 136)) and monoclinic LT-Mg2NiH4 (C2/c (No. 15)) 

with some trace of un-sorbed hexagonal Mg2Ni (P6222 (No.180)) are found in Mg-

15at.%Ni in absorbed state. The fact that no Mg6Pd is detected in cycled Mg-15at.%Ni 

lends further support to the assumption that metastable Mg6Ni was present in the 

annealed sample (see Figure 4.3).  



72 
 

 

Figure 4.3: XRD characterizations of (A) the as-deposited; (B) the post-annealing (200 C, 1 hour 

in helium) state of Mg-15at.%Ni, Mg-10at.%Ni-5Cu and Mg-15at.%Cu films. 

 

Figure 4.4: X-ray powder diffractions of (A) Mg-15at.%Ni in its ninth absorbed state, and (B) 

Mg-15at.%Cu in its completely deteriorated state after the fifth absorption. 
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For Mg-15at.%Cu film in its completely deteriorated state, no metallic Mg is found. 

Instead, MgH2 is unambiguously observed. Therefore, the deterioration of hydrogen 

cycling performances in Mg-15at.%Cu is due to the inability of hydrogen to desorb from 

MgH2 upon cycling. This conclusion agrees with the cycling sorption behaviors shown 

above, such that the active absorption capacity is determined by the amount of hydrogen 

desorbed out in the previous dehydrogenation step. 

IBA analysis has been conducted on the MgH2 peaks for both Mg-15at.%Ni and Mg-

15at.%Cu, in order to clarify the possible microstructure factors. The following five 

MgH2 peaks were used for the analyses: (110) (101) (211) (310) and (112). The average 

grain size of MgH2 in Mg-15at.%Ni is 27.7  0.4 nm in its absorbed state after the ninth 

cycle; the average grain size of MgH2 in Mg-15at.%Cu is 37.9  1.1 nm in its post-cycled 

state. The larger grain size means longer diffusion distance of hydrogen to the MgH2 

grain boundaries and smaller number of high diffusivity paths for hydrogen to diffuse in 

and out of the microstructures. However, since the average grain size of Mg-15at.%Cu 

after the first absorption is 32.6  1.8 nm, the grain size discrepancy here is rather small 

and hardly significant, which may not be large enough to explain the completely different 

cycling behaviors observed between Mg-15at.%Ni and Mg-15at.%Cu and the severe 

deterioration of the sorption kinetics for Mg-15at.%Cu. 

TEM analysis was performed on post-cycled Mg-15at.%Cu for direct site-specific 

microstructure characterizations. Figure 4.5A-B show the bright field and its 

corresponding High-Angle Annular Dark Field (HAADF) TEM images of one typical 

sample region. Spherical grains with grain size around 40 nm are observed (indicated by 

arrows), which is similar to the average grain size of MgH2 obtained from IBA analysis. 

These spherical grains show high Z-contrast in the HAADF image, indicating that they 

are probably MgH2 with a shell of Cu-rich phase. 

Figure 4.6A-B show the bright field and HAADF TEM images of another typical 

sample region. In the upper part of the image, spherical grains with size about 40nm are 

visible again, similar to Figure 4.5. For these large, spherical grains, a shell with high Z-

contrast is observed. A HAADF TEM image with higher magnification focused on this  
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Figure 4.5: (A) Bright field and (B) High-Angle Annular Dark Field (HAADF) TEM images of a 

typical sample region of post-cycled Mg-15at.%Cu. Regions with spherical grains with grain size 

about 40nm are indicated by arrows. 

 

Figure 4.6: Bright field, (B) High-Angle Annular Dark Field (HAADF) and (C) HAADF TEM 

images with higher magnification of a typical sample region of post-cycled Mg-15at.%Cu. 

Regions with spherical grains with core-sell structure are indicated by arrows . 

core-shell structure (indicated by arrows) is presented in Figure 4.6C. Based on the 

phases and average grain size found by XRD, the spherical grains observed in the TEM 

images are most likely MgH2 grains covered by Mg2Cu, where Figure 4.5 represents a 

top-down view of this structure and Figure 4.6A-C a cross-sectional view. Since the size 

of these large, spherical MgH2 grains corresponds very well with the average grain size 

derived from IBA analysis, this is assumed to be the predominant microstructure, and not 

the much finer-grained structure observed in the bottom part of the image. In the middle 

of Figure 4.6B, a remnant of the Pd/Ta bilayer catalyst can be seen as a region with very 

bright Z-contrast. 
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Figure 4.7: XRD characterizations of Mg-15at.%Ni-7.5Cu at (A) as-deposited state; (B) desorbed 

state; (C) partial absorbed state after the first stage; (D) fully absorbed state. These XRD 

characterizations emphasizes that the first stage absorption is mainly contributed by the 

absorption of free-Mg part. 

Similar observations of the two-stage absorption in Mg-rich ternary Mg-Ni-Cu 

systems have been reported by Milanese et al. [17]. They concluded that the first stage 

corresponds to the absorption of free-Mg and the second stage corresponds to the 

absorption of intermetallic Mg2Ni and Mg2Cu phases. Here, by using direct XRD 

characterizations at different absorption stages and desorbed stage, the phases at each 

stage have been identified, so that the hydrogen absorption sequence is confirmed. In 

order to have clear signals from all phases, XRD characterizations have been performed 

on Mg-15at.%Ni-7.5Cu. The cycling kinetics of Mg-15at.%Ni-7.5Cu has also been 

measured, which has very similar two-stage absorption as Mg-10at.%Ni-5Cu, with 

measured first stage hydrogen capacity of ~2 wt.%. The XRD results, including (A) as-
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deposited state, (B) desorbed state, (C) absorbed after the first stage, and (D) fully 

absorbed state, are shown in Figure 4.7. The as-deposited state of this film has 

amorphous or nanocrystalline structure. During the hydrogen cycling at 200 C, the as-

deposited metastable alloy decomposes. The post-cycling alloy consists of part free Mg 

and part Mg2Ni and Mg2Cu. Reflections from Mg6Pd-type structure also present, with the 

(822) reflection at 2 = 37.9, which corresponds to a calculated lattice parameter of 

20.13 Å. It is therefore safe to conclude the formation of Mg6Pd [20], which agrees with 

the earlier observation that the Mg/Pd interdiffusion reaction occurs despite the presence 

of a Ta underlayer [18]. In pattern Figure 4.7C, strong MgH2 peaks are observed, with 

very little evidence of LT-Mg2NiH4 and MgCu2, but they are all clearly observed in 

Figure 4.7D. Therefore, it is confirmed now that the superior fast first stage absorption is 

mainly contributed by the absorption of free-Mg phase according to reaction 4.1, and the 

slow second stage absorption is due to the absorption of intermetallic Mg2Ni and Mg2Cu 

phases according to reactions 4.2 and 4.3. Since no metallic Ni but intermetallic phase 

Mg2Ni is detected in XRD patterns, it is safe to conclude now that the rapid hydrogen 

absorption of free-Mg phase is mainly attributed to the strong catalytic effect from the 

intermetallic phase Mg2Ni. Also with knowledge of the relative hydride stability of free 

MgH2 and LT-Mg2NiH4 obtained from the PCT isotherms in Figure 4.1, it is actually not 

surprising to observe this absorption sequence. Mg2Ni with relatively less stable hydride 

promotes the rapid uptake of hydrogen in free-Mg phase, which has a more stable hydride. 

By taking the advantage of the superior fast first stage absorption and discarding the 

sluggish second absorption stage, both Mg-10at.%Ni-5Cu and Mg-15at.%Ni films were 

cycled at 200 C for more than 100 cycles. Specifically by using a rate limit of 0.005 wt.% 

min
-1

, the absorption procedure of Mg-10at.%Ni-5Cu will be cut off after the completion 

of first stage absorption, because the initial kinetics of its second stage absorption is 

slower than this rate. For Mg-15at.%Ni, the absorption time was adjusted, so that the 

absorption procedure will be cut off right after the completion of first absorption stage. In 

both ways, cycling hydrogen sorption was specifically performed on the free-Mg part 

with theoretical hydrogen capacity of ~3.5 wt.%. However, by doing this, only about 65% 

of their full theoretical hydrogen capacities are utilized. 
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Figure 4.8 A and B show the measured H sorption capacity and the time to 

absorb/desorb 90% of the average H capacity (3.1 wt.% H for both cases), respectively, 

as a function of cycle numbers. Upon absorbing and desorbing for more than 100 cycles, 

both systems showed minor capacity degradation of less than 0.4 wt.% H. The absorption  

 

Figure 4.8: Hydrogen cycling performances of 1.5 m Mg-15at.%Ni film and Mg-10at.%Ni-5Cu 

film, both capped with Ta/Pd bi-layer catalyst at 200 C for 100 plus cycles. Specifically, only the 

first stage capacity (the free-Mg part) is cycled, by cutting off the absorption procedure at the end 

of the first absorption stage. (A) The measured hydrogen sorption capacity vs. cycle number. (B) 

The time to absorb and desorb 90% of the average measured capacity (3.1 H wt.%) vs. cycle 

number. 
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kinetics of the first stage remained rapid, taking ~2 minutes for Mg-10at.%Ni-5Cu and 

about 1 minute for Mg-15at.%Ni to absorb 3.1 wt.% of hydrogen at the 100
th

 cycle. On 

the other hand, their desorption kinetics showed significant degradation. For the first 5 

cycles, the systems only took 5-6 minutes to desorb 3.1 wt.% of hydrogen, but their 

desorption kinetics quickly degraded after that. It took 16 minutes for Mg-10at.%Ni-5Cu 

at 22
nd

 cycle, and 15 minutes for Mg-15at.%Ni at 8
th

 cycle. Then, their desorption 

kinetics degraded slowly and at similar rates, to 22 minutes for Mg-10at.%Ni-5Cu and 19 

minutes for Mg-15at.%Ni respectively at the 100
th

 cycle.  

Figure 4.9 compares the hydrogen sorption kinetics between Mg-15at.%Ni and Mg-

10at.%Ni-5Cu, including the test conditions of both full capacity cycling and free-Mg 

part cycling. For the former test condition, the kinetic data at ninth cycle is used. For the 

latter, the kinetic data at 110
th

 cycle for Mg-15at.%Ni and at 100
th

 cycle for Mg-

10at.%Ni-5Cu are used. In this way, the overall cycling time is about the same for all 4 

cases (~78 hours). As shown in Figure 4.9A, the second absorption stage of ternary Mg-

10at.%Ni-5Cu behaves quite differently comparing to binary Mg-15at.%Ni. At the 

beginning of the second absorption stage, there is a kinetic bottle-neck for the ternary 

sample, similar to what was observed for binary Mg-15at.%Cu. This result suggests that 

the addition of Cu or the formation of Mg2Cu has a strong negative effect on the second 

stage absorption kinetics for ternary Mg-Ni-Cu systems. This agrees with the general 

understanding that if the absorption or desorption step involves the formation or 

decomposition of intermetallic phases, the kinetics is much slower [1]. During the 

absorption, MgH2 and MgCu2 must nucleate from the intermetallic phase Mg2Cu, which 

involves long-range atom diffusion.  

Figure 4.9B compares the desorption kinetics of Mg-15at.%Ni and Mg-15at.%Ni-

5Cu. Cu substitution does not show positive influence on the desorption of free-Mg 

hydride only. However, if the alloy’s full hydrogen capacity is cycled, such that the 

(de)hydrogenation of the intermetallic Mg2Ni and Mg2Cu phases are involved, the Cu 

substitution apparently improves the desorption kinetics, particularly for the initial part of 

desorption. 
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Figure 4.9: The kinetics comparisons of (A) absorption and (B) desorption between Mg-15at.%Ni 

and Mg-10at.%Ni-5Cu at 200 C. Both full capacity hydrogen cycling and free-Mg part only 

hydrogen cycling are included. 

 

4.3.3 Thermodynamic effects of Cu-substitution 
 

To clarify the mechanisms through which Cu-substitution affects the desorption 

kinetics, we compare the post-cycling PCTs-desorption of Mg-15at.%Ni, Mg-10at.%Ni-

5Cu and Mg-15at.%Ni-7.5Cu at 225 C, shown in Figure 4.10. Three plateaus can be 
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identified in the ternary systems. The lowest plateau obviously corresponds to free-MgH2. 

As can be seen, the good coincidence of the free-MgH2 plateaus for all three alloys 

confirm that the PCT measurements are consistent. It is then feasible to compare and 

discuss the relative heights of the higher plateaus. Based on the PCT desorption of binary 

Mg-15at.%Ni, the middle plateau in the ternary alloys should correspond to the 

desorption of LT-Mg2NiH4. From this indirect way, the highest plateau in the ternary 

system should thus correspond to the desorption of MgH2-MgCu2 pair. Therefore, one 

can safely conclude now that the three plateaus, which can be clearly identified in ternary 

Mg-15at.%Ni-7.5Cu, correspond to the dehydrogenations according to reactions 4.1, 4.2 

and 4.3, with the equilibrium pressures increasing in the same order. Given the lower 

level of Ni and Cu in Mg-10at.%Ni-5Cu, it is more difficult to discern the upper two 

plateaus. Though each plateau’s middle point matches quite well with the middle point of 

corresponding plateau in Mg-15at.%Ni-7.5Cu, as indicated by the dash lines AB and CD. 

Finally, it is important to note that, by adding Cu into the systems the lowest plateau of 

free-MgH2 is unaffected. However, the LT-Mg2NiH4 plateau in the ternary alloys is ~80 

mbar higher than that in the binary alloy, denoted by P. 

 

Figure 4.10: The comparison between the post-cycling PCTs-desorption of Mg-15at.%Ni, Mg-

15at.%Ni-7.5Cu and Mg-10at.%Ni-5Cu. 
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4.4 Discussion 
 

As shown in the comparisons of PCTs-desorption of different alloys, the Cu-

substitution only increases the plateau pressure of LT-Mg2NiH4, with the plateau pressure 

of free-Mg hydride unaffected. Similar results about increasing plateau pressure in 

Mg2Ni-Cu type alloys have been reported before by Zaluski et al. and Woo et al. [22,23]. 

The change of plateau pressure in PCT measurements may be attributed to both 

thermodynamic and kinetic factors. It must be kept in mind that each P step during 

isotherm is stopped when the sorption rate falls below a threshold. This practical kinetic 

factor causes an apparent change in the measured equilibrium pressure. As shown in this 

study, the Cu substitution actually significantly retards the absorption kinetics, so any 

increasing plateau pressure measured during PCT-absorption may be actually attributed 

to this sluggish absorption kinetics. However, since the desorption kinetics for ternary 

Mg-Ni-Cu alloys are similar or almost equally fast, compared to the binary Mg-Ni, the 

source of error during desorption isotherm from kinetics factors is definitely minimized 

and the higher equilibrium pressures found for LT- Mg2NiH4 are real. Therefore, by 

using PCT-desorption results, the interplay between the higher LT-Mg2NiH4 plateau 

pressures and the faster desorption kinetics in the ternary Mg-Ni-Cu alloys can be 

established. Since the initial absorption and desorption pressure were kept the same for 

all measurements, the higher equilibrium pressures for LT-Mg2NiH4 and Mg-Cu hydride 

in the ternary Mg-Ni-Cu alloys contribute to the larger P for desorption. The faster 

desorption kinetics observed during the full capacity cycling, especially for the initial part, 

is attributed to this larger desorption driving force. Since the plateau pressure of free-Mg 

hydride is unaffected, no positive effects on desorption kinetics is observed during free-

Mg part only hydrogen cycling. 

For Cu-substitution’s different influences on the plateau pressures of free-Mg 

hydride and Mg2NiH4, it is important to consider the stability of the as-synthesized 

metastable microstructure at elevated temperatures. The simulation results of the alloying 

destabilization effects are based on the fact that the alloying elements are in solid solution 

in MgH2 or Mg2NiH4 [4,24]. However, at elevated temperatures, this is not necessarily 
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the case. At equilibrium, Ni or Cu has no appreciable solubility in free-Mg phase. As 

shown in Figure 4.3, after one hour annealing at 200 C, Ni and Cu precipitate out from 

the as-deposited supersaturated solid solution, and react with Mg respectively to form 

binary intermetallics Mg2Ni, Mg2Cu and etc. After heat treatment, the Mg (0002) peaks 

are shifted back to the same position as pure Mg at 2 = 34.4, indicating that no more 

alloying elements are in solid solution in Mg. This maybe the reason that plateau pressure 

of free-MgH2 is not affected. On the other hand, it is known that the substitutional 

solubility of Cu in Mg2Ni phase is up to 25 at.% at 400 C [25], so at lower temperatures, 

the solubility may be still significant. As shown in the XRD patterns of thin films after 

annealing in Figure 4.3, no clear Mg2Cu reflections are actually observed in ternary Mg-

15at.%Ni-5Cu, contrary to the case of annealed binary Mg-15at.%Cu. Significant amount 

of Cu may still dissolve in the matrix of Mg2Ni. Since Cu has slightly larger molar 

volume than Ni, the partial substitution of Ni by Cu in the LT-Mg2NiH4 matrix will 

induce minor lattice expansion, which may account for the higher equilibrium pressure 

and improve desorption kinetics. Simulation result has shown before that, by alloying 

with other elements, the cubic HT-Mg2NiH4 becomes unstable with increasing unit cell 

volume, and the destabilization effect is maximized by alloying with Cu [23]. However, 

similar simulation of the alloying effects on LT-Mg2NiH4 is not available. Here, the 

destabilization effect of Cu-substitution on LT-Mg2NiH4 is experimentally observed. 

Despite the fact that improved hydrogen desorption behaviors of Mg-rich Mg-Cu 

alloys have been reported before compared to pure Mg, both for Mg + Mg2Cu and Mg + 

MgCu2 mixtures [12,13,26], the behavior at temperatures higher than 300 C is not 

representative of the cycling sorption behavior of binary Mg-Cu alloys at 200 C. It is 

clear now from Figure 4.9 that the Cu-substitution only enhances the hydrogen 

desorption kinetics when the material is fully absorbed to MgCu2 + MgH2 + Mg2NiH4 

and not when absorption is stopped after reaction of the free Mg is complete. Without the 

presence of Ni, binary Mg-Cu alloys are not even cycleable at all at 200 C. IBA analysis 

has suggested that the grain size discrepancy of MgH2 between Mg-15%Ni and Mg-

15%Cu is not significant enough to justify the poor cycling stability of binary Mg-

15at.%Cu. Since all the samples investigated here are in the same form of thin films, 
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another important factor for sorption kinetics, i.e. the surface-to-volume ratio, does not 

account for it either. As shown in the XRD profile of Mg-15at.%Cu after the fifth 

absorption, no cubic MgCu2 (Fd3m (No. 227)) but orthorhombic Mg2Cu (Fddd (No. 70)) 

is detected. This agrees with the observed cycling sorption behaviors shown in Figure 4.2, 

because upon cycling, the hydrogenation reaction according to reactions 4.3, the second 

absorption stage in Mg-15at.%Cu is no longer observed. Apparently, due to 

microstructural evolution of intermetallic Mg2Cu/MgCu2, the hydrogenation of Mg2Cu 

becomes very slow. 

Based on the TEM analysis results shown in Figure 4.5 and Figure 4.6, our 

hypothesis for the progressive deterioration in Mg-15at.%Cu is attributed to grain 

boundary segregation, i.e. for an enrichment of intermetallic Mg-Cu phases at the grain 

boundaries of MgH2. With knowledge of the relative hydride stabilities, see Figure 4.10, 

MgH2 in the vicinity near MgCu2 desorbs first according to reaction 4.3. The desorbed 

metallic Mg will then react with nearby MgCu2 to reform Mg2Cu. Because MgH2 and 

MgCu2 evolve from the same phase (Mg2Cu) upon hydrogenation, the Mg-Cu 

intermetallics will always be present at Mg(H2) grain boundaries. As can be seen from 

IBA analysis, upon cycling, the grain size of MgH2 slightly grows, diminishing the grain 

boundary area. Even though the decrease was small, it appears to be big enough for the 

Mg2Cu to form a closed shell around the Mg(H2) grains This is supported by the core-

shell structure observed in TEM images. This coarsening may be the reason why 

hydrogenation of Mg2Cu becomes extremely slow. Models for hydriding and dehydriding 

processes of Mg2Cu-catalyzed Mg have been proposed before by Karty et al. [26]. In 

such models, Mg2Cu serves as a pathway for hydrogen to diffuse into or out from Mg(H2). 

However, as they also pointed out, this model may only work for specific condition, such 

as the sorption temperatures being higher than 300 C. However, given the relative 

hydride stabilities derived from Figure 4.10, it is unlikely that hydrogen will diffuse 

through Mg2Cu phase during desorption, as the chemical potential of hydrogen in Mg2Cu 

will be higher than that in Mg or MgH2. It is therefore more likely that hydrogen diffuses 

along grain boundaries between Mg(H2) and Mg2Cu towards a catalytic site on the 

surface. Hence, a closed shell of Mg2Cu, as observed in the TEM micrographs, will trap 

the hydrogen in MgH2, decreasing the active capacity of Mg-15at.%Cu. This progressive 
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degradation process is depicted schematically in Figure 4.11. Our observations agree 

quite well with earlier studies such as the one by Pasturel et al. who found that for Mg2Ni 

films with Transition Metal/Pd bilayer catalysts, TM layers that form highly unstable 

hydrides such as Mn, Ni and Cr are poor catalysts for desorption and relatively good 

catalysts for absorption [27]. 

 

Figure 4.11: The schematic representation of the progressive degradation process of Mg-

15at.%Cu upon hydrogen cycling at 200 C. 

Compared to binary Mg-Cu systems, ternary Mg-Ni-Cu systems have much better 

cycling stability. This is likely due to the fact that the intermetallic catalytic phase Mg2Ni 

can serves as high diffusivity path for hydrogen and act as pinning-points at the grain 

boundaries of MgH2. This prevents the coarsening and growth of Mg2Cu shell and may 

also explain why Mg2Cu disproportionation does occur in the ternary systems such that 

MgCu2 phase is found in the fully absorbed state of ternary Mg-Ni-Cu systems (see 

MgCu2 MgH2 Mg Mg2CuGrain Boundaries of MgH2

Schematic representation of 1st cycle. Due to grain boundary (G.B.) segregation, Mg-Cu intermetallics enrich 

at/near the G.B. of MgH2. (a) After fully absorption, MgH2 forms, with MgCu2 enriches at/near the G.B.s. (b) 

During desorption, MgH2 in the vicinity near MgCu2 will desorb first, (c) then the desorbed metallic Mg reacts with 

the nearby MgCu2 to reform Mg2Cu. (d) The rest of MgH2 phases transform to metallic Mg phases. 

Schematic representation of the degradation mechanism. (a) Due to the diminishing MgH2 G.B. area, continuous 

islands of MgCu2 forms at/near the G.B. (b)&(c) During desorption, larger blocks of Mg2Cu phase form at/near the 

G.B. (d) Eventually, a closed  shell of Mg2Cu forms around MgH2 grain. Because it is unlikely that hydrogen will 

diffuse through Mg2Cu phase during desorption, a closed shell of Mg2Cu thus traps H within MgH2.
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Figure 4.7). It is known that for Mg2NiHx (x=0~0.3), hydrogen dissolves in the interstitial 

sites of Mg2Ni host lattice, forming a solid solution [28]. This strongly suggests that the 

hydrogen diffusivity in Mg2Ni is fast for low hydrogen concentration, which is the case 

for desorption, especially when only the free-Mg is cycled.  

In a fully absorbed material, Mg2NiH4 will desorb before MgH2. However, we found 

no evidence for a ‘synergetic effect’ of Mg2NiH4 on desorption of MgH2 as suggested by 

Zaluska et al. [14]. On the contrary, when only free-Mg was cycled, desorption was 

consistently faster compared to complete cycling in binary Mg-15%Ni (see Figure 4.9). 

A synergetic effect was found only for a combination of MgCu2 and Mg2NiH4 since the 

fastest desorption kinetics were Mg-10%Ni-5%Cu. 

 

4.5 Conclusion 
 

In this study, we investigate the cycling hydrogen sorption behaviors of Mg-rich 

ternary Mg-Ni-Cu thin films, using binary Mg-Ni and Mg-Cu as the baselines. 

1. For Mg-rich ternary Mg-Ni-Cu alloys, two absorption stages are observed. The first 

stage corresponding to the absorption of free-Mg is very fast, catalyzed by 

intermetallic Mg2Ni; the second stage corresponding to the absorption of intermetallic 

Mg2Ni and Mg2Cu is much slower. This absorption sequence is clearly confirmed by 

XRD characterizations at different sorption stages. The Cu-substitution shows positive 

effects on desorption kinetics during full capacity hydrogen cycling, but shows 

strongly negative effects on absorption kinetics, particularly for the second absorption 

stage. The positive effects on desorption are also clearly observed from PCTs-

desorption. The plateau pressure of LT-Mg2NiH4 is slightly increased in the ternary 

Mg-Ni-Cu alloys compared to the binary Mg-Ni alloys, but the plateau pressure of 

free-MgH2 is unaffected.  

2. The cycling hydrogen sorption behaviors of Mg-15at.%Cu quickly deteriorates upon 

cycling at 200 C. Using bright field with HAADF TEM imaging, core-shell structured 
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spherical MgH2 grains with Mg2Cu shell are observed in the cycling-ceased state. The 

Mg2Cu shell acts as a barrier for hydrogen desorption from MgH2 and deteriorates the 

reversible hydrogen capacity. 

3. The as-deposited metastable Mg-rich ternary Mg-Ni-Cu alloys decomposes at elevated 

temperatures, consisting of free Mg and intermetallic Mg2Ni and Mg2Cu. At 

equilibrium, Ni and Cu have no appreciable solubility in Mg, contributing to the fact 

that no thermo-destabilization is observed for free-Mg hydrides. On the other hand, 

significant amount of Cu can still dissolve in Mg2Ni even at elevated temperatures, so 

minor thermo-destabilization of Mg2NiH4 and better desorption kinetics are observed. 
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Chapter 5 
Body Centered Cubic Magnesium Niobium Hydride 

with Facile Room Temperature Absorption and Four 

Weight Percent Reversible Capacity *  

 

5.1 Introduction 
 

Hydrogen storage in metal hydrides provides the advantage of higher volumetric 

density over the storage of molecular hydrogen in gaseous and liquid state. Magnesium 

hydride (MgH2), which has high gravimetric capacity of 7.6 weight % hydrogen and low 

cost, is considered a promising material [1]. However, the hydride’s high thermodynamic 

stability (approximately -77 kJ mol
-1

 H2) necessitates operating temperatures above 

300 °C for 1 atmospheric hydrogen desorption pressure. The large heat release upon 

hydrogenation would also require a substantial cooling load during hydrogen refilling [2]. 

In addition, due to the low hydrogen diffusivity through the bulk of the hydride [3], 

elevated temperatures are also normally required to achieve reasonable hydrogen 

absorption rates. Researchers have demonstrated that the hydrogenation kinetics are 

significantly accelerated by one or a combination of nanodispersing magnesium with a 

suitable catalyst, via nanostructuring, or via nanoconfinement [4-11]. Another promising 

approach is to synthesize nano-scale MgH2 particles in an air-impermeable but hydrogen 

permeable polymer matrix [12]. 

                                                           
*
 Materials in this chapter has been published in: 

 XueHai Tan, Liya Wang, Chris M. B. Holt, Beniamin Zahiri, Michael H. Eikerling, 

David Mitlin, Physical Chemistry Chemical Physics 2012, 14, 10904-10909. 

http://pubs.rsc.org/en/Content/ArticleLanding/2012/CP/c2cp42136d#!divAbstract
http://pubs.rsc.org/en/Content/ArticleLanding/2012/CP/c2cp42136d#!divAbstract
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Many efforts are directed toward modifying the thermodynamics of Mg-H system. 

Researchers have induced thermodynamic destabilization of MgH2 via a new application 

of the classic rule of reverse stability [13], or by utilizing nanolayered structures to 

achieve elastic clamping [ 14 ], interfacial intermetallic formation [ 15 ], or increased 

interface energy [ 16 , 17 ]. Theoretical studies also demonstrated the possibilities of 

weakening the Mg-H bonding through selective alloying [18]. When alloying magnesium 

with immiscible elements such as Ti and Zr, a fluorite face centered cubic (fcc) structure 

has been reported [19, 20]. A key observation is that such structure may be reversibly 

cycled if not fully desorbed. Calculations based on density functional theory (DFT) 

suggest that the remaining hydrogen, which is more strongly bonded to the transition 

alloying elements than magnesium, prevents large scale of segregation [21,22]. High 

temperature ultra high-pressure techniques (600 °C, 4GPa anvil cell) have been used to 

synthesize fluorite Mg7NbHx as well [23].  This ternary hydride was reported to desorb 

hydrogen at significant rates at 300 °C. In general these metastable fluorite hydrides 

possess improved kinetics relative to the rutile MgH2, but only a small thermodynamic 

destabilization that is on the order of a few kJ mol
-1

.  

In this study we discovered that by physically co-depositing Mg and Nb of a specific 

stoichiometry (3:1 Mg:Nb), we are able to create a body centered cubic (bcc) alloy with 

its hydride possessing both kinetic and thermodynamic properties markedly superior to 

MgH2. This ternary hydride that is also bcc has never been reported in the literature, 

though hydrogen sorption kinetics of co-deposited Mg-Nb alloy films have been 

previously reported [24].  

 

5.2 Experimental 
 

The binary Mg-Nb alloy films, with 150 nm or 1.5 m thickness, were synthesized 

by physical vapor deposition (PVD). The alloy film was coated with 7.5 nm Pd/7.5 nm 

Nb bi-layers on the top and bottom of the stack. The Nb interlayer reduced the rate of 

intermetallic formation between the Mg and the Pd, allowing the Pd to stay catalytically 
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active during the first few cycles [25]. The Pd coating is also effective to prevent the 

underlying alloy film from oxidation during the transfer/storage before the hydrogen 

sorption measurement. Deposition was performed at room temperature using a DC-

magnetron co-sputtering system. The details of deposition condition and the process to 

produce free-standing film are similar to those described in Chapter 2. For co-deposition, 

the Mg sputtering rate was kept at 0.23 nm s
-1

 (100 W power). The Nb sputtering rate 

was adjusted to create the desired stoichiometry.  

Volumetric absorption and desorption kinetic measurements and the desorption 

pressure-compositions isotherms (PCT-desorption) were performed on an automated 

Sieverts type hydrogen sorption analysis system (Hy-Energy LLC. PCTPro 2000). The 

typical sample amount used for each measurement was about 15 milligrams. Absorption 

was performed at 1 bar hydrogen and room temperature, while desorption was performed 

at 175 °C and 5 mbar.  

X-ray diffraction experiments were performed on a Bruker AXS diffractometer 

(Bruker Discover 8) using a Cu-K radiation source ( = 1.5406 Å). The details of XRD 

instrumentation are similar to those described in previous chapters. Scanning electron 

microscopy (SEM) analysis was performed using a Hitachi field emission microscope. 

Imaging and selected area electron diffraction (SAD) analysis was performed on JEOL 

2100 transmission electron microscope (TEM) operated at 200 kV. This TEM is also 

equipped with a Gatan imaging filter. The TEM samples were prepared by directly 

depositing Mg-Nb alloy films onto ultrathin carbon film supported by a lacey carbon film 

on a copper grid  

    The ground state energy calculations were performed for a 2x2x2 unit cell with 

Density functional theory (DFT) by using the Vienna ab initio simulation package (VASP) 

[ 26 ]. The core−valence electron interactions were treated using Blöchl’s projector-

augmented wave (PAW) formalism with a cutoff energy of 300 eV. The optimization of 

the structural parameters is performed until the forces on the atoms are < 0.01 eV Å
-1

. 

The nonlocal exchange and correlation energies were calculated with the Perdew−Wang 

(PW91) functional within generalized gradient approximation (GGA). The linear 

tetrahedron method with Blöchl correction is used [27]. Brillouin zone integrations were 
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performed using a Monkhorst−Pack 9 × 9 × 9 k-points mesh for best convergence and 

relaxation to zero strains. 

 

5.3 Results and Discussion 
 

Figure 5.1A shows the X-ray diffraction patterns of the as-deposited Mg-Nb films, 

displayed as a function of increasing Nb alloying. The stoichiometries are listed in atomic 

percent, e.g. Mg0.75Nb0.25 is 75 at.% Mg and 25 at.% Nb. For compositions low in Nb, e.g. 

Mg0.87Nb0.13, the as-deposited films have a strong Mg [0001] fiber texture as indicated by 

the predominant (0002) hexagonal close packed (hcp) reflection. In Mg0.87Nb0.13 there is 

no evidence of bcc reflections. This indicates that the microstructure is a supersaturated 

solid solution of Nb in Mg lattice. With Nb alloying, the Mg (0002) reflection shifts to 

higher angles as compared to 2θ = 34.4 of pure Mg. This is expected since the effective 

atomic radius of Nb (r = 1.429Å) is smaller than that of Mg (r = 1.605Å). At 20 at.% Nb 

a reflection from the {110} bcc family of planes is also present, indicating the formation 

of a new phase. With further additions of Nb the relative intensity of the Mg (0002) 

reflection progressively diminishes. For the Mg0.75Nb0.25 alloy, Mg (0002) can be no 

longer detected. Instead three Bragg peaks, located at 2 = 36.51°, 52.53 and 65.62, are 

unambiguously indexed as (110), (200) and (211) reflections of bcc lattice. Using all 

three bcc reflections we obtained a lattice parameter of 3.48Å, which is larger than a = 

3.30Å for pure Nb. The texture also changed with Nb alloying. The Mg0.75Nb0.25 and 

Mg0.69Nb0.31 films have to be tilted around  by 35° as to obtain strong Bragg peaks. 

 The microstructure of the Mg0.75Nb0.25 sample is further investigated via TEM 

analysis. Figure 5.1B shows a representative selected area electron diffraction (SAD) 

pattern obtained from a 50 nm thick as-deposited Mg0.75Nb0.25 film. By comparing the 

experimental SAD pattern with a bcc ring pattern simulation (insert), the exclusive 

presence of the bcc phase is confirmed. A diffuse (200) MgO ring is also identifiable in 

the diffraction pattern, as would be expected due to the formation of single nm-scale 

oxide on the surface. The MgO structure is explained by the much higher enthalpy of 
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formation of MgO (-602 kJ mol
-1

) versus Nb2O5 (-440 kJ mol
-1

). Figure 5.1C shows a 

HRTEM micrograph of a representative region in the same film. Continuous lattice 

fringes are observed, with no evidence of an amorphous phase or of secondary 

precipitates. The interplanar distance of 2.5Å (obtained from FFT) matches the XRD 

determined d-spacing of the {110} planes. 

 

Figure 5.1: (a) X-ray diffraction patterns of the as-deposited Mg0.87Nb0.13, Mg0.80Nb0.20, 

Mg0.78Nb0.22, Mg0.75Nb0.25 and Mg0.69Nb0.31 films. (b) TEM selected area diffraction pattern 

obtained from a 50 nm thick Mg0.75Nb0.25 film. (c) High-resolution TEM micrograph of a 

representative region in the same sample. 
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To understand the thermodynamic origins of the hexagonal to cubic transition in the 

Mg-Nb system, we have performed density functional theory (DFT) calculations. The 

formation energy, Ef, of Mg1-xNbx per unit cell is defined as 

𝐸𝑓 = 𝐸(𝑀𝑔1−𝑥𝑁𝑏𝑥) − (1 − 𝑥)𝐸(𝑀𝑔) − 𝑥𝐸(𝑁𝑏)                           Eq. 5.1 

where E(Mg1-xNbx), E(Mg) and E(Nb) denote the ground state energy of Mg-Nb alloys, of 

free Mg atoms and of free Nb atoms, respectively. The lattice constants are determined 

by geometry optimization of hcp, fcc and bcc structures for Mg1-xNbx with x = 0, 0.13, 

0.25 and 0.31. Within a unit cell, we considered perfectly homogeneous or atomic-scale 

segregated distributions of Mg and Nb atoms. The latter may be considered to mimic the 

precursor stage to phase segregation. Preliminary calculations of Ef demonstrate that unit 

cells with the segregated atomic configurations are more stable. Moreover the formation 

of Mg-Nb random solid solution is highly unlikely given their large positive enthalpy of 

mixing [28]. Subsequent results thus refer exclusively to unit cells with an atomic-scale 

segregated distribution of Nb atoms. 

Figure 5.2 displays values of Ef for hcp, fcc and bcc structures of Mg1-xNbx with 

different compositions, i.e. varying x, as a function of the lattice constant. Lattice 

constants of the optimized structure and the corresponding values of Ef are listed in Table 

5.1. For x = 0 and x = 0.13, the hcp structure is the most stable lattice configuration. For 

x = 0.25 and x = 0.31, the bcc structure is the most stable structure. The calculated lattice 

constant of the optimized bcc Mg0.75Nb0.25 is 3.5Å, which is in good agreement with the 

experimental value. The computational results shown in Figure 5.2 confirm that Mg and 

Nb atoms in Mg0.75Nb0.25 alloy spontaneously form a coherent crystalline structure with 

body centered cubic symmetry, even though Nb atoms are not homogeneously distributed. 

Interestingly, recent modeling work for atomic layers of (0001)Mg:(110)Nb with 

stoichiometry 3:1 and 1:1 also identified the bcc lattice structure as the most stable 

configuration [29].  

Our DFT-based structural optimization calculations at 0 K show that the differences 

in formation energies between the stable lattice configurations are < 5 kJ mol
-1

. Given 

such low energetic differences, the transition from hcp to bcc phases could be further 
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facilitated by entropy contributions. The lower coordination number of the bcc structure 

induces the excess entropy of the bcc phase at higher temperatures. This would thus lead 

to a further lowering of the free energy in comparison to hcp and fcc phases, favoring the 

bcc phase upon increasing temperature. 

Figure 5.3A shows the hydrogen absorption Pressure-Composites Isotherms (PCI) 

for freestanding 1.5 μm thick Mg0.75Nb0.25 alloy films. The isotherms are measured for 

the first hydrogenation at 20, 60, 100 and 140 °C. The equilibrium pressures at these four 

different temperatures are 0.0004, 0.0043, 0.0511, and 0.2390 bar, respectively. Based on 

the Van’t Hoff plot (Figure 5.3B), the standard enthalpy and entropy of hydride  

 

Figure 5.2: Formation energies of Mg1-xNbx (x = 0, 0.13, 0.25 and 0.31) with various structures as 

a function of lattice constant. The hcp, bcc and fcc unit cells for Mg0.75Nb0.25 are shown, with Nb 

atoms being the green spheres. 
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Table 5.1: Lattice constants and formation energies of Mg and Mg1-xNbx with hcp, bcc or fcc 

structure at various x. 

x structure Lattice constant  Å Ef (kJ mol
-1

) 

0 

hcp 3.2 -113.1 

bcc 3.6 -110.2 

fcc 4.5 -112.4 

0.13 

hcp 3.2 -239 

bcc 3.5 -237.8 

fcc 4.4 -238.7 

0.25 

hcp 3.1 -323.8 

bcc 3.5 -328.8 

fcc 4.4 -328 

0.31 

hcp 3.1 -379.9 

bcc 3.5 -381 

fcc 4.4 -378.7 

 

formation are -53 kJ mol
-1

 H2 and -117 J K
-1

 mol
-1

 H2, respectively. Compared to the 

well-known enthalpy for thin film or bulk MgH2 (approximately -77 kJ mol
-1

 H2), there is 

a significant thermodynamic destabilization. The measured maximum hydrogen capacity 

of 4.5 wt.% corresponds to a hydrogen concentration very close to hydrogen to metal 

atom ratio (H/M) of 2. However the formed hydride does not possess the rutile structure 

associated with MgH2. Figure 5.3C shows the X-ray diffraction pattern of the alloy that is 

fully absorbed at room temperature. The structure remains bcc. The (110) reflection is 

centered at 2θ = 35.86 indicating an expansion of the lattice parameter to a = 3.54Å. 

This confirms the presence of interstitial hydrogen. 

Although it is not obvious in logarithmic scale, the absorption PCIs actually present 

two plateaus. The higher equilibrium pressure plateau extends from 0.5 to 4.5 wt.% H, 

while the lower plateau extends from 0 to 0.5 wt.%. X-ray analysis after the alloy being 

absorbed to 0.5 wt.% H shows that there is no evidence of rutile MgH2 formation. Rather 

the partially absorbed microstructure is still bcc, with the lattice constant being also 

distinct from the interstitial hydride (-NbHx) of Nb. The corresponding lattice parameter 

(a = 3.50 Å) is intermediate between the as-deposited (a = 3.48 Å) and the fully absorbed 

one (a = 3.54 Å), though the dilation does not appear to scale linearly with the hydrogen 
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content. Therefore, it is feasible to attribute the lower plateau to the occupation of the 

hydrogen atoms in certain preferred bcc interstitial locations, which possess the highest 

binding energy. One could speculate that these sites would be higher in Nb nearest 

neighbors rather than in Mg. However neutron scattering experiments on the deuterated 

alloy would be required to identify the site occupancy distribution.  

As shown in Figure 5.3D, the experimentally determined equilibrium pressures at 

175 and 200 °C (blue and black crosses) are significantly lower than the extrapolations 

based on ΔH
0
 = -53 kJ mol

-1
 H2 and ΔS

0
 = -117 J K

-1
 mol

-1
 H2 (blue and black lines). The 

deviation increases as the temperature increases. This indicates the decomposition of the 

 

Figure 5.3: (a) Hydrogen absorption Pressure-Composites Isotherms of Mg0.75Nb0.25 alloy for the 

first hydrogenation at 20, 60, 100, and 140 C. (b) Corresponding Van’t Hoff plot. (c) XRD 

pattern of Mg0.75Nb0.25 after being fully absorbed at 20 C. (d) Absorption isotherm measured at 

175 and 200 C; the expected equilibrium pressures extrapolated from Van’t Hoff plot in (b) are 

depicted as lines. (e) XRD pattern of Mg0.75Nb0.25 after being fully absorbed at 200 C. 
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Mg-Nb bcc alloy structure. Figure 5.3E shows the X-ray analysis performed on the 

sample that is fully absorbed at 200 C. The prominent peaks can be unambiguously 

indexed as the rutile MgH2 and the face-centered orthorhombic β-NbHx with an effective 

composition of approximately NbH. X-ray analysis was conducted at room temperature. 

The -NbHx containing hydrogen with x ~ 1 formed under the sorption condition (200 °C, 

1 bar H2) transforms to β-NbH. The hydride of niobium with higher hydrogen content is 

not observed here. This is consistent with the fact that equilibrium pressure of fcc NbH2 

at 200 °C is significantly higher than the applied hydrogen pressure (1 bar).  

Using DFT calculations, we also evaluated the hydride formation energy Eab of 

(Mg0.75Nb0.25)H2 at 0 K, using: 

𝐸𝑎𝑏 = 𝐸(𝑀𝑔1−𝑥𝑁𝑏𝑥𝐻2) − 𝐸(𝐻2) − 𝐸(𝑀𝑔1−𝑥𝑁𝑏𝑥)                       Eq. 5.2 

The binding energy of a hydrogen molecule, E(H2), was calculated using a cubic unit cell 

with size 10Å×10Å×10Å. We calculated Eab as a function of the lattice constant a, and 

compared hydride formation energies for (Mg0.75Nb0.25)H2 that are bcc, rutile and fluorite. 

For bcc structure, we placed hydrogen atoms at tetrahedral sites in the unit cell, which are 

known as preferential H occupation sites in bcc metals [30]. Within a bcc lattice, six 

tetrahedral sites are available for each metal atom, corresponding to 96 tetrahedral sites 

for a 2x2x2 unit cell. In order to fix the H/M ratio at 2, the hydrogen atoms are placed 

into the 32 tetrahedral sites corresponding to maximal H-H separation distances. The thus 

generated “initial structures” are shown in Figure 5.4. For rutile structure, the ratio of the 

lattice constants was fixed at a/c = 1.5.  

As shown in Figure 5.4, fluorite (Mg0.75Nb0.25)H2 possesses the lowest Eab value for 

a > 4.5Å. For 3.5Å < a < 4.3Å, rutile (Mg0.75Nb0.25)H2 exhibits the lowest Eab value. 

These results agree with the experimental observation that the bcc hydride is metastable. 

In principle, the crystal structure of metastable bcc (Mg0.75Nb0.25)H2 would transform to a 

more stable structure. This propensity of transformation is evident from the significant 

displacement of H atoms from regular tetrahedral sites, and of metal atoms from regular 

bcc sites, shown in the “relaxed structures”. At the experimentally measured lattice 

constant a = 3.54Å, the calculated value of Eab for bcc (Mg0.75Nb0.25)H2 is -52 kJ mol
-1

 H2. 
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The nearly exact agreement between the computational result and the experimentally 

determined bcc hydride formation enthalpy (-53 kJ mol
-1

 H2) may be in part fortuitous. 

Our calculated value of Eab for rutile MgH2, with the known lattice constants a = 4.5Å 

and c = 3.0Å, is –69 kJ mol
-1

. This value is consistent with the previously reported results 

of computational studies [31], but underestimates the experimentally measured formation 

energy of MgH2 by roughly 10%. This deviation could be attributed to the finite size of 

the unit cell and the limited number of K points used in the simulation. To justify why 

such discrepancy is not observed in bcc (Mg0.75Nb0.25)H2, it would be worthwhile doing 

simulation with a larger unit cell. What is important though is that both theory and 

experiment demonstrate a significant thermodynamic destabilization of the metastable 

bcc Mg-Nb hydride relative to the equilibrium rutile magnesium hydride.  

 

Figure 5.4: Hydride formation energy Eab of Mg0.75Nb0.25H2 with bcc, rutile and fluorite structures 

as a function of lattice constant a. The H atoms are occupying the tetrahedral sites in the bcc unit 

cell. The atomic configurations illustrate the initial and relaxed structure of a 2x2x2 bcc unit cell. 
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Figure 5.5A shows the hydrogenation curves of the bcc Mg0.75Nb0.25 alloy at room 

temperature under hydrogen pressure of 1 bar. Even at such a relatively low hydrogen 

pressure the absorption kinetics are extraordinarily fast. On the first hydrogen loading, a 

freestanding 1.5 μm thick film could absorb 4 wt.% H (90% of the total capacity) within 

30 minutes. Reducing the film thickness can further increase the absorption kinetics. For 

a 100 nm thick Mg0.75Nb0.25 film, 4 wt.% H could be absorbed within 30 seconds. To our 

knowledge this is one of the most rapid ambient absorption ever reported for Mg-based 

alloys. Our hypothesis is that this uniquely rapid hydriding kinetics is attributed to the 

rapid hydrogen diffusivity within the bcc alloy lattice [30]. Furthermore since the hydride 

appears to be interstitial, there is no kinetic impediment associated with the 

heterogeneous nucleation of a crystallographically dissimilar hydride phase as is there for 

Mg to MgH2 transition [32]. 

The hydrogen cycling sorption kinetics of a freestanding 1.5 μm thick Mg0.75Nb0.25 

alloy film were measured according to the following procedure: Hydrogenation was 

performed at room temperature under a hydrogen pressure of 1 bar. After each absorption 

step, the sample was heated to 175 °C as to be able to quickly desorb at rough vacuum (P 

initial ~ 5 mbar). The selected absorption and desorption curves up to 40 sorption cycles 

are shown in Figures 5.5B and C, respectively. Initially the alloy absorbs 4.5 wt.% H. 

However, only 4 wt.% is reversible at this pressure - temperature combination. The 

irreversible capacity (0.5 wt.%) after the first cycle is likely to be related to the lower 

plateau discussed earlier. Upon further cycling, the reversible capacity slowly degrades to 

3.2 wt.% by cycle 40. X-ray analysis shown in Figure 5.5D will demonstrate that this 

deterioration in the reversible capacity is most likely due to the cycling-induced partial 

decomposition of the bcc Mg-Nb phase into the equilibrium structures. 

We performed X-ray analysis to characterize the post-cycled microstructure of 

(Mg0.75Nb0.25)H2. The diffraction patterns of the hydrided samples after 1, 10 and 40 

sorption cycles are shown in Figure 5.5D. After the initial absorption, XRD identifies the 

microstructure to be entirely bcc. After 10 sorption cycles, the equilibrium (110) MgH2 

reflections possess a trivial if not negligible relative intensity. However, after 40 sorption 

cycles the equilibrium (100) and (211) MgH2 reflections are unambiguously present. 
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Additional MgH2 and NbH2 reflections are probably present too (marked in the Figure), 

though the overlap with the majority bcc (Mg0.75Nb0.25)H2 phase makes unambiguous 

identification difficult. Compared to the x-ray diffraction shown in Figure 5.3E, large-

scale phase segregation however can be ruled out.  

The overall sorption kinetics actually improves during the first few cycles. By cycle 

5, a total of 3.5 wt.% H can be absorbed within a minute. This initial kinetic improvement 

could be attributed to the progressive formation of surface cracks in the films during 

cycling. This would provide an increased surface area for hydrogen dissociation and 

 

Figure 5.5: (a) Initial hydrogenation curves of 100 nm and 1.5 m thick Mg0.75Nb0.25 alloy films at 

20 C, under hydrogen pressure of 1 bar. The selected (b) absorption and (c) desorption curves of 

hydrogen cycling sorption of 1.5 m thick Mg0.75Nb0.25 films. (d) XRD patterns of Mg0.75Nb0.25 in 

the absorbed state, measured after 1
st
, 10

th
 and 40

th
 cycle. 
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Figure 5.6: Scanning electron microscopy (SEM) micrographs of 1.5 m thick Mg0.75Nb0.25 alloy 

film after 10 sorption cycles, shown in order of increasing magnification. 

recombination, and lower the diffusion distances [33]. SEM micrographs of the films 

taken after 10 sorption cycles confirm this scenario, as shown in Figure 5.6. 

Finally, it is important to discuss from a practical viewpoint that physical co-

deposition has analogues in inexpensive bulk manufacturing methods such as rapid 

solidification techniques and high energy powder co-milling. As the co-deposited 

materials represent the idealized case, our bcc Mg-Nb alloy microstructure could be 

alternatively achieved via the methods mentioned above. High energy powder co-milling 

has already been used to successfully synthesize bcc Mg-Co alloy [34,35]. The bulk 

manufacturing procedures need to be carried out in an inert atmosphere. It has been 

confirmed that (results not shown here) our material after 40 sorption cycles cannot 

further desorb any hydrogen after exposure to air/moisture.  
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5.4 Conclusion 
 

 In summary, we have shown experimentally that physically co-depositing Mg1-

xNbx alloys over certain composition range (0.25 ≤ x ≤ 0.31) results in a coherent 

crystalline structure with body centered cubic symmetry. Using DFT based calculations 

the structural transformation of the Mg-Nb alloys from hexagonal to cubic has been 

confirmed. The bcc Mg0.75Nb0.25 alloy rapidly transforms to a new metastable bcc 

magnesium niobium hydride (Mg0.75Nb0.25)H2 upon exposure to hydrogen at room 

temperature. This metal-hydrogen system has kinetic and thermodynamic properties 

markedly superior to that of rutile MgH2. We envision that with additional alloy design 

and further nanostructuring, improvements in the thermodynamics and capacity will be 

possible. The resulted materials could be potentially used for stationary or portable 

storage applications. 
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Chapter 6 
The Effect of an Atomic Layer Deposition (ALD) 

Titanium Oxynitride Interlayer on the ORR Activity 

and Corrosion Stability of Pt and Pt-Ni*  

 

6.1 Introduction 
 

There are great expectations for energy conversion technologies such as proton 

exchange membrane fuel cells (PEMFCs) that are environmentally benign and 

energetically efficient. Yet despite the tremendous progress, successful wide-scale 

commercialization will require the development of even more active and durable oxygen 

reduction reaction (ORR) catalysts that are also lower in cost [1-3]. Though substantial 

gains have been made in the development of low cost non-noble electrocatalysts [4-9], 

platinum and other noble metal based electrocatalysts continue to remain the key 

commercialization target due to their unsurpassed catalytic activities [10-19]. Many 

efforts have been devoted to the development of advanced supports for platinum 

electrocatalysts [20-23]. Generally, an ideal catalyst support should have: i) a high 

surface area for optimum metal dispersion, ii) high electrical conductivity, iii) 

electrochemical stability under the relevant conditions, and iv) a chemical interaction 

with the electrocatalyst that enhances its activity and electrochemical stability. Presently, 

                                                           
*
 Materials in this chapter has been published in: 

 XueHai Tan, Liya Wang, Beniamin Zahiri, Alireza Kohandehghan, Dimitre 

Karpuzov, Elmira Memarzadeh Lotfabad, Zhi Li, Michael H. Eikerling, David Mitlin, 

ChemSusChem 2014, DOI: 10.1002/cssc.201402704 

http://onlinelibrary.wiley.com/doi/10.1002/cssc.201402704/abstract;jsessionid=EC3052947FF55ABE069FC75586044E18.f01t02
http://onlinelibrary.wiley.com/doi/10.1002/cssc.201402704/abstract;jsessionid=EC3052947FF55ABE069FC75586044E18.f01t02
http://onlinelibrary.wiley.com/doi/10.1002/cssc.201402704/abstract;jsessionid=EC3052947FF55ABE069FC75586044E18.f01t02
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conductive carbon allotropes with high surface area are the most widely used catalyst 

supports. However, severe corrosion of such supports is observed, being associated with 

the tendency for the cathode to reach potentials above the onset of carbon oxidation [24]. 

Platinum nanoparticles, which are weakly held in place, are also observed to agglomerate 

[25] and to detach from the carbon supports [26]. 

Transition metal oxides such as TiO2 [27-29], NbO2 [30-33], WO2 [34], ITO [35], 

Y2O3/Gd2O3 [36] and nitrides e.g. TiN [37,38], NiN [39], VN [40] have been investigated 

as alternative support materials. The metal oxide and nitride supports are 

electrochemically more stable than carbon and have been found to impart enhanced 

activity and durability to the Pt catalyst due to the advantageous catalyst - support 

chemical interactions. These interactions have been proposed to manifest by several 

mechanisms, including modification of the electronic structure of platinum that shifts the 

formation of Pt-OH to higher potentials, a lateral repulsion between Pt-OH and oxide 

surface, and/or a spillover of -OH onto the oxophilic centers of the support surface. One 

adverse feature of many oxide supports is their unsatisfactory electrical conductivity. For 

instance, platinum electrocatalysts deposited on niobium oxides show lower specific 

activity than their carbon-supported counterparts [32]. The resultant ohmic losses may 

actually outweigh the activity gains from any beneficial changes in the Pt electronic 

structure. Thus in an ideal case one would minimize the losses due to increased resistance, 

in order to retain the enhancements in activity and the corrosion resistance. For the case 

of TiO2, doping with metal ions (e.g. Nb
5+

 [41]) or incorporating nitrogen
 
[42] is partially 

effective in increasing the support's electrical conductivity. Highly N-rich TiO2, also 

termed titanium oxynitride, may be prepared by either heavy nitridation of TiO2 in an 

ammonia atmosphere
 
[43] or partial oxidation of TiN [44]. According to XPS studies of 

TiN surface [45], oxidation of TiN also proceeds spontaneously at ambient conditions. 

The reaction front initiates at the air-terminating surface and proceeds slowly through the 

material.  

Alloying platinum with less expensive transition metals has been demonstrated 

highly effective for increasing ORR activity [46-52]. Among various types of Pt-based 

alloy catalysts, a Pt-Ni alloy with atomic ratio of 1:1 has been found to exhibit one of the 
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best catalytic activities towards the ORR [53-55]. A number of studies in diverse fields 

such as the catalytic oxidation of carbon monoxide [56], and catalytic hydrogenation and 

reformation reactions [57] have highlighted a possible additional synergy of combining 

an advantageous oxide/nitride support with a binary or a ternary alloy catalyst. Although 

the general working assumption by researchers and engineers is that the two effects, i.e. 

alloy catalyst and an advantageous oxide-based support, should work in unison, the 

effectiveness of combining these two strategies have been found to strongly depend on 

the type of catalytic reactions [57]. For ORR, Pt-based alloy catalysts supported on TiO2 

have been previously reported [58], However, without a proper baseline, the authors did 

not investigate whether there is a synergy of combining metal oxide support and a Pt-

based alloy catalyst.  

The present work is thus intended to address the aforementioned gap in 

understanding, while presenting a new type of a hybrid catalyst support based on a 0.5 

nm layer of titanium oxynitride that is inserted between the carbon (here we employ 

carbon nanotube arrays CNTs) and the electrocatalyst. Such an atomically thin 

(effectively a monolayer) interlayer will possess an electrical conductance far superior to 

a "conventional" oxide support, which may be up to 10's of nanometers in thickness. We 

hypothesized that this may achieve the greatly desired catalyst - oxide/nitride support 

synergy without incurring a significant ohmic loss penalty. We demonstrate that the 

presence of the oxynitride interlayer does offer a remarkable improvement in both the 

activity and the durability for pure Pt, but provides minimal effect for the Pt-50at.%Ni 

alloy. Using first-principles modeling we show that this difference may be related to the 

metal - support chemical interactions and to the compositional segregation occurring at 

the alloy catalyst - support interface. A general implication to emerge is that while tuning 

the metal - support chemical interaction is highly effective for improving oxygen 

reduction reaction (ORR) performance, the results do not necessarily transfer from one 

electrocatalyst system to another even if the support is identical. 
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6.2 Experimental 
 

Synthesis. The CNTs array was synthesized using a commercial chemical vapor 

deposition (CVD) reactor (Tystar Inc.). Polished Inconel 600 disks with 11.32 mm 

diameter (a geometrical area of 1 cm
2
) and 2 mm thickness were utilized as the substrates 

for CNT growth and as electrodes for electrochemical measurements. A typical top-view 

of the as-synthesized CNTs array is shown in Figure 6.1. A 0.5 nm Titanium nitride (TiN) 

film was conformally coated onto the CNTs array using the Oxford FlexAL Atomic 

Layer Deposition (ALD) instrument. The deposition was performed at 300 °C using 

TiCl4 and H2/N2 as precursor and plasma gas, respectively. To convert the surface of the 

nitride to an oxynitride, exposed supports were stored at ambient for approximately 24 

hours prior to the deposition of the catalysts. Thus a coaxial oxynitride coated CNTs 

array (termed "/TiOxNy/CNTs") support was obtained, with the uncoated CNTs (termed 

"/CNTs") also employed as a baseline.  

 

Figure 6.1: Low-magnification SEM micrograph of the as-synthesized CNTs/Inconel electrode 

from a top view. 

Pt and Pt-50at.%Ni catalyst depositions onto the support surfaces were carried out 

using magnetron co-sputtering from 99.95% pure Pt and Ni targets. A substrate 

temperature of 700 °C was used for all depositions in order to obtain good crystallization 

of the catalyst film. The sputtering rate was accurately measured in-situ using a crystal 

3 μm
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monitor at the substrate plane. The deposition rate of Pt was kept at 0.4 Å s
-1

. The 

deposition rate of Ni was kept at 0.29 Å s
-1

, which resulted in 1:1 atomic ratio of Pt:Ni. 

Composition was confirmed using XPS and EDS. After sputtering, the catalysts were 

further annealed at 700 
o
C for 1 hour under ultrahigh vacuum.  

We employed both "low" and "high" mass loadings for each type of catalyst. The 

high mass loaded sample consists of a 75 nm thick (geometrical) film of either Pt or PtNi 

deposited onto the array. Given the surface area enhancement of the CNTs is about 18, 

the average film thickness would be 4 nm. However due to sputter flux shadowing and 

non-uniform wetting, the actual sizes of the crystallites would vary (discussed in detail in 

the Results). The 75 nm geometrical thickness corresponds to a total mass loading of 0.15 

mg cm
-2

geo for pure Pt. Since the PtNi film has a different density than pure Pt, 75 nm 

corresponds to a total mass loading of 0.11 mg cm
-2

geo for PtNi alloy, which in turn is 

equivalent to 0.085 mg cm
-2

geo of Pt. The low mass loaded sample consists of a catalyst 

film with a 10 nm geometrical thickness. This corresponds to a total mass loading of 0.02 

and 0.015 mg cm
-2

geo for Pt and PtNi, respectively. The total loading of 0.015 mg cm
-2

geo 

PtNi alloy is equivalent to 0.0116 mg cm
-2

geo of Pt. The labeling sequence in the text 

provides the total mass loading. For example, "PtNi(0.015mg)/TiOxNy/CNTs" denotes a 

low mass loaded PtNi alloy catalyst on an oxynitride support.  

Electrochemical characterization: Electrochemical measurements were carried out 

using a standard rotating disk electrode (RDE) system (Princeton applied research model 

616 RDE), a potentiostat (Versa STAT 3) and a three-electrode electrochemical cell. A 

helical Pt wire and a Cl
- 
free Hg/Hg2SO4 with taper joint (Princeton Applied Research 

model G0093) were used as the counter electrode and reference electrode, respectively. 

Perchloric acid (HClO4 optima grade, Fisher Scientific) diluted with Milli-Q water to 

0.1M was the electrolyte solution in all cases. All electrochemical measurements were 

carried out at room temperature using research grade gases (99.999%, Praxair). The 

reported potentials hereafter are specified relative to the reversible hydrogen electrode 

(RHE) scale.  

The cyclic voltammetry (CV) was recorded in Ar-saturated electrolyte between 0 V 

and 1.2 V with a scan rate of 50 mV s
-1

. The electrochemical surface area (ECSA) of the 
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catalysts was estimated by averaging the integral charge of the hydrogen adsorption and 

desorption areas of the CV profile, including a correction for double layer charging. To 

avoid the underestimation of the ECSA owing to a possible suppression of hydrogen 

adsorption, the ECSA was confirmed using CO-stripping. Before CO-stripping, the 

electrode was immersed in a CO saturated electrolyte for 10 minutes. After that, the 

electrolyte was purged with Ar and the CO stripping voltammetry was then recorded. 

Anodic linear sweep voltammetry (LSV) from 0.03 V to 1.05 V was conducted in 

oxygen-saturated electrolyte to measure the ORR at 1600 rpm with a scan rate of 10 mV 

s
-1

. Polarization curves at other rotational speeds (400, 625, 900, 1225, 2025, 2500 and 

3600 rpm) were taken using the same potential range and scan rate. The kinetic current 

was extracted from the measured ORR polarization curve according to the Koutecky-

Levich equation: 

1

𝐼
=
1

𝐼𝑘
+
1

𝐼𝐿
=
1

𝐼𝑘
+

1

𝐵𝜔1/2
=
1

𝐼𝑘
+

1

0.62𝑛𝐹𝐴𝑔𝑒𝑜𝐷2/3𝜔1/2𝑣−1/6𝐶𝑂2
                    Eq. 6.1 

where I is the measured ORR current, Ik and IL are the kinetic and the diffusion limited 

currents, respectively, B is the Levich slope, F is the Faraday constant, n is the number of 

electrons transferred per O2 molecules, D is the diffusion coefficient of oxygen, CO2 is the 

concentration of oxygen in the bulk solution, ω is the angular velocity and  is the 

kinematic viscosity of the solution. The durability test of the catalysts was performed in 

oxygen-saturated electrolyte between 0.6 V and 1.1 V at a sweep rate of 50 mV s
-1

 for 

10,000 potential cycles at room temperature. Prior to analyzing the post-cycling ECSA 

and ORR activities, the electrolyte was replaced with fresh solution. Electrochemical 

impedance spectroscopy (EIS) measurements were carried out using a Solartron 1470 

electrochemical test station. We applied an alternating current in the frequency range 

from 10 kHz to 0.1 Hz with 25 mV amplitude at 0 V vs. open circuit potential.  

Microstructural characterization: X-ray photoelectron spectroscopy (XPS) 

measurements were performed on an ULTRA (Kratos Analytical) spectrometer under 

ultrahigh vacuum (10
-9

 Torr), using monochromatic Al-Kα radiation (hν = 1486.6 eV) 

operated at 210 W. All XPS spectra were calibrated using the universal hydrocarbon 

contamination C1s peak at 284.8 eV. The XPS data were analyzed using CasaXPS 
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software. X-ray diffraction (XRD) analysis was performed on a Bruker AXS 

diffractometer (Bruker Discover 8) using a Cu-Kα radiation source (λ = 1.5406 Å) that 

was monochromatized using a single Gobel mirror. The diffractometer was equipped 

with a Histar general area two-dimensional detection system (GADDs) with a sample-

detector distance of 15 cm. Grain size (D) analyses were performed by using the well-

known Scherrer equation: D = kλ/βcosθ0 where k is a constant taken as 0.9, λ is the x-ray 

wavelength, β is the full width half maximum of the peak (FWHM) in radians with the 

instrumental broadening effect corrected, and θ0 is the position of the peak maximum. 

The grain size was reported as the average value from the best-resolved peaks. The peak 

fitting using Voigt function was performed on Fityk commercial software [59]. The 

instrumental broadening was determined by using a LaB6 standard material and 

subtracted from the measured line broadening. High magnification scanning electron 

microscopy (SEM) analysis was performed on a Hitachi S-4800 field emission SEM 

operated at 15 kV accelerating voltage. Bright-field and dark-field imaging and selected 

area electron diffraction (SAD) analysis were performed on a JEOL 2100 transmission 

electron microscope (TEM) operated at 200 kV accelerating voltage. The TEM 

specimens were mechanically removed from the electrodes and dry dispersed onto the 

grids. Commercial software Crystal Maker 
TM

 and TEM diffraction ring profiler [60] 

were used to simulate electron diffraction patterns. Based on bright-field TEM images, 

we determined the catalyst particle size distributions. For each sample, a total of 450 

particles have been measured. Based on dark-field TEM images, we determined the 

catalyst crystallite size distribution. A total of 220 crystallites that displayed strong Bragg 

contrast have been measured for each sample.  

Model and Computational methods: We performed density functional theory 

(DFT) calculations with the Vienna ab initio Simulation Package (VASP) [61,62]. The 

core and valence electrons were treated using Blöchl’s projector-augmented wave (PAW) 

formalism with a cutoff energy of 400 eV [63]. The nonlocal exchange and correlation 

energies were calculated with the Perdew-Wang (PW91) functional within generalized 

gradient approximation (GGA) [64,65]. For various doping structures, we performed 

calculations for titanium oxynitride slabs, consisting of four layers and a vacuum distance 

of 15Å between periodically repeated slabs. For the most stable doping structure of Ti 
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oxynitride, we performed calculations of total energies of two, three and four layer slabs 

with unit cell size 2x2 and 2x3. The K-mesh points used in calculating 2x2 and 2x3 unit 

cells are 9x1x9 and 3x1x3, respectively. Based on the total energy per atom for different 

configurations as the benchmark calculations, we used the four layer slab with a 2x2 unit 

cell to study the stability of Ti oxynitride with various doping structures, and evaluate 

atomic adsorption of Pt or Ni on the surface. We used a two layer slab of oxynitride with 

a 2x2 unit cell to study support effects on metal layers. The electronic structures of Pt 

atoms are investigated by calculating the projected d-band center, εd, of surface Pt atoms:  

       

𝜀𝑑 =
∑ ∫ 𝜖𝑛𝑙=2,𝑚(𝜀)𝑑𝜀

+∞

−∞𝑚

∑ ∫ 𝑛𝑙=2,𝑚(𝜀)𝑑𝜀
+∞

−∞𝑚

                                                        Eq. 6.2 

where l and m are quantum numbers for angular momentum and z-projection of angular 

momentum; 𝑛𝑙=2,𝑚(𝜀), is defined as the DOS projected onto one of five localized d-

orbitals. 

 

6.3 Results and Discussion 

6.3.1 Support and Catalyst Microstructure 
 

Figure 6.2 depicts the Ti2p, O1s and N1s XPS spectra of a native-oxidized 0.5 nm 

TiN film. The XPS spectra of a 10 nm TiO2 film, also synthesized by ALD at the same 

temperature, are included for reference (the spectra have been rescaled to a similar 

maximum peak intensity for comparison). Oxidation of TiN occurs when TiN surface is 

exposed to air at ambient, as evidenced by the Ti2p and O1s spectra. The partial 

coincidence of the XPS spectra of the native-oxidized TiN film with those of TiO2 

reference indicates the existence of Ti
4+

 in an octahedral coordination. The presence of 

Ti2p doublets at lower binding energies compared to those of TiO2 reference indicates 

that Ti at lower valence states also exists. A large shoulder peak, centered at ~ 531.8 eV, 

is present in the O1s spectrum. Quantitative analysis of the XPS results yields a film 

chemical composition of 37 at.% Ti, 56 at.% O and 7 at.% N. These values will be used 
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in the computational section for modeling the structure of the titanium oxynitride slab. 

Based on the above arguments, the 0.5 nm TiN coating, which will be exposed to air 

before catalysts deposition, can be generally described as titanium oxynitride with the 

notation "TiOxNy".  

 

Figure 6.2: Ti2p, O1s, N1s XPS spectra of a native-oxidized 0.5 nm TiN film that was deposited 

on a mirror polished, plasma treated glassy carbon substrate at ALD deposition temperature of 

300°C. The XPS spectra of a 10 nm TiO2 film, synthesized at the same ALD deposition 

temperature, are included for reference. The results suggest that upon exposure to air at ambient 

the 0.5 nm TiN has entirely transformed to a chemical state that can be generally described as 

TiOxNy. 

As shown in Figure 6.3A the Pt 4f7/2 XPS spectrum of Pt(0.02mg)/TiOxNy/CNTs 

shifts to higher binding energies as compared to that of Pt(0.02mg)/CNTs baseline. This 

is a direct evidence of chemical interaction at the TiOxNy-Pt interface. According to the 

works of Wakisaka et al. [66,67], the positive core level (CL) shift indicates a downshift 

in d-band center with respect to the Fermi level. From the XPS results of the high mass 

loaded Pt sample, shown in Figure 6.3B, the Pt 4f7/2 CL of Pt(0.15mg)/TiOxNy/CNTs 

remains identical as compared to that of Pt(0.15mg)/CNTs. This indicates that at higher 

mass loading (i.e. higher catalyst thickness) the Pt electronic structure away from the 

metal-support interface is relaxed to its equilibrium electronic state. The electronic 
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structure of Pt near the oxynitride interface is very likely to still be affected. This is 

however would not be detected by XPS, which samples the Pt at and near its vacuum 

terminating surface. In the high Pt mass loaded samples the oxynitride-induced electronic 

structure modification effects would not be manifested in the ORR activity results (ORR 

is of course a surface process). However they still would show up in the durability test 

performance if considerable Pt corrosion occurs at the Pt-support interface. As Figures 

6.3A and B demonstrate, the presence of the oxynitride underlayer does not influence the 

electronic structure of PtNi at either loading. This will be discussed later in the 

manuscript. The d-band center of PtNi turns out to be lower than that of pure Pt. This is 

supported by the measured positive Pt 4f7/2 CL shift of PtNi relative to Pt.  

 

Figure 6.3: Pt 4f7/2 XPS spectra of as-synthesized Pt/CNTs, Pt/TiOxNy/CNTs, PtNi/CNTs and 

PtNi/TiOxNy/CNTs for (a) the low and (b) the high mass loaded samples. (c) X-ray diffraction 

patterns of high mass loaded samples, with the mean crystallite diameters estimated using the 

Scherrer equation. 
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X-ray diffraction patterns of the high mass loaded samples are shown in Figure 6.3C 

(the low mass loaded samples were too thin to be accurately analyzed by XRD). The 

pattern confirms the formation of PtNi alloy with a face-centered cubic (fcc) lattice. From 

the positions of (111) and (200) reflections, a lattice parameter of 3.73 Å is obtained for 

PtNi. This value obeys quite well to Vegard's law, representing a 4.8% contraction in 

lattice parameter compared to pure Pt. The results of the Scherrer analysis demonstrate 

that the TiOxNy refines the crystallite size of Pt catalysts. The mean crystallite diameter 

of Pt decreases from 30.3 nm in the case of Pt(0.15mg)/CNTs to 22.0 nm in the case of 

Pt(0.15mg)/TiOxNy/CNTs. On the other hand, the TiOxNy support has negligible 

influence on the crystallite size of PtNi alloy catalyst, with the mean crystallite diameters 

of PtNi alloy being 13.8 nm and 13.7 nm for PtNi(0.11mg)/CNTs and 

PtNi(0.11mg)/TiOxNy/CNTs, respectively. 

Figures 6.4A-H show representative TEM and SEM micrographs of 

Pt(0.02mg)/CNTs and Pt(0.02mg)/TiOxNy/CNTs. The results of TEM and SEM analyses 

provide valuable information regarding the morphology and distribution of the wetted 

catalyst particles. At the low mass loading, rather than continuous film, the pure Pt 

particles are isolated or only partially interconnected. In the case of Pt on a bare CNT 

support, the microstructure consists of a bimodal size distribution of Pt particles. Some of 

the crystallites, such as those imaged in Figure 6.4A, are approximately 50 nm in width, 

while others are on the order of only several nanometers. The bimodal Pt particle size 

distribution is quantified in Figure 6.4K, which is statistically determined from multiple 

bright-field TEM micrographs. For Pt(0.02mg)/CNTs, the ratio NI/NII is taken to indicate 

the ratio of the number of particles found in the distribution I (mean diameter = 6.7 nm) 

versus in distribution II (mean diameter = 26.9 nm). Figure 6.4M shows the mean Pt 

crystallite size that is statistically determined from multiple dark-field TEM micrographs. 

Since the particle size results in distribution II yield sufficiently larger values than the 

crystallite sizes, it may be concluded that many of the larger Pt particles are in-fact 

polycrystalline. The CNT shown in Figure 6.4A appears to receive higher Pt catalyst 

loading near its “top” than near its “bottom”. Such a microstructure may be expected due 

to the directional non-conformal nature of the sputter flux.  
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Figure 6.4: TEM analysis of as-synthesized (a)-(c) Pt(0.02mg)/CNTs, and (d)-(f) 

Pt(0.02mg)/TiOxNy/CNTs. SEM analysis of as-synthesized (g) Pt(0.02mg)/CNTs, (h) 

Pt(0.02mg)/TiOxNy/CNT, (i) Pt(0.15mg)/CNTs, and (j) Pt(0.15mg)/TiOxNy/CNTs. (k)-(l) The Pt 

particle size distributions and (m)-(n) the Pt crystallite size distributions for Pt(0.02mg)/CNTs 

and Pt(0.02mg)/TiOxNy/CNTs. In each distribution the symbol  denotes the mean Pt particle or 

crystallite diameter and  denotes the associated standard deviation. 

The TiOxNy support appears to have a profound influence on the size and the spatial 

distribution of the pure Pt particles/crystallites. As shown in Figure 6.4L, the Pt particle 

size distribution in Pt(0.02mg)/TiOxNy/CNTs is both narrower and monomodal, being 

centered at 11.2 nm. A TiOxNy induced refinement of Pt crystallite size is also observed 

at low mass loading. The mean Pt crystallite diameter decreases from 12.2 nm for 

Pt(0.02mg)/CNTs to 10.7 nm for Pt(0.02mg)/TiOxNy/CNTs (Figure 6.4N). Thus, despite 

being identically sputtered, the Pt crystallites on the oxynitride are much more uniformly 

spread out than they are on the bare CNT surface. One could hypothesize that the wide 
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size distribution of the Pt on CNTs is a direct manifestation of surface Oswald ripening. 

Pt atomic diffusion, which is the essential processes that allows optimally oriented 

particles to grow at the expense of ones with higher surface energy, will occur more 

rapidly on the chemically inert CNT surface versus on the TiOxNy surface, the latter 

being shown by XPS to have a strong interaction with the Pt. Alternatively or in parallel, 

for the case of uncoated CNTs the Pt crystallites may preferentially form and grow on the 

intrinsic tube defects and any remaining heteroatom moieties. Were such defects to be 

irregularly distributed on the CNT surfaces, a patchy template of Pt surface anchoring 

sites would result. Conversely the TiOxNy interlayer provides a uniform chemically active 

environment for Pt crystallite nucleation, refining the size distribution and decreasing the 

average interparticle spacing. Considering that competitive van der Drift type crystallite 

growth occurs during film deposition [68], a higher density of Pt nuclei on TiOxNy 

surface would lead to earlier impingement of the growing grains. This results in smaller 

Pt crystallites for Pt(0.15mg)/TiOxNy/CNTs relative to Pt(0.15mg)/CNTs, which  is 

consistent with the results of Scherrer analysis (Figure 6.3C) and the SEM analysis of 

high mass loaded samples shown in Figure 6.4I and J.  

Figures 6.5A-H show representative TEM and SEM micrographs of 

PtNi(0.015mg)/CNTs and PtNi(0.015mg)/TiOxNy/CNTs. The representative SEM 

micrographs of high mass loaded PtNi samples are shown in Figure 6.5I-J. The PtNi 

particles appear to wet both CNTs and TiOxNy surfaces quite well. This is highlighted by 

the HRTEM micrographs of typical CNTs-PtNi and TiOxNy-PtNi interfaces (see Figure 

6.5C and F), respectively, where PtNi crystallites form a uniform and continuous layer on 

the support surface. Overall, the TiOxNy interlayer has negligible influence on the 

morphology and distribution of the PtNi alloy catalyst particles. In the modeling section 

of this manuscript we will discuss the potential reasons for the morphological similarity 

of the PtNi catalysts on either support. With a stronger interactions at the support-catalyst 

interface, one would expect less microstructural coarsening, i.e. smaller crystallite size of 

PtNi alloy catalyst, due to lower surface diffusion. However, the continuous nature of the 

PtNi film promotes the formation of large crystallite domains in-plane of the support 

surface during high temperature film growth. Some crystallite, such as those imaged in 

Figure 6.5B and E, are 20 ~ 30 nm in width. As shown in Figure 6.5K and L, the mean 
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PtNi crystallite diameters, based on dark-field TEM analysis, are 12.5 nm and 13.0 nm 

for PtNi(0.015mg)/CNTs  and PtNi(0.015mg)/TiOxNy/CNTs, respectively.  

 

Figure 6.5: TEM analysis of as-synthesized (a)-(c) PtNi(0.015mg)/CNTs, and (d)-(f) 

PtNi(0.015mg)/TiOxNy/CNTs. SEM analysis of as-synthesized (g) PtNi(0.015mg)/CNTs, (h) 

PtNi(0.015mg)/TiOxNy/CNTs, (i) PtNi(0.11mg)/CNTs, and (j) PtNi(0.11mg)/TiOxNy/CNTs. (k)-(l) 

The PtNi crystallite size distributions for PtNi(0.015mg)/CNTs and PtNi(0.015mg)/TiOxNy/CNTs.  

 

6.3.2 Oxygen Reduction Reaction Activity 
 

Before embarking on the description of the electrochemical performance of these 

materials we offer a brief clarification of the primary aim of this study: We are interested 

in examining the role of the oxynitride support on the performance of each catalyst 

system per se, without making broader inferences regarding the intrinsic performance of 
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Pt vs. PtNi. Contrasts of the intrinsic activity/stability of Pt versus PtNi have been 

previously published in literature [53-55]. Rather here we provide a more focused 

comparison of Pt on CNTs vs. Pt on TiOxNy, with the catalyst mass loading in each case 

being held identical. Specifically, we compare the electrochemical performance of 

Pt(0.02mg)/CNTs vs. Pt(0.02mg)/TiOxNy/CNTs, or Pt(0.15mg)/CNTs vs. 

Pt(0.15mg)/TiOxNy/CNTs. Such independent evaluations on support effect, concerning 

both low and high mass loading electrodes, allow us to qualitatively deconvolve the role 

of the oxynitride interlayer. We do the same thing for PtNi on CNTs vs. PtNi on TiOxNy, 

i.e. comparison of PtNi(0.015mg)/CNTs vs. PtNi(0.015mg)/TiOxNy/CNTs, or 

PtNi(0.11mg)/CNTs vs. PtNi(0.11mg)/TiOxNy/CNTs. One cannot directly compare the 

activity or the durability of Pt to PtNi both due to the differences in the Pt mass loadings, 

and due to the differences in the particle/crystallite sizes and distributions documented in 

the previous section. The initial particle/crystallite size has been experimentally and 

theoretically demonstrated to profoundly affect the activity and the durability of Pt ORR 

catalysts [69-71]. Moreover during electrochemical cycling the PtNi system is expected 

to undergo dealloying, which will drive very different geometrical evolution in the 

remaining crystallites as compared to pure catalyst tested identically [72]. As the TiOxNy 

is demonstrated to have a major influence on the geometry of pure Pt and little influence 

on PtNi, our discussion of the resulting electrochemical properties incorporates these 

essential size/distribution considerations. 

Cyclic Voltammetry (CV) and rotating-disk electrode (RDE) Linear Sweep 

Voltammetry (LSV) were used to investigate the electrochemical performance of the 

electrodes. Figure 6.6A and B compares the CV profiles for Pt/CNTs, Pt/TiOxNy/CNTs, 

PtNi/CNTs and PtNi/TiOxNy/CNTs. These CV tests were performed in argon-saturated 

0.1M HClO4 using a scan rate of 50 mV s
-1

.  For both low and high mass loading there is 

a clear difference in the shape of the hydrogen adsorption/desorption (Hads and Hdes) 

regions between the Pt and PtNi. While Hupd and Hdes peaks at the characteristic positions 

associated with well-defined (110), (111) and (100) facets exposed to electrolyte
 
[73] can 

be clearly discerned for pure Pt, they are not resolved for PtNi. This is a typical result for 

Pt-Ni alloys, which do not contain as well ordered low index crystal terminations as do 

pure Pt electrocatalysts [54,74-75].  
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Figure 6.6: (a)-(b) CV of Pt/CNTs, Pt/TiOxNy/CNTs, PtNi/CNTs and PtNi/TiOxNy/CNTs in 

argon-saturated 0.1M HClO4 using scan rate of 50 mV s
-1

 (c) CO-stripping curves on low mass 

loaded samples. (d) Integral charges for Hupd (QH) and CO stripping (QCO) obtained from CV of 

low mass loaded samples; the ratio of QCO / 2QH is labeled above the histogram bars. (e)-(f) 

Master plots comparing ORR polarization curves at 1600 rpm in oxygen-saturated 0.1M HClO4 

using scan rate of 10 mV s
-1

. Inserts show the corresponding Tafel plots. 
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We estimated the electrochemical surface area (ECSA) by both integral charges of 

underpotentially deposited hydrogen (QH) and CO electro-oxidation (QCO). Figure 6.6C 

shows the CO stripping curves for the low mass loaded samples, using a scan rate of 50 

mV s
-1

. There is no discrepancy between the ECSA estimations based on Hupd and CO 

stripping, as the ratio between QCO and 2QH remains at 1 for both pure Pt and PtNi alloy 

samples (Figure 6.6D). This result rules out the formation of a thermally segregated Pt-

skin structure with its characteristic ratio of 1.5. [76]
 
Table 6.1 provides the ECSA 

obtained from Hupd. For pure Pt, the incorporation of the TiOxNy interlayer led to a minor 

increase of the Pt ECSA in comparison to the baseline. For the low Pt mass loaded 

samples the ECSA increased from 7 to 7.5 cm
2
, i.e. 7%; for the high mass loading the 

increase was from 15.7 to 17 cm
2
, i.e. 8%. In the case of PtNi the effect of TiOxNy on 

ECSA was very minor: For the low mass loaded PtNi samples the ECSA increased from 

5.8 to 6 cm
2
, while for the high mass loading there was a decrease from 11.2 to 10.9 cm

2
. 

The reduction of ECSA going from Pt to PtNi is roughly in accordance with the alloy 

composition present at the surface, as underpotentially deposited hydrogen is known not 

adsorb on Ni atoms [77].  

Table 6.1: Electrochemical surface area (ECSA), ORR half-wave potentials (E1/2), specific 

activities and Pt mass activities at 0.9 V for Pt/CNTs, Pt/TiOxNy/CNTs, PtNi/CNTs and 

PtNi/TiOxNy/CNTs in the precycling state. 

Precycling ECSA E1/2 Specific activity 

(0.9V) 

Mass activity 

(0.9V) 

Sample cm
2
 m

2
.g

-1
Pt V mA.cm

-2
Pt A.mgPt

-1 

Pt(0.02mg)/CNTs 7.0 34.9 0.861 0.314 0.110 

Pt(0.02mg)/TiOxNy/CNTs 7.5 37.3 0.884 0.522 0.195 

Pt(0.15mg)/CNTs 15.7 10.4 0.910 0.474 0.050 

Pt(0.15mg)/TiOxNy/CNTs 17.0 11.3 0.903 0.371 0.042 

PtNi(0.015mg)/CNTs 5.8 50.3 0.902 1.068 0.543 

PtNi(0.015mg)/TiOxNy/CNTs 6.0 51.6 0.903 1.057 0.550 

PtNi(0.11mg)/CNTs 11.2 13.2 0.933 1.154 0.153 

PtNi(0.11mg)/TiOxNy/CNTs 10.9 12.8 0.928 1.097 0.141 

 

Figures 6.6E and F provide the master plots of ORR polarization curves at 1600 rpm, 

for the low mass loaded and the high mass loaded samples, respectively. The initial ORR 

activities of both electrocatalysts, at both mass loadings, are quite good. This is indicated 
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by their high onset potentials of oxygen reduction (ca. ~ 1.0 V) as well as the high half-

wave potentials (E1/2). The RDE data was further analyzed with the Koutecky-Levich (K-

L) approach to extract the kinetic currents from the polarization curves. The Tafel plots, 

shown in the inserts, highlight the specific activities at different electrode potentials. The 

K-L plots for each sample with the corresponding ORR curves at different rotation 

speeds (tested between 400 to 3600 rpm) are shown in Figure 6.7. For all investigated 

systems, the number of electrons transferred (n) per O2 molecule calculated from the 

slope of K-L plot supports the 4-electron pathway of oxygen reduction. Table 6.1 

provides the list of the E1/2, specific and mass activities for all samples.  

 

Figure 6.7: Rotating disk electrode (RDE) measurements of the oxygen reduction reaction (ORR) 

for different electrocatalysts in a 0.1M HClO4 solution saturated with O2 at different rotation 

speeds. Scan rate = 10 mV s
-1

. Electrode Area = 1 cm
2
. 
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Figure 6.8: Nyquist plots of Pt(0.15mg)/CNTs, Pt(0.15mg)/TiOxNy/CNTs, PtNi(0.11mg)/CNTs 

and PtNi(0.11mg)/TiOxNy/CNTs 

Figure 6.8 presents the results of electrochemical impedance spectroscopy (EIS) 

measurements for high mass loaded samples. From the real component value of the 

impedance at the minimum of Nyquist plot, the overall resistance of the system can be 

obtained. Both the electrode resistance and the solution resistance can influence the 

measured value of overall resistance. Since exact the same electrolyte has been used 

among all samples, with the distance between working and counter electrodes being kept 

similar, the measured changes in overall resistance provide information regarding the 

possibly increased ohmic resistance incurred with the insertion of TiOxNy layer. As 

shown for both pure Pt and PtNi samples, the overall resistance has increased by ~ 1.5 

ohms when TiOxNy interlayer has been inserted. Considering the results of XPS, there is 

negligible change in the electronic structure near the surface of the catalyst for the high 

mass loaded Pt samples. We would therefore expect that the activity of 

Pt(0.15mg)/TiOxNy/CNTs to be worsened relative to the baseline Pt(0.15mg)/CNTs, due 

to additional electrical resistance of the oxynitride. Since the increase in electrical 

resistance is low with the oxynitride interlayer being atomically thin, it is expected that 

this detriment would be quite minor. This is exactly what was observed, with cathodic 

shift in the half wave potential (0.910 to 0.903 V), and a drop in the specific (0.474 to 

0.371 mA.cm
-2

Pt) and mass activity (0.050 to 0.042 A.mgPt
-1

) all being relatively small. 

Additionally, we applied the iR-correction to ORR data of samples with the high mass 
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loading. By compensating for the ohmic losses, the TiOxNy-supported samples show 

comparable ORR activity relative to the CNTs-supported counterpart (see Table 6.2).  

Table 6.2: Electrochemical surface area (ECSA), and iR-corrected ORR half-wave potentials, 

specific activities and Pt mass activities at 0.9 V and 0.95 V for high mass loading Pt/CNTs, 

Pt/TiOxNy/CNTs, PtNi/CNTs, and PtNi/TiOxNy/CNTs. 

Precycling ECSA 

Half-

wave 

potential 

Specific 

activity 

(0.9V) 

Mass 

activity 

(0.9V) 

Specific 

activity 

(0.95V) 

Mass 

activity 

(0.95V) 

Sample (cm
2
) (V) (mA.cm

-2
Pt) (A.mgPt

-1
) (mA.cm

-2
Pt) (A.mgPt

-1
) 

Pt(0.15mg)/CNTs 15.7 0.941 1.717 0.179 0.211 0.022 

Pt(0.15mg)/TiOxNy/CNTs 17.0 0.942 1.782 0.201 0.223 0.025 

PtNi(0.11mg)/CNTs 11.2 0.965 5.258 0.695 0.952 0.126 

PtNi(0.11mg)/TiOxNy/CNTs 10.9 0.963 5.371 0.689 0.947 0.121 

 

For the low Pt mass loading, there is a strong opposite trend: Upon the insertion of 

TiOxNy, there is an anodic shift in the half wave potential (0.861 to 0.884 V), and almost 

a doubling of the specific (0.314 to 0.522 mA.cm
-2

Pt) and mass activity (0.110 to 0.195 

A.mgPt
-1

). This finding differentiates our work from a recent study on wet-method 

synthesized Pt supported on anhydrous sol-gel synthesized TiOxNy, where the ORR 

activity was found to be lower than that of Pt/C baseline [78]. While it is likely that Pt on 

sol-gel TiOxNy also exhibited strong metal support interactions, the support's more "bulk 

like" thickness (particle size on the order of 50 nm) would degrade the electrical 

conductance relative to the C baseline. We attribute the activity improvement in our 

material to a direct manifestation of the favorable change in the electronic structure of the 

Pt surface overcoming the minute IR losses associated with the atomic scale oxynitride 

interlayer. A thicker interlayer would still be effective in changing the d-band structure of 

the Pt. However, ORR enhancement would be reduced or completely negated by the 

increased electrical resistance of the electrode.  

It is known that there is a strong correlation between the d-band center of the metal 

surface and the oxygen chemisorption energy ΔE0, which is a key parameter determining 

the ORR activity of a given catalyst surface [ 79 ]. The surface of 

Pt(0.02mg)/TiOxNy/CNTs sample should bind oxygen relatively weaker, given a 

downshifted d-band center with respect to the Fermi level. This is supported by the CV 
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profiles shown in Figure 6.6A. Close inspection reveals that the onset of surface oxide 

(OHad) formation for Pt(0.02mg)/TiOxNy/CNTs has shifted to a higher potential relative 

to Pt(0.02mg)/CNTs, whereas such discernible positive potential shift is not observed for 

thicker Pt(0.15mg)/TiOxNy/CNTs sample (Figure 6.6B). The higher onset potential of 

surface oxide formation is indicative of lower surface coverage onto active sites by 

intermediate Oads and OHads species [ 80 , 81 ]. As shown in Figure 6.6C, CO 

electrooxidation on a Pt(0.02mg)/TiOxNy/CNTs surface also proceeds at lower potentials 

than on a Pt(0.02mg)/CNTs surface. Such observation is consistent with the trend for 

surface oxide formation, considering COad and OHad are competing for the same Pt 

adsorption sites [76].
 
 

As expected, the PtNi catalyst shows more anodic voltages and substantially higher 

specific and mass activities than the Pt. In fact, the measured specific activities of the 

four PtNi samples, in the range of 1.057 to 1.154 mA.cm
-2

Pt (see Table 6.1), all meet the 

2015 DOE’s target for specific activity of 0.7 mA.cm
-2

Pt [1]. For PtNi alloy this effect has 

been well documented in literature, being attributed to both geometric and electronic 

effects associated with the development of a "Pt skeleton" at the alloy surface [46,54,74].
 

The interesting finding of this study, however, is that the oxynitride seems to have very 

little effect on the alloy's ORR activity, except the minor activity loss due to Ohmic drop. 

This makes good sense, considering that neither XPS nor TEM was able to detect 

meaningful bonding or microstructural changes incurred by the interlayer.   

Finally it is important to consider the Pt particle size effects in considering the 

benefits of the oxynitride support. It has been demonstrated that for sub-5 nm Pt particles, 

size makes a profound impact on the ORR activity and stability, influencing the oxide 

binding energies and actually modifying the Pt dissolution path [69-71,82-84].
 
For 

instance authors in ref. [69] observed experimentally and confirmed through modeling 

that both mass activity and specific activity actually decreases when Pt particle sizes fall 

below 2.2 nm. Our group has also recently demonstrated that the specific activity of 

blanket Pt films sputtered onto planar oxide supports will increase up to a film thickness 

of 5 nm, and will remain constant at higher thicknesses [31]. Since to a first 

approximation the crystallite size of a thin film grown at high homologous temperatures 
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is directly proportional to a fraction (e.g. 0.5) of its thickness [85], the two findings are in 

agreement. Judging from XRD and TEM analysis, the majority of Pt and the PtNi 

crystallites are larger than 5nm (Figure 6.4K and 6.5K). A notable number of the Pt 

particles in both systems are indeed below 2.5 nm, with their relative fraction being 

higher for Pt(0.02mg)/CNTs than for Pt(0.02mg)/TiOxNy/CNTs. Thus another contributor 

to the observed enhanced activity (and stability, as is demonstrated in the next section) 

due the oxynitride support is a lower fraction of these less active and less stable ultrafine 

Pt particles. Moreover the particle size distribution in the Pt(0.02mg)/CNTs specimen is 

bimodal. For this material there are enough large-diameter low-surface area Pt particles 

(e.g. > 20 nm diameter) to significantly reduce the mass activity of the electrode. The 

presence of large particles would not influence the specific activity of the system as their 

low surface area is accounted for in the calculation. Therefore the oxynitride support also 

improves the mass activity of the catalyst by reducing the "dead weight" of Pt from the 

right side of the size distribution.  

 

6.3.3 Electrocatalyst Durability 
 

The catalytic durabilities of the electrocatalysts were evaluated by an accelerated test 

involving 10,000 cycles between 0.6 V and 1.1 V at room temperature, using a sweep 

rate of 50 mV s
-1

. Figure 6.9A and B show the CV profiles and the ORR polarization 

curves (1600 rpm), respectively, for low mass loaded samples, measured before and after 

10,000 potential cycling. The same results for high mass loaded samples are shown in 

Figure 6.9C and D. Table 6.3 summarizes the results of durability tests, including the 

change of E1/2, the % loss in ECSA, and the % loss in specific activity and in Pt mass 

activity. The Pt(0.02mg)/TiOxNy/CNTs sample shows approximate 2-fold enhancement 

in catalytic durability as compared to the Pt(0.02mg)/CNTs: The specific activity, mass 

activity and ECSA were degraded by 20.1%, 27.8% and 9.7%, respectively, as compared 

to 42.7%, 57.0% and 25.0%. Similarly, enhanced catalytic durability is observed for high 

mass loaded pure Pt. These findings demonstrate that inserting a 0.5nm TiOxNy between 

Pt and CNTs markedly improves the corrosion stability of the Pt electrocatalyst. In the 
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case of PtNi, the oxynitride interlayer has minimal effect on the catalyst durability at 

either loading. PtNi(0.015mg)/CNTs and PtNi(0.015mg)/TiOxNy/CNTs demonstrate 

almost comparable degradation, as shown by the losses of their specific activity (41.7% 

vs. 40.9%), mass activity (45.0% vs. 44.8%) and in ECSA (5.7% vs. 6.6%). We attribute 

this to a lack of meaningful changes in the catalyst's electronic structure or 

morphology/wetting behavior with the introduction of the oxynitride. As Figure 6.10 

demonstrates, the post-cycled PtNi/TiOxNy/CNTs and PtNi/CNTs electrodes possess 

comparable overall film morphology, a similar PtNi crystallite size distribution, and an 

almost identical electronic structure.  

 

Figure 6.9: CV profiles and ORR polarization curves for (a, b) low and (c, d) high mass loaded 

samples, measured before and after 10,000 potential cycles between 0.6 V and 1.1 V at room 

temperature with a sweep rate of 50 mV s
-1
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Table 6.3: Comparison of the electrochemical durabilities for Pt/CNTs, Pt/TiOxNy/CNTs, 

PtNi/CNTs and PtNi/TiOxNy/CNTs. The durabilities were evaluated by 10000 potential cycling 

between 0.6 V and 1.1 V at 50 mV s
-1

. 

 

Sample 

Change of 

half-wave 

Potential 

(mV) 

% loss in 

ECSA 

after 

cycling 

Specific activity (mA.cm
-2

Pt) Mass activity     (A.mgPt
-1

) 

Before 

cycling 

After 

cycling 
% loss 

Before 

cycling 

After 

cycling 
% loss 

Pt(0.02mg)/CNTs 43 -25.0% 0.314 0.180 -42.7% 0.110 0.047 -57.0% 

Pt(0.02mg)/TiOxNy/CNTs 15 -9.7% 0.522 0.417 -20.1% 0.195 0.141 -27.8% 

Pt(0.15mg)/CNTs 36 -16.2% 0.474 0.249 -47.5% 0.050 0.022 -56.0% 

Pt(0.15mg)/TiOxNy/CNTs 16 -10.2% 0.371 0.280 -24.5% 0.042 0.028 -32.2% 

PtNi(0.015mg)/CNTs 22 -5.7% 1.068 0.623 -41.7% 0.543 0.298 -45.0% 

PtNi(0.015mg)/TiOxNy/CNTs 21 -6.6% 1.057 0.625 -40.9% 0.550 0.304 -44.8% 

PtNi(0.11mg)/CNTs 22 -4.8% 1.154 0.713 -38.2% 0.153 0.090 -41.1% 

PtNi(0.11mg)/TiOxNy/CNTs 20 -4.0% 1.097 0.676 -38.4% 0.141 0.083 -40.9% 

 

For pure Pt, the oxynitride-induced changes in Pt electronic structure and 

crystallite/particle size distributions are strongly manifested in the measured corrosion 

stability. For Pt(0.02mg)/TiOxNy/CNTs, the downshift in d-band center with respect to 

the Fermi level indicates weaker oxide formation on the Pt surface. Assuming that Pt 

dissolution is an oxide-mediated process, as discussed in ref. [86,87], a reduced rate of Pt 

dissolution due to modified Pt electronic structure is surely one factor contributing to the 

lower catalytic loss. The TiOxNy support appears to be equally effective in enhancing the 

corrosion stability of both the low and the high mass loaded samples. This is 

fundamentally different from what we observed for the ORR activity data, and was 

initially unexpected since XPS showed no changes in the electronic structure of the high 

mass loaded Pt catalyst near its surface. As we mentioned earlier, however, the electronic 

structure of Pt near the oxynitride interface is very likely to still be affected. We therefore 

hypothesize that Pt-support interface plays a key role in determining the durability of 

both the high and the low mass loaded pure Pt. The strong chemical bonding between the 

metal and the oxynitride could be of tremendous benefit if the Pt dissolution actually 

initiates at the Pt-support-electrolyte triple boundary. We believe that this may indeed be 

the case, though more studies would be required to firmly confirm or negate this 

hypothesis. 
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Figure 6.10: TEM analysis and the corresponding PtNi crystallite size distribution for post-

cycling (a)-(c) PtNi(0.015mg)/CNTs, and (d)-(f) PtNi(0.015mg)/TiOxNy/CNTs, after 10,000 

cycles between 0.6 V and 1.1 V at room temperature with a sweep rate of 50 mV s
-1

. SEM 

analysis of post-cycling (g) PtNi(0.015mg)/CNTs, (h) PtNi(0.015mg)/TiOxNy/CNTs, (i) 

PtNi(0.11mg)/CNTs, and (j) PtNi(0.11mg)/TiOxNy/CNTs. (k) Pt 4f XPS spectra of post-cycling 

PtNi(0.015mg)/CNTs and  PtNi(0.015mg)/TiOxNy/CNTs. 

It is known that oxide mediated Pt dissolution is driven by the size-dependent surface 

excess energies of nanoparticles. Smaller particles, having larger surface energies, are 

more prone to oxidation and dissolution [86].
 
As Figure 6.4 demonstrated, the oxynitride 

interlayer strongly modifies the size distribution of Pt particles as compared to the 

baseline. It can be expected that a more uniform distribution of Pt particles supported on 

TiOxNy, with fewer of them being below 5 nm in diameter, would naturally lead to less Pt 

dissolution. This argument is supported by the results of post-cycling TEM analysis.  
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Figure 6.11: TEM analysis and the corresponding Pt particle size distribution for post-cycling (a)-

(c) Pt(0.02mg)/CNTs, and (d)-(f) Pt(0.02mg)/TiOxNy/CNTs, after 10,000 cycles between 0.6 V 

and 1.1 V at room temperature with a sweep rate of 50 mV s
-1

. SEM analysis of post-cycling (g) 

Pt(0.02mg)/CNTs, (h) Pt(0.02mg)/TiOxNy/CNTs, (i) Pt(0.15mg)/CNTs, and (j) 

Pt(0.15mg)/TiOxNy/CNTs. (k) Pt 4f XPS spectra of post-cycling Pt(0.02mg)/CNTs and  

Pt(0.02mg)/TiOxNy/CNTs. 

Figure 6.11A-C and Figure 6.11D-F show representative TEM micrographs and the 

corresponding Pt particle size distributions for post-cycled Pt(0.02mg)/CNTs and 

Pt(0.02mg)/TiOxNy/CNTs, respectively. For CNTs-supported baseline, the bimodal size 

distribution of Pt particles retains after cycling. However, the ratio of the number of 

particles in distribution I over the number of particles in distribution II (NI / NII) 

decreased from 2.54 before cycling to 1.46 after cycling. A comparison with the 

distribution in the as-synthesized state (Figure 6.4K) demonstrates that the decrease in the 

number of Pt particles in distribution I is mainly due to the disappearance of the smallest 
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of them, i.e. the ones in the sub-3 nm range. This indicates that the smaller Pt particles 

indeed suffer more from corrosion during the potential cycling, being preferentially 

dissolved into the electrolyte. It is possible that some dissolved Pt has redeposited onto 

the surfaces of larger particles due to electrochemical Ostwald ripening. This notion can 

be supported by the fact that the average particle diameters of distributions I and II have 

increased from 6.7 to 7.7 nm, and from 26.9 nm to 28.5 nm, respectively.  

For TiOxNy-supported Pt sample, the originally narrower size distribution of the Pt 

particles is preserved after cycling, with the average particle diameter increasing 

negligibly from 11.2 nm to 11.5 nm. In contrast to the Pt(0.02mg)/CNTs baseline, the 

absence of bimodal size distribution may provide Pt(0.02mg)/TiOxNy/CNTs sample with 

further resistance to coarsening. According to Lifshitz-Slyozov-Wagner (LSW) theory, 

Ostwald ripening is less likely to happen for uniformly sized Pt particles [88]. Figure 

6.11K shows the Pt 4f XPS spectra of low mass loaded Pt samples after 10,000 potential 

cycles. It is clear that the modification in the electronic structure of the Pt, introduced by 

the insertion of the TiOxNy, is retained after cycling. As any support effects must rely on 

the structural integrity of the support-catalyst interface, this is direct evidence that for the 

remaining Pt particles the TiOxNy-Pt interface is fully intact.  

The conformal coating of a largely defect-free electrochemically stable TiOxNy on 

CNTs also isolates CNTs from the electrolyte, which prevents, or at least mitigates, the 

corrosion of the underlying CNTs. Comparing the CV before and after cycling (see 

Figure 6.9), all TiOxNy-coated samples exhibit smaller quinone-hydroquinone peaks (~ 

0.6 V) relative to their corresponding non-TiOxNy-coated baselines. This highlights the 

beneficial additional role of the TiOxNy interlayer in protecting the underlying high 

surface area carbon support. As the Pt particles are physically dislodged from the 

electrode due to the corrosion of the underlying support, protecting the CNTs is also 

synergistic for promoting catalyst retention.  

 

6.3.4 Computational Study 
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We employed DFT calculations to gain further insight regarding how the pure Pt and 

Pt-Ni alloy catalysts interact with the two types of supports. Overall the computational 

study emphasized the role of the titanium oxynitride layer. For reasons of computational 

viability, we made the following simplifications in model systems considered: i) Pt and 

PtNi particle structures are simplified as PtNi doublelayers with either homogeneous or 

phase-segregated configuration; ii) titanium oxynitride layers are included as two atomic 

layers with the nitrogen doping level similar to the experimentally measured composition; 

iii) the CNT support is replaced by a single layer of graphene. The experimentally 

measured diameter of the CNTs is quite large, being in the 50 nm - 100 nm range. While 

changes in the electronic structure of the carbon due to the CNT curvature may be 

important for much thinner CNTs (e.g. several nm's), they should not play a major role 

for such a coarse system.  

We modeled a rutile Ti oxynitride (110) surface that is energetically most stable. A 

stoichiometric TiO2 slab consists of three types of geometrically different O atoms on the 

(110) surface: bridging oxygen atoms above the uppermost Ti plane as labeled by Obr, 

single bonded oxygen atoms as labeled by Os, and basal oxygen atoms at the same plane 

of the uppermost Ti plane as labeled by Oba. These are illustrated in Figure 6.12A. We 

considered three different doping configurations by replacing an Obr, Os, or Oba atom by a 

nitrogen atom in each layer of the TiO2 unit cell. After this replacement, each unit cell 

contains 16 Ti atoms, 28 O atoms and 4 N atoms, which represents a TiO1.75N0.25 slab, the 

same composition as the one determined by XPS analysis. Following the oxidation 

reaction of 

𝑇𝑖 +
𝑥

2
𝑂2 +

𝑦

2
𝑁2 = 𝑇𝑖𝑂𝑥𝑁𝑦                                             Eq. 6.3 

we calculated the formation energies of the oxynitride using [89]  

𝐸𝑓 = 𝐸𝑇𝑖𝑂𝑥𝑁𝑦 − [𝜇𝑇𝑖 +
𝑥

2
𝜇𝑂2 +

𝑦

2
𝜇𝑁2]                                    Eq. 6.4 

where ETiOxNy is the total energy of a unit cell; N2 and O2 are the chemical potentials of 

O2 and N2 in vacuum, respectively. The calculated values of O2 and N2 are -9.61eV and 

-13.20eV, respectively. Based on the benchmark calculations, our calculations using a 
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four-layer slab with a 2x2 unit cell provided Ef values of -14.63eV, -14.28eV and -

14.65eV for TiO1.75N0.25 with N doped at Obr, Os, and Oba positions, respectively. Doping 

N at the Oba position results in a structure with the most negative formation energy. This 

structure after geometric optimization is shown in Figure 6.12B. 

 

Figure 6.12: Optimized geometric structure of (a) TiO2 and (b) TiO1.75N0.25 with N doping on Oba 

sites. Blue, red and yellow balls denote Ti, O and N atoms, respectively.  

In the ground state, surface nitrogen atoms initially occupying Oba sites form bonds 

with two Os atoms and create a vacancy sites at the Oba plane. Such surface 

reconstruction is consistent with the results reported in literature [ 90 , 91 ]. On the 

stoichiometric surface of TiO2, each Ti atom at the uppermost layer is coordinated with 6 

O atoms. Each Ti atom possesses a charge of 2.5e0 while each Os atom possessing a 

charge of -0.8e0. After N-doping at the Oba position, each Ti atom at the uppermost layer 

loses a Ti-O bond due to N-O bond formation. Each Ti atom now possesses a charge of 

2.6e0 while each Os atom possessing a charge of -0.6e0.  Comparing to the TiO2 surface, 

Os atoms in TiO1.75N0.25 exhibit higher electron affinity due to a reduced amount of 

electronic charge. This favors the adsorption of metal atoms on the surface of TiO1.75N0.25, 

considering the bond formation between metal atoms and surface oxygen atoms being 

accompanied by electronic charge transfer from metal atoms to surface oxygen atoms.  

Vacancy sites
Surface N atoms 

initially at Oba sitesb

a Oba

Obr Os
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Figure 6.13: High symmetry adsorption sites on (a) graphene and (b) rutile TiO1.75N0.25 (110) 

surface. Black dashed line shows the boundary of the unit cell. 

Before working with the relatively complex doublelayers, we examined the case for 

adsorption of single Pt and Ni atoms on the supports. Figure 6.13 illustrates the high 

symmetry adsorption sites on graphene and TiO1.75N0.25 (110) surface. As shown in 

Figure 6.13A, three high symmetry adsorption sites are distinguished on the graphene 

surface. They are the bridge site of two carbon atoms, the site on top of carbon atoms, 

and the hollow site at the center of carbon hexagon. As shown in Figure 6.13B, six high 

symmetry adsorption sites are distinguished on the (110) surface of TiO1.75N0.25 within 

one unit cell. b1 is the bridge site formed by two Os atoms; b2 is the bridge site of Obr and 

Os atoms that have a row of doped N atoms in between; b3 is the bridge site of Obr and Os 

atoms that has no doped N atoms in between; b4 is the bridge site of two Obr atoms; f1 

and f2 are both four fold site of two Obr and two Os atoms, with f1 being closer to the N 

atoms than f2. For a specific adsorption site, we calculated the adsorption energy, Ead, of 

a single Pt or Ni atom, by  

𝐸𝑎𝑑 = 𝐸𝑀𝑠𝑢𝑏 − 𝐸𝑠𝑢𝑏 − 𝜇𝑀                                                 Eq. 6.5 

where EMsub, Esub and μM are the energy of the system with adsorbed metal, the energy of 

the bare support and the chemical potential of the metal atom in vacuum, respectively. 

a

b
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Table 6.4: Calculated Ead (eV per metal atom) values for a single Pt or Ni atom adsorbed at 

various high symmetry surface sites of graphene and TiO1.75N0.25 (110). 

 
Ead (eV) 

Pt/graphene 

Ead (eV) 

Ni/graphene 
 

Ead (eV) 

Pt/TiO1.75N0.25 

Ead (eV) 

Ni/TiO1.75N0.25 

bridge -1.43 -0.93 
b1 -0.97 -2.15 

b2 -1.67 -1.25 

on-top -1.26 -0.86 
b3 -1.75 -1.27 

b4 -0.86 -1.73 

hollow -0.76 -1.26 
f1 -1.37 -3.01 

f2 -2.11 -3.47 

 

Table 6.4 lists the calculated Ead values for a single Pt or Ni atom adsorbed at various 

surface sites of graphene and TiO1.75N0.25 (110). On graphene, Ead values of Pt vs. Ni vary 

with the specific adsorption sites. At the bridge and the on-top sites, the adsorption of Pt 

is energetically more stable than the adsorption of Ni, given the Ead values of Pt vs. Ni 

being -1.43 vs. -0.93 eV and -1.26 vs. -0.86 eV, respectively. At the hollow sites, the 

adsorption of Ni on the other hand becomes energetically more stable than Pt. The Ead 

values of Pt vs. Ni are now -0.76 vs. -1.26 eV. Based on the calculated Ead values, the 

bridge site is the most favorable surface site for Pt, while the hollow site is the most 

favorable one for Ni. These results of adsorption on graphene compare well with those in 

reference [92]. On TiO1.75N0.25, the Ead values of Ni are generally more negative than 

those of Pt. At the surface sites of b1, b4, f1 and f2, the Ead values of Pt vs. Ni are -0.97 

vs. -2.15 eV, -0.86 vs. -1.73 eV,  -1.37 vs. -3.01 eV and -2.11 vs. -3.47 eV, respectively. 

The stronger interaction between Ni atoms and the TiO1.75N0.25 surface implies that upon 

deposition of PtNi alloy, Ni atoms may segregate towards the TiO1.75N0.25 surface. Based 

on the calculated Ead values, the f2 site is the most favorable surface adsorption site for 

both Pt and Ni atoms. In addition, it has been proposed that the formation of surface 

defects on TiO2 is an important factor responsible for the strong metal-support interaction 

SMSI [93]. Therefore, we also calculated Ead for Pt or Ni atom, inserted at the vacancy 

sites in the Oba plane. After geometric optimization, Ead for Pt and Ni atoms in the 

vacancy sites are +0.21 eV and -4.54 eV, respectively. The positive value of Ead for Pt 

suggests that a Pt atom imbedded in a vacancy site with a defined unit cell size is 
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energetically unfavorable. Whereas, a Ni atom inserted at vacancy sites are even more 

stable than adsorbed on the other surface sites.  

 

Figure 6.14: Side view showing the optimized configuration of the metal-support systems. (a) A 

(111) textured homogeneous PtNi doublelayer on graphene, (b) A (111) textured PtNi 

doublelayer on graphene, with Pt being segregated to the interface, (c) A (111) textured PtNi 

doublelayer on graphene, with Ni being segregated to the interface. (e) – (f) same metal 

configurations, but on TiO1.75N0.25 (110). Top view of initial atomic positions of the first-layer 

metal atoms (grey balls) on (g) graphene and on (h) TiO1.75N0.25 (110) surface. Red dash line 

denotes the unit cell in our calculations. 

Figure 6.14A-F show the side view of three different PtNi doublelayer models on 

graphene and on TiO1.75N0.25 (110) surface after structural optimization. Specifically, the 

models include a (111) textured homogenous PtNi doublelayer (denoted as PtNiDL), a 

(111) textured PtNi doublelayer with a monolayer of Pt (111) being segregated to the 

support interface (denoted as NiML/PtML), and a (111) textured PtNi doublelayer with a 

monolayer of Ni (111) being segregated to the interface (denoted as PtML/NiML). To retain 

the close packed atomic arrangement of (111) plane with a six-fold symmetry, the initial 

atomic positions for the metal layer at the support interface have been specified. As 

PtNiDL/graphene NiML/PtML/graphene PtML/NiML/graphenea b c

d e f

g h
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illustrated in Figure 6.14G, the metal layer at the graphene interface contains six atoms in 

each unit cell. Two of them are positioned on the bridge sites of graphene in order to 

form a (111) hexagon. As illustrated in Figure 6.14H, the metal layer at the TiO1.75N0.25 

interface contains four atoms in each unit cell. They were positioned on the b1, b4, f1 and 

f2 sites of TiO1.75N0.25 (110) surface in order to form a (111) hexagon. For the second 

metal layer that is epitaxial along the [111] orientation, we assumed a stacking order of 

“AB” for close packed atomic planes. The metal atoms of the second layer are thus sitting 

on the 3-fold sites of the first metal layer. It is noted that by matching the atomic 

positions of the metal layer with the high symmetry adsorption sites on support surface, 

we imposed a substantial lattice strain within the unit cell due to the mismatch between 

the initially assumed lattice structure and the ones in bulk phase. As shown in Figure 

6.14G and H, the M-M distances of PtNi doublelayer have been initially set as 2.8Å on 

graphene and 3.3Å on TiO1.75N0.25 (110). Considering the bulk values of 2.7Å, 2.8Å and 

2.5Å for PtNi, Pt and Ni, respectively, metal layer on TiO1.75N0.25 surface experiences a 

stronger lattice strain than on graphene. This results in the lattice distortion after 

structural optimization as can be seen in Figure 6.14.  

For the six combinations of metal-support interfaces, we calculated the adsorption 

energies, Ead, by  

𝐸𝑎𝑑 =
1

𝑁𝑀
(𝐸𝑡𝑜𝑡 − 𝐸𝑠𝑢𝑏 − 𝐸𝑀)                                                 Eq. 6.6 

where Etot is the total energy of metal/support system per unit cell; EM is the ground state 

cohesive energy of metal layers in vacuum; NM is the number of metal atoms in a unit 

cell. The calculated values of Ead, Etot and EM are summarized in Table 6.5. Comparing 

the Ead values of the three PtNi doublelayer models, a fundamentally important result is 

that PtML/NiML doublelayer shows the most negative Ead on either graphene or 

TiO1.75N0.25 (110) surface. In the case of graphene, the Ead values of PtNiDL, NiML/PtML 

and PtML/NiML are -0.10, -0.05 and -0.16 eV/unit cell, respectively. In the case of 

TiO1.75N0.25 (110), the Ead values of PtNiDL, NiML/PtML and PtML/NiML are -0.61, -0.93 and 

-1.02 eV/unit cell, respectively. For either graphene or TiO1.75N0.25 support, having Ni 

segregated at the support interface induces a stronger metal-support interaction than the 
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other two doublelayer configurations. These results imply a universal tendency for Ni to 

segregate at the interfaces of both PtNi/graphene and PtNi/TiO1.75N0.25. 

Table 6.5: Ead, Etot and EM values of various metal-support systems. 

 Etot 

(eV per unit cell) 

EM 

(eV per unit cell) 

Ead 

(eV per metal atom) 

PtNiDL/graphene -208.3 -59.6 -0.10 

NiML/PtML/graphene -207.2 -59.1 -0.05 

PtML/NiML/graphene -208.5 -59.1 -0.16 

PtNiDL/TiO1.75N0.25 -246.9 -37.7 -0.61 

NiML/PtML/TiO1.75N0.25 -246.0 -34.2 -0.93 

PtML/NiML/TiO1.75N0.25 -246.7 -34.2 -1.02 

 

As indicated by our calculations, a segregated Ni layer should be present at the 

interface of either PtNi/graphene or PtNi/oxynitride. For this reason, we calculated the d-

band structures of PtML/NiML/graphene and PtML/NiML/TiO1.75N0.25, with the results of Pt 

(bulk) and PtNi (bulk) being also included as the baseline. Table 6.6 lists the calculated 

values of d-band center, projected out for Pt atoms on the surface of metal slabs. While 

the variation of d-band center is correlated with the interfacial electronic charge transfer, 

the d-band center is certainly affected by the metal-metal bond distance �̅� as also listed in 

Table 6.6. Comparing with bulk PtNi, PtML/NiML supported on either graphene or 

TiO1.75N0.25 exhibits larger �̅�  value. A larger metal-metal distance results in a lower 

overlap between the d-orbitals of metal atoms, leading to a narrowing of the d-band and 

an upward shift of the d-band center towards the Fermi level. It should be noted that such 

undesired change in d-band structure as a result of significant lattice expansion should be 

negligible in experimental condition, as confirmed by the results of XRD and XPS 

analysis. At the relatively high synthesis temperature of 700°C, Ni is expected to be 

much plastically softer than Pt, and may serve as a buffer layer that will allow the entire 

catalysts to relax. Earlier studies have demonstrated that interfacial dislocations in Ni 

would relieve some of the stress generated in a multilayer system (such as Ni on Cu), 

even at near atomic-scale dimensions of each layer, and even at room temperature [94-

98].
 
We argue that this high temperature plasticity, dislocation mediated and/or purely 

diffusional, in the segregated Ni is responsible for the lack of an electronic enhancement 

of PtNi on the oxynitride versus on the CNTs. In both cases, the support-induced stresses 
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(i.e. the strong chemical interactions) are relaxed during the initial synthesis process. This 

phenomenon is not captured by the current DFT analysis, which assumes zero 

temperature and cannot extend to treat long-range atomic flow.  

Table 6.6: Comparison of the average metal-metal bond distance �̅� and the d-band center for 

various systems. 

 �̅� (Å) d-band center (eV) 

Pt (bulk) 2.80 -2.40 

PtNi (bulk) 2.64 -2.70 

PtML/NiML/graphene 2.77 -2.37 

PtML/NiML/TiO1.75N0.25 2.97 -2.50 

 

Comparing the Ead values of NiML/PtML and PtML/NiML provides insights regarding 

how differently pure Pt and PtNi alloy catalysts interact with each of the support. On 

graphene, the Ead value of PtML/NiML is 3 times more negative than that of NiML/PtML. 

This suggests a relatively stronger chemical interaction between PtNi and graphene, 

agreeing very well with our experimental observation that PtNi wets much better on 

CNTs than pure Pt does. On TiO1.75N0.25, the Ead values of both systems are quite 

negative, though their difference is much less (< 10%). This result again compares quite 

well with our experimental observation that both pure Pt and PtNi wet the surface of Ti 

oxynitride well. Our theoretical results demonstrate the stronger chemical interactions 

between metal electrocatalysts and Ti oxynitride, which is exactly what was observed for 

pure Pt.  

 

6.4 Conclusions 
 

We investigated the ORR activity and the corrosion stability of pure Pt or Pt-

50at.%Ni electrocatalysts, supported on an ultra-thin (0.5 nm) titanium oxynitride film 

ALD coated onto an array of carbon nanotubes. For pure Pt, the oxynitride induces a 

downshift in the d-band center. The oxynitride also changes the catalyst particle size 

distribution, reducing the number of the less active and less stable ultrafine Pt particles 
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and of the large ones that serve as "dead weight". This results in major enhancements in 

specific activity, mass activity and corrosion stability relative to the identically 

synthesized Pt deposited onto bare CNTs. Compared to this baseline, the 

Pt(0.02mg)/TiOxNy/CNTs system shows an anodic shift in the half wave potential (0.861 

vs. 0.884 V), and an improvement in specific activity (0.314 vs. 0.522 mA.cm
-2

Pt) and 

mass activity (0.110 vs. 0.195 A.mgPt
-1

). The insertion of TiOxNy layer also boosts the 

catalyst durability, with 9.7% vs. 25% loss in ECSA, 20.1% vs. 42.7% loss in specific 

activity, and 27.8% vs. 57% loss in mass activity, after 10,000 cycles of 0.6 to 1.1 V.   

The PtNi alloy shows superior specific activity, mass activity and corrosion 

resistance to Pt. However neither its activity nor durability is affected by the insertion of 

TiOxNy. Both baseline and Pt(0.015mg)/TiOxNy/CNTs systems display a similar half 

wave potential (0.902 vs. 0.903 V), specific activity (1.068 vs. 1.057 mA.cm
-2

Pt) and 

mass activity (0.543 vs. 0.550 A.mgPt
-1

). After 10,000 cycles of 0.6 to 1.1 V, the two 

systems have comparable losses in ECSA (-5.7% vs. -6.6%), in specific activity (-41.7% 

vs. -40.9%) and in mass activity (-45.0% vs. -44.8%). These results are attributed to the 

likeness of the metal-support interactions in PtNi-CNTs and PtNi-TiOxNy. By calculating 

the adsorption energies of three proposed doublelayer models, including PtNiDL, 

NiML/PtML and PtML/NiML, on either graphene or on titanium oxynitride support, we found 

that a segregated Ni layer should be present at the interface of either PtNi/graphene or 

PtNi/oxynitride. Such Ni layer may serve as a buffer layer that is responsible for the 

minimal support effect of titanium oxynitride interlayer on the electronic structure or on 

the microstructure of PtNi alloy electrocatalyst. 
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Chapter 7 
Pt-Au-Co Alloy Electrocatalysts Demonstrate 

Enhanced Activity and Durability towards Oxygen 

Reduction Reaction*  

 

7.1 Introduction 
 

The development of proton exchange membrane fuel cells (PEMFCs) that are 

commercially more competitive demands more efficient electrocatalysts for the cathodic 

oxygen reduction reaction (ORR) [1]. Despite the progress in the development of non-

noble electrocatalysts [2,3], platinum-based electrocatalysts continue to remain at the 

center of intensive research [4-7]. Many efforts are directed toward enhancing the 

catalytic activity by developing advanced catalyst supports [8-11], by alloying Pt with 

transition metals (TM) [12-18], or by catalyst surface design at the atomic level [19-21]. 

The latter includes the well-known strategies such as dealloying of binary/ternary alloys 

[22-24], monolayer coating of Pt on suitable metal substrate [25,26], and creating the “Pt 

skin” electrocatalysts through thermal annealing Pt alloys in a reduced environment [27-

29].  

The enhanced catalytic activities of the Pt-based alloy electrocatalysts and their 

derivatives, relative to pure Pt, originate from the compressed lattice [30-32] and the 

                                                           
*
 Materials in this chapter has been submitted to: 

 XueHai Tan, Sagar Prabhudev, Alireza Kohandehghan, Dimitre Karpuzov, Gianluigi 

A. Botton, Michael H. Eikerling, David Mitlin, ACS Catalysis 2015, doi:. 
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modified electronic structures [33,34] of Pt. Such catalyst surface exhibits a slightly 

weaker binding than Pt to the intermediate oxygenated spectator species (e.g., O*, OH* 

and OOH*), and thus an increasing number of active sites accessible to molecular oxygen 

[33].
 
It is however important to note that further weakening of the oxygen binding 

induces a change in the rate-limiting step of the ORR, from OH* + H
+
 + e

-
  H2O(l) on 

the strong-binding side, to O2(g) + H
+
 + e

- 
 OOH* on the weak-binding side [12,34].

 

This volcano-type dependence of catalytic efficacy on the surface oxygen binding energy 

is essentially another application of traditional Sabatier’s principle [35], which is typical 

for heterogeneous catalysis involving multiple reaction intermediates. The linearly 

scaling relations between the binding energies of O*, OH* and OOH* on the active sites 

of close-packed and stepped metal surfaces [36] make the oxygen binding energy a 

determinant parameter for ORR activity on Pt-based electrocatalyst surfaces [33]. 

Previous studies suggest that a surface that binds O* 0 to 0.4 eV more weakly than 

Pt(111) should exhibit an ORR activity better than Pt, with the optimum being 

theoretically predicted at a binding energy of roughly 0.2 eV weaker than that of Pt 

[5,12].  

Binary Pt-based electrocatalysts have been extensively studied for ORR. Based on 

the reported results, Pt-Co binary alloy catalysts, for example Pt3Co, are highly active 

[37-40]. The catalysts however suffer from rapid catalytic decaying due to the preferred 

leaching of the non-noble solute during electrode potential cycling in an acid medium 

[41-44]. This is so far the biggest limitation for disordered Pt-based alloys with early or 

late transition metals [5-7,32]. Platinum group metal (PGM) alloys have thus been 

proposed aiming at improving electrochemical stability. Considering the standard 

electrode potential, only Au and Ir (besides Pt) are thermodynamically stable in the bulk 

metallic form at potentials greater than 0.9V. Unfortunately, binary Pt-PGM alloys are 

usually lacking of ORR catalytic activities. Pt/Au(111) has been reported to bind oxygen 

even more strongly than Pt (111) resulting in a sluggish ORR catalytic efficacy [45]. On 

the other hand, Pt-Ir and Pt-Ru binaries are known to bind oxygen too weakly, 

positioning on far end of the other side of volcano [45]. Guided by the reported properties 

of the individual binary systems, we hypothesize that fine-tuning of ORR catalytic 

activity is possible by adding Au or Ir into a Pt-3d TM binary system. We understand that 
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Au or Ir should be chosen based on where the binary Pt-3d TM system already position 

on the ORR volcano. For example, a binary system that positions on the weak-binding 

side should be tuned towards a stronger binding of O*, in order to reach the possible 

maximum on the ORR volcano. Such hypothesis is consistent with the conclusion of a 

recent theoretical modeling [46].  

In the present work, we report a detailed study on the ORR electrocatalytic activities 

and the corrosion stabilities for Pt-Au-Co and Pt-Ir-Co alloys. By keeping the atomic 

ratio of PGM over Co fixed at 3:1, we systematically evaluated the ORR catalytic 

performance as a function of Au or Ir substitution, using binary Pt–25 at.% Co and pure 

Pt as the baseline. Based on authors’ best knowledge, Pt-Au-Co alloy systems have never 

been studied for ORR. Such ternary system should however be highly promising, given 

the increasing attention on ternary Pt-Au-X (X = Fe, Cu, Pd and Ni) alloy catalysts 

recently [47-51]. It is noted that Pt-Ir-Co alloy systems have already been reported [52-

54], though the trend of catalytic activity is not entirely established for such multimetallic 

systems. Herein, one of the main objectives of this study is to establish the trend of 

catalytic activity and corrosion stability for the ternary alloy catalysts. For that reason, we 

performed a systematic investigation on well-defined extended surfaces of thin-film 

model systems.  

 

7.2 Experimental 
 

Film synthesis: The atomic ratio of platinum group metals (Pt + Au) or (Pt + Ir) 

versus Co was fixed at 3:1. As baselines we synthesized and tested pure Pt and a known 

state-of-the-art binary alloy ORR catalyst Pt-25at.%Co, i.e. Pt3Co. For simplicity, we 

denote samples as Pt-xAu-25Co and Pt-xIr-25Co, which indicates a stoichiometry of (75-

x)at.%Pt-(x)at.%Au-25at.%Co and (75-x)at.%Pt-(x)at.%Ir-25at.%Co. All depositions 

were conducted with the substrate temperature being maintained near ambient, resulting 

in a range of single-phase solid solution alloys. The thicknesses of all catalyst films were 

fixed at 20 nm, unless otherwise stated.  



150 
 

The catalyst thin films were magnetron sputtered (AJA International, Orion) onto a 

mirror-polished glassy carbon (GC) disk with 11.32 mm in diameter, which was then 

directly employed as an electrode for the electrochemical measurements. The geometrical 

area of the active Pt surfaces was ~ 1 cm
2
. Prior to catalyst deposition, the glassy carbon 

surface was further treated with a mild Ar plasma procedure inside the sputtering 

chamber to promote better surface adhesion for the catalyst film. Deposition was 

performed in a sputter-up configuration with continuous substrate rotation. The details of 

deposition condition are similar to those described in previous chapters. The deposition 

rate of Pt was kept at 1 Å s
-1

. The deposition rates of Au, Ir and Co were varied 

accordingly to adjust for different alloy stoichiometries.  

Electrochemical testing: Electrochemical measurements were carried out using a 

standard rotating disk electrode (RDE) system (Princeton applied research model 616), a 

Solartron 1470 multistat test station and a three-electrode electrochemical cell. A helical 

Pt wire and a Cl
-
 free Hg/Hg2SO4 with a taper joint were used as the counter and 

reference electrode, respectively. Perchloric acid (HClO4 optima grade, Fisher Scientific) 

diluted with Milli-Q water to 0.1M was the electrolyte solution in all cases. All 

electrochemical measurements were carried out at room temperature using research grade 

gases (99.999%, Praxair). The reported potentials are specified relative to the reversible 

hydrogen electrode (RHE) scale. The cyclic voltammetry (CV) was recorded in Ar-

saturated electrolyte between 0 V and 1.0 V with a scan rate of 100 mV s
-1

. The 

electrochemical surface area (ECSA) of the catalyst was estimated by averaging the 

integral charges of the hydrogen adsorption and desorption areas of the CV profiles, 

including a correction for double layer charging [55]. To avoid the underestimation of the 

ECSA owing to a possible suppression of hydrogen adsorption, the ECSA was confirmed 

by CO-stripping [ 56 ]. Before CO-stripping, the electrode was immersed in a CO-

saturated electrolyte for 10 minutes. After that, the electrolyte was purged with Ar and 

the CO-stripping voltammetry was then recorded. Anodic linear sweep voltammetry 

(LSV) from 0.05 V to 1.05 V was conducted in oxygen-saturated electrolyte to measure 

the ORR at different rotational speeds (100, 225, 400, 625, 900, 1225, 1600, 2025 and 

2500 rpm) using a scan rate of 20 mV s
-1

. The kinetic current was extracted from 

measured ORR polarization curve according to the Koutecky-Levich equation: 
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                    Eq. 7.1 

where I is the measured ORR current, Ik and IL are the kinetic and the diffusion limited 

currents, respectively, B is the Levich slope, F is the Faraday constant, n is the number of 

electron transferred per O2 molecule, D is the diffusion coefficient of oxygen, CO2 is the 

concentration of oxygen in the bulk solution,  is the angular velocity and  is the 

kinematic viscosity of the solution. The electrocatalyst stability test involved 100,000 

potential cycles between 0.6 V and 1.0 V using a sweep rate of 50 mV s
-1

. CV and LSV 

were recorded after 1
st
, 2

nd
, 5

th
, 10

th
, 50

th
, 100

th
, 200

th
, 300

th
, 400

th
, 500

th
, 5,000

th
, 10,000

th
, 

20,000
th

, 50,000
th

 and 100,000
th

 cycles during the stability test. Prior to measuring the 

post-cycling ECSA and ORR activities, the electrolyte was replaced with fresh solution. 

For the electrochemical impedance spectroscopy (EIS) measurements, we applied an 

alternating current in the frequency range from 20 kHz to 1 Hz with 10 mV amplitude at 

0 V vs. open circuit potential.  

Microstructural characterization: X-ray photoelectron spectroscopy (XPS) 

measurements were performed on an ULTRA (Kratos Analytical) spectrometer under 

ultrahigh vacuum (10
-9

 Torr) using monochromatic Al-K radiation (h = 1486.6 eV) 

operated at 210 W. All XPS spectra were calibrated using the universal hydrocarbon 

contamination C1s peak at 284.8 eV. Angle resolved XPS (ARXPS) analysis was 

conducted with an electron emission angle of 60 measured from the surface normal, 

denoted as ARXPS-60. Such technique was used to enhance surface selectivity, 

sampling photoelectrons emitted from the very surface of catalyst films. While the 

ordinary XPS analysis, denoted as XPS-0, collects photoelectrons from up to 5 nm depth 

of a metal surface, the ARXPS-60 analysis is expected to sample signals from a surface 

depth of only ~ 2 nm. We hereafter take the quantification results of XPS-0 analysis as 

the near-surface chemical composition, while taking the results of ARXPS-60 analysis 

as the surface chemical composition. Ultraviolet photoelectron spectroscopy (UPS) 

measurements were performed using a Kratos Ultra spectrometer with He I light (h = 

21.2 eV). The analyser pass energy was 5 eV and the aperture was set at 110 m. X-ray 

diffraction (XRD) analysis was performed on a Bruker AXS diffractometer (Bruker 
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Discover 8) using a Cu-K radiation ( = 1.5406 Å). The details of XRD instrumentation 

are similar to those described in previous chapters. Given the same thicknesses for all 

catalyst films deposited on GC, the XRD patterns were calibrated using the universal GC 

(101) peak. Conventional bright-field and dark-field imaging and selected area electron 

diffraction (SAD) analysis were performed on a JEOL 2100 transmission electron 

microscope (TEM) operated at 200 kV accelerating voltage. Atomically-resolved high 

angle annular dark field (HAADF) and electron energy loss spectroscopy (EELS) 

analysis were conducted on a FEI-Titan cubed TEM using scanning mode (STEM). The 

microscope is operated at 300 kV accelerating voltage and is equipped with two 

hexapole-design spherical aberration correctors of the probe and image forming lenses. 

Given the fact that deconvolution of Pt and Au signals is difficult due to their similar 

energies, we acquired (Pt+Au) combined and Co maps by integrating over the core-loss 

edges of Pt M4,5 at 2120 eV, Au M4,5 at 2206 eV, and Co L2,3 at 779 eV, respectively. 

TEM analysis of the as-synthesis microstructures were performed on catalyst films 

directly deposited onto the ultra-thin carbon film on TEM grids. For post-cycling analysis, 

the TEM specimens were mechanically removed from the electrodes and dry dispersed 

on the grids. Commercial software Crystal Maker 
TM

 and TEM diffraction ring profiler 

[57] were used to simulate electron diffraction patterns. Based on dark-field TEM images, 

we determined the catalyst crystallite size distribution. For each sample, a total of 500 

crystallites that displayed strong Bragg contrast have been measured. Scanning electron 

microscopy (SEM) analysis was performed on a Hitachi S-4800 field emission SEM 

operated at 15 kV accelerating voltage. 

 

7.3 Results and Discussion 
 

The 20 nm thick Pt-Au-Co and Pt-Ir-Co, binary Pt-Co and pure Pt baseline catalyst 

films were deposited at ambient temperature onto mirror polished glassy carbon 

substrates. As shown by bright-field transmission electron microscopy (TEM) analysis 

(selected results are shown in Figure 7.1), all as-synthesis catalyst films are continuous. 

This is an important catalyst electrode property for systematic evaluation on ORR 
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activities. Nesselberger et al. have demonstrated that the catalyst interparticle distance on 

flat electrode will decisively influence the measured catalytic activity [58]. As the result a 

continuous catalyst film with the closely packed assemblies of catalyst particles will 

minimize such undesired effect. It has been well documented that the catalyst 

particle/crystallite size also has a profound impact on the ORR activity [ 59 ]. By 

sputtering at room temperature using almost identical deposition rates, i.e. ensuring 

analogous kinetic energies of the sputtering fluxes, very similar mean crystallite sizes of 

~ 8 nm have been achieved for all systems, as demonstrated by extensive dark-field TEM 

analysis along with statistically determined crystallite size distribution (selected results 

are shown in Figure 7.1). The above-mentioned experimental designs provided us a 

platform of model study to establish the trend of catalytic performance as a function of 

alloy compositions.  

 

Figure 7.1: TEM bight field, dark field and selected area electron diffraction (SAD) micrographs 

and the corresponding catalyst crystallite size distributions of as-synthesized (A, B) pure Pt 

baseline, (C, D) Pt-25Co, (E, F) Pt-10Au-25Co and (G, H) Pt-10Ir-25Co. Identical analysis for 

the other samples is presented in the supplemental. 

Typical selected area electron diffraction (SAD) patterns are shown in the insets of 

Figure 7.1. All catalyst films are random solid solution with face-centered cubic (fcc) 

crystal structure. As shown by the results of the X-ray diffraction (XRD) analysis (Figure 

7.2A and B), the fcc (111) peak of Pt-Au-Co alloys shifted towards lower angles with 

increasing Au content. This observation is in accordance with the Vegard’s Law, since  
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Figure 7.2: (A, B) XRD patterns and (C, D) Pt 4f7/2 XPS spectra of 20 nm Pt-Au-Co and Pt-Ir-Co 

alloy films, with Pt-25Co and pure Pt being included as the baselines. (E, F) Valence band spectra 

of selected samples, measured by (E) XPS and (F) UPS. As shown in the inserts of (F), the UPS 

spectra have been normalized with respect to C 2p peak at binding energy of 8 eV.  

Au substitution with larger crystal lattice parameter than Pt will gradually compensate the 

lattice compression as induced by alloying with Co. Meanwhile, the (111) peak of Pt-Ir-

Co alloys remains essentially unchanged. This is as expected given the similar lattice 

parameters between the Pt and Ir crystal structures. For each sample, we have used 

energy-dispersive x-ray spectroscopy (EDS) to confirm the bulk composition. In parallel, 

we carried out X-ray photoelectron spectroscopy (XPS-0) analysis to examine the near-

surface composition. It is noted that the alloy composition near the surface starts to 

deviate from the bulk value with increasing Au content. There, the relatively higher 

concentration of Au on the surface indicates preferred segregation. This could be 

explained by the differences in surface segregation energies of Au, Pt and Co [47,60]. 

The results of the microstructural characterizations for all samples’ initial microstructure 

are summarized in Table 7.1.  

Figures 7.2C and D show the Pt 4f7/2 X-ray photoelectron spectroscopy (XPS) 

spectra of the as-synthesis Pt-Au-Co and Pt-Ir-Co alloy films, respectively. The XPS  
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Table 7.1: Results of XRD, EDS, XPS-0 and dark field TEM analysis of the as-synthesized 

catalyst films, summarizing the measured lattice parameters, the bulk and the near-surface 

chemical compositions and the mean crystallite diameters.   

 

X-ray analysis EDS analysis XPS-0 analysis TEM analysis 

2θ                  

fcc 

(111) 

fcc lattice 

parameter 

(Å) 

bulk composition 

(at.%) 

near-surface 

composition (at.%) 

crystallite 

diameter 

distribution 

(nm) Pt Ir/Au Co Pt Ir/Au Co 

Pt 39.75 3.924 100% - - 100% - - 9.7 ± 2.8 

Pt-25Au-25Co 39.91 3.909 54% 23% 24% 49% 29% 22% 8.6 ± 2.6 

Pt-20Au-25Co 39.98 3.902 58% 19% 23% 55% 23% 22% 8.7 ± 2.7 

Pt-15Au-25Co 40.09 3.892 60% 16% 25% 60% 17% 23% 8.1 ± 2.2 

Pt-10Au-25Co 40.19 3.882 66% 10% 24% 65% 11% 24% 8.4 ± 2.7 

Pt-5Au-25Co 40.32 3.870 70% 6% 24% 70% 6% 24% 7.8 ± 2.4 

Pt-2.5Au-25Co 40.40 3.863 72% 4% 25% 73% 3% 24% 7.8 ± 2.3 

Pt-25Co 40.43 3.860 74% - 26% 74% - 26% 8.9 ± 2.7 

Pt-5Ir-25Co 40.47 3.857 70% 5% 25% 69% 5% 25% 8.4 ± 2.7 

Pt-10Ir-25Co 40.52 3.852 64% 12% 24% 65% 11% 24% 8.9 ± 2.9 

Pt-15Ir-25Co 40.57 3.848 59% 16% 25% 60% 17% 24% 8.8 ± 2.3 

Pt-20Ir-25Co 40.61 3.844 57% 19% 24% 54% 21% 26% 8.5 ± 2.2 

Pt-25Ir-25Co 40.64 3.841 52% 25% 23% 49% 26% 25% 8.3 ± 2.1 

 

spectra of the Pt-25Co and pure Pt baselines are included for reference. There is a clear 

shift in the Pt 4f7/2 core level (CL) as a function of Au or Ir alloying compositions. While 

the surface CL of Pt-Au-Co alloys shifts to lower binding energies as compared to Pt-

25Co, the surface CL of Pt-Ir-Co alloys shifts to higher binding energies. The shift in CL 

is associated with a shift in the center of gravity of the d-bands [61,62]. It has been 

previously shown that a CL shift to a higher binding energy indicates a downshift in d-

band center with respect to the Fermi level [63,64], and thus vice versa for a CL shift to a 

lower binding energy. Additionally, we carried out XPS and Ultraviolet photoelectron 

spectroscopy (UPS) analysis to directly probe the changes in valence band for selected 

samples. The results, as shown in Figure 7.2E and F, respectively, support our arguments 

based on CL shift. As Pt d-band character dominates the band structures of alloy surfaces, 

it may be seen that the 5d-band center of Pt is shifting downwards in following order: Pt > 

Pt-Au-Co > Pt-25Co > Pt-Ir-Co. Considering the strong correlation between the d-band 

center of a given catalyst surface and the oxygen binding energy [33], we anticipate a 

predictable variation in the ORR activity of the alloys with the level of Au or Ir 

substitution for Pt.  
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Cyclic voltammetry (CV) and rotating-disk electrode (RDE) linear sweep 

voltammetry (LSV) were used to investigate the electrochemical adsorption and catalytic 

properties of the catalyst electrodes. Figure 7.3A-B compare the CV profiles of Pt-Au-Co 

and Pt-Ir-Co, respectively. These CV tests were performed in argon-saturated 0.1 M 

HClO4 solution using a scan rate of 100 mV s
-1

. Close inspection of the CV profiles 

reveals that by varying the substitution level of Au or Ir, the electrochemical adsorption 

properties of the resulting surfaces are significantly altered. Using binary Pt-25Co and 

pure Pt as the reference, the reduction of surface oxide species (OH*) on Pt-Au-Co alloy 

surfaces are observed to fall in between the two. With increasing level of Au substitution, 

the oxide reduction peak gradually shifts towards that of pure Pt, i.e. a more negative 

potential. This observation confirms stronger oxygen binding on Pt-Au-Co alloy surfaces 

relative to Pt-25Co, which can be attributed to the expanding lattice and the upward shift 

of d-band center towards the Fermi level that is observed with increasing Au content. For 

Pt-Ir-Co alloy surfaces, there is an opposite trend. With increasing level of Ir substitution, 

the ternary alloy surfaces exhibit anodic shifts for the reduction of surface oxide species 

relative to binary Pt-25Co. This indicates further weakening of the electrochemically 

adsorbed oxygenated species on Pt-Ir-Co alloy surfaces in comparison to Pt-25Co.  

Figure 7.3C shows the CO stripping curves for Pt-10Au-25Co, Pt-10Ir-25Co, Pt-

25Co and pure Pt. Considering CO and OH* are competing for the same Pt adsorption 

sites, the trend observed for CO electro-oxidation is consistent with the above trend for 

surface oxide reduction. While the electro-oxidation of adsorbed CO proceeds at lower 

potentials on the surfaces of Pt-10Ir-25Co and other Pt-Ir-Co alloys comparing to binary 

Pt-25Co, higher potentials are required to strip the CO from the surfaces of Pt-10Au-

25Co and other Pt-Au-Co alloys. Our results of CO stripping and XPS analysis 

demonstrate a correlation between the changes in CO chemisorption energy and the 

relative shifts in surface CL binding energy. These trends agree well with an earlier study 

of CO thermal adsorption on Pd, Ni and Cu overlayers on various supports, where the CO 

desorption temperature was found to be lower with a relative shift in surface CL to higher 

binding energies [65]. To summarize the effects of Au or Ir substitution on chemical 

interactions of alloy catalyst surfaces with OH* or CO: Adding Au stabilizes the 

adsorbates, and adding Ir destabilizes the adsorbates. 
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Figure 7.3: (A, B) Cycling voltammetry (CV) of Pt-Au-Co, Pt-Ir-Co, Pt-25Co and pure Pt in 

argon-saturated 0.1 M HClO4 solution using a scan rate of 100 mV s
-1

. (C) CO stripping curves 

for selected samples. (D) Integral charges of underpotentially deposited hydrogen (QH) and CO 

stripping (QCO) with the ratio of QCO / 2QH included. (E, F) ORR polarization curves at different 

rotation speeds (100 to 2500 rpm) in oxygen-saturated electrolyte with the corresponding K-L 

plot shown for Pt-2.5Au-25Co. (G, H) Nyquist plots for Pt-Au-Co and Pt-Ir-Co with binary Pt-

25Co and pure Pt being included as baseline. (I, J) Master plots comparing the iR-corrected ORR 

polarization curves at 1600 rpm using a scan rate of 20 mV s
-1

. All electrochemical tests were 

conducted at room temperature. (K) Specific activities measured at 0.95 V versus RHE, and the 

improvement factors relative to pure Pt are plotted as a function of lattice parameters that were 

experimentally determined by XRD analysis. The triangular data points represent the 

experimental results, averaging from 2 independent measurements. The error bars show the 

deviation from the mean.  
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We estimated the electrochemical surface area (ECSA) by both integral charges of 

underpotentially deposited hydrogen (Hupd) and CO electro-oxidation. As shown in 

Figure 7.3D, the ratio between the two integral charges remains close to 1 for all 

investigated samples. This rules out the formation of a thermally segregated Pt-skin 

structure with its characteristic ratio of close to 1.5, and agrees with the homogenous 

structure expected from near-ambient substrate temperatures during deposition. During 

the initial potential cycling, a leached-type “Pt skeleton” will most likely develop on the 

surface of a random solid solution alloy [66]. It has been reported that non-annealed alloy 

surface does not show discrepancy between the ECSA based on Hupd and CO stripping 

[12,67], and therefore the surface area estimation based on integral charge of Hupd is 

reasonable. Table 7.2 provides the list of ECSA estimation based on Hupd.  

Table 7.2: The initial electrochemical surface area (ECSA), ORR half-wave potentials (E1/2) for 

Pt-Au-Co, Pt-Ir-Co, Pt-25Co and pure Pt electrocatalysts. 

  
ECSA E1/2  

[V] [cm
2
]             [m

2
.g

-1
Pt] 

Pt 1.03 2.57 0.880 

Pt-15Au-25Co 0.61 2.43 0.884 

Pt-10Au-25Co 0.66 2.41 0.898 

Pt-5Au-25Co 0.71 2.37 0.904 

Pt-2.5Au-25Co 0.73 2.36 0.922 

Pt-25Co 0.74 2.30 0.915 

Pt-5Ir-25Co 0.66 2.20 0.910 

Pt-10Ir-25Co 0.62 2.21 0.901 

Pt-15Ir-25Co 0.52 2.00 0.891 

Pt-20Ir-25Co 0.51 2.13 0.872 

Pt-25Ir-25Co 0.50 2.28 0.857 

 

Figure 7.3E-F present the ORR polarizations curves for Pt-2.5Au-25co 

electrocatalyst, tested between 100 to 2500 rpm at room temperature. These LSV 

measurements were conducted in oxygen-saturated 0.1 M HClO4 solution using a scan 

rate of 20 mV s
-1

. The RDE data was analyzed with the Koutecky-Levich (K-L) approach 

to extract the kinetic currents from the polarization curves. The number of electrons 

transferred (n) per O2 molecule calculated from the slope of K-L plot supports the 

complete 4 electron reduction of O2 to H2O for potential above 0.4V. The complete set of 

ORR curves and the corresponding K-L plots for other electrocatalysts are not shown 



159 
 

here. However, similar conclusion regarding the 4 electron reduction mechanism was 

obtained for all investigated systems. 

Figures 7.3G and H show the results of electrochemical impedance spectroscopy 

(EIS) for all catalyst electrodes. From the real component value of the impedance at the 

minimum of Nyquist plot, the overall resistance of the electrochemical cell was obtained. 

The investigated catalyst electrodes show similar resistances of ~ 12 ohms. These values 

were used to correct the ohmic loss (iR correction) for the measured ORR polarization 

curves. Figure 7.3I and J provide the master plots of iR-corrected ORR polarization 

curves at 1600 rpm, comparing the initial catalytic efficacies of different electrocatalysts. 

As shown in Figure 7.3I, the polarizations curves of Pt-Au-Co alloys show first an 

increase in half-wave potential (E1/2) from binary Pt-25Co to Pt-2.5Au-25Co, and then a 

quick decrease in E1/2 with further increasing levels of Au substitution. As shown in 

Figure 7.3J, the polarization curves of Pt-Ir-Co alloys show a monotonic decreasing in 

E1/2 with increasing Ir substitution. Table 7.2 also provides the list of E1/2 for all 

investigated samples. 

The ORR specific activities that represent the intrinsic properties of the 

electrocatalysts were calculated through normalization by ECSA. Figure 7.3K plots the 

initial specific activities measured at 0.95 V vs. RHE as a function of the measured bulk 

lattice constants. For initial catalytic performance, the bulk lattice constant of a 

homogeneous solid solution represents a reasonable estimate of the surface lattice strain. 

The volcano plot of the catalytic activities versus lattice constants is clearly uneven 

across the composition range. This suggests that the observed trend of ORR activities 

versus Au or Ir substitution level is not solely due to the strain effect, but likely caused by 

a combination of strain and ligand effects. This argument is in line with the general 

understanding for Pt alloy catalysts that the strain and ligand effects are usually 

inseparable [13].  

The outcome of a combination of strain and ligand effects is the changing of oxygen 

binding energy on catalyst surface [13,33,45].
  

Based on the results of XRD and XPS 

analysis, combined with the measured properties of electrochemical adsorption, we 

herein describe the volcano of ORR activities as a function of oxygen binding energies. 
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From high to low level of Au substitution (sample Pt-15Au-25Co to sample Pt-2.5Au-

25Co), the Pt-Au-Co alloy surfaces exhibit increasing ORR catalytic activities with 

gradually decreasing oxygen binding energies relative to pure Pt. This is indicative of 

lower activation barriers for electro-reduction of OH* and thus higher availability of 

active surface sites that are accessible to oxygen. For Au substitution level of 10 at.%, the 

Pt-10Au-25C alloy shows a specific activity of 0.75 mA cm
-2

 at 0.95 V. This represents 

an improvement factor of 2.7 compared to the identically synthesized Pt baseline. For Au 

substitution level of 2.5 at.%, we have achieved fine-tuning of the ORR electrocatalytic 

activity towards the volcano peak by discovering a Pt-Au-Co alloy surface that binds 

oxygen weaker than Pt but slightly stronger than Pt-25Co. The Pt-2.5Au-25Co shows an 

ORR specific activity of 1.41 mA cm
-2

 at 0.95 V, even higher than that of the state-of-

the-art binary Pt-25Co. This represents an improvement factor of 5 compared to the Pt 

baseline. The result makes good sense, considering that binary Pt-25Co alloy surface was 

previously found to position just to the weak-binding side of ORR volcano [5,12]. 

Alternatively, Ir substitution to binary Pt-25Co is not effective for enhancing the ORR 

catalytic activity. From low to high level of Ir substitution (sample Pt-5Ir-25Co to sample 

Pt-25Ir-25Co), Pt-Ir-Co alloy surfaces exhibit further weakening in oxygen binding as 

compared to binary Pt-25Co. This induces a change in the rate-limiting step, with the 

ORR being limited by an increased activation barrier for oxygen dissociation or the 

hydrogenation of oxygen.  

Table 7.3 compares some of our best-performing Pt-Au-Co alloy electrocatalysts 

with the state-of-the-art previously published in scientific literature. We employ a 

measure termed specific activity Improvement Factor (IF) to compare the performance of 

alloy catalysts to identically synthesized pure Pt. IF is defined as the ratio of the two 

specific activities at the same voltage. We target a comparison to the results reported for a 

range of alloy and bilayer systems, including work based on thin film polycrystalline 

surfaces, single crystalline surfaces, monolayer Pt deposited on single crystalline 

substrates, and also a few nanoparticulate materials. In these works, the authors avoided 

using commercial Pt/C as the baseline, because commercial Pt/C catalysts usually have 

significantly lower specific activity than the extended Pt surfaces [68]. It is noteworthy 

that our alloy Pt-2.5Au-25Co alloy in fact exhibits the highest IF (a factor of 5) ever  
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Table 7.3: Comparison of the achieved Improvement Factor of our best-performing Pt-Au-Co 

alloys with previously published state-of-the-art ORR electrocatalysts.  

* TF = thin films, NP = nanoparticles, NSA = near surface alloy, AL = Atomic layer, ML = Monolayer, SC 

= single crystal, PC = polycrystalline  

Electrocatalysts Catalyst type Surface type 
Improvement 

Factor  

SA        

(mA.cm-2) 

Measured @ 

(V vs. RHE) 

T 

(C°) 

PtNi [28] TF Pt-skin 13.2 5.6 0.95 60 

Pt2-3L / intermetallic Pt3Co[39] NP Pt-skin / core-shell 11.2 1.25 0.90 RT 

Pt3Ni(111) [68] bulk SC Pt-skin 10.0 18 0.90 60 

Cu / Pt(111) NSA [34] AL on Pt SC NSA 8.0 10.1 0.90 60 

Pt3Y [13] bulk PC  Pt-skin 6.0 11 0.90 RT 

this study: Pt-2.5Au-25Co TF Pt-skeleton 5.0 1.41 0.95 RT 

Pt45Ni55 ~ Pt55Ni45 
[15] TF Pt-skeleton 4.7 2.8 0.90 RT 

Pt3(CoNi)1 
[12] TF Pt-skin 3.9 1.75 0.95 60 

PtCu dealloyed [30] NP core-shell 3.8 0.75 0.90 RT 

PtNi [28] TF Pt-skeleton 3.4 1.5 0.95 60 

Pt3(FeNi)1 
[12] TF Pt-skin 3.3 1.47 0.95 60 

Pt3Co [33] TF Pt-skin 3 4.3 0.90 60 

this study: Pt-10Au-25Co TF Pt-skeleton 2.7 0.75 0.95 RT 

PtML / Pd9Au1 
[72] NP Pt-monolayer 2.7 0.38 0.90 80 

Pt3Fe / Au(111) [47] TF Pt-skeleton/core-shell 2.6 6.7 0.90 60 

Pt3Fe [33] TF Pt-skin 2.6 3.75 0.90 60 

Pt3(CoNi)1 
[12] TF Pt-skeleton 2.5 1.12 0.95 60 

Pt3(FeCo)1 
[12] TF Pt-skin 2.4 1.1 0.95 60 

Pt3(FeNi)1 
[12] TF Pt-skeleton 2.3 1.03 0.95 60 

Pt3Ni [33] TF Pt-skin 2.25 3.25 0.90 60 

Pt3Co [66] TF Pt-skeleton 2 2.8 0.90 60 

Pt3(FeCo)1 
[12] TF Pt-skeleton 1.9 0.85 0.95 60 

Pt3Ni [66] TF Pt-skeleton 1.8 2.7 0.90 60 

Pt3V [33] TF Pt-skin 1.7 2.5 0.90 60 

Pt3Fe [66] TF Pt-skeleton 1.63 2.25 0.90 60 

Pt2-3L / Pd [20] NP core-shell 1.6 0.48 0.90 RT 

Pt3Ti [33] TF Pt-skin 1.4 2 0.90 60 

PtML / Pd(111) [45] ML on SC Pt monolayer 1.34 16.5 0.80 RT 

Pt3V [66] TF Pt-skeleton 1.3 1.85 0.90 60 

Pt3Ti [66] TF Pt-skeleton 1.05 1.5 0.90 60 

PtML / Au(111) [45] ML on SC Pt monolayer 0.85 10.4 0.80 RT 

PtML / Rh(111) [45] ML on SC Pt monolayer 0.55 6.8 0.80 RT 

Pt3Sc [13] bulk PC  Pt-skin 0.5 2.38 0.90 RT 

PtML / Ir(111) [45] ML on SC Pt monolayer 0.45 5.5 0.80 RT 

PtML / Ru(111) [45] ML on SC Pt monolayer 0.11 1.4 0.80 RT 
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reported for a skeleton-type Pt alloy electrocatalysts. The few materials with higher IF are 

either Pt-skin systems or in one case a near surface alloy, both of which are expected to 

possess greatly enhanced activity at the expense of long-term cycling durability. For Pt-

10Au-25Co, the obtained catalytic enhancement, an IF of 2.7, is still highly promising. 

The durability of the electrocatalysts was evaluated by 100,000 potential cycles 

between 0.6 V and 1.0 V, at room temperature, using a sweep rate of 50 mV s
-1

. Figure 

7.4A to D depict the results of stability test for Pt-Au-Co, Pt-Ir-Co, binary Pt-25Co and 

pure Pt, plotting the ORR specific activities at 0.95 V as a function of potential cycle 

number. The results during the initial 500 cycles are detailed in Figure 7.4A and B. 

Interestingly, while Pt-Au-Co and pure Pt show monotonic degradation in ORR specific 

activities during the initial 500 cycles, Pt-Ir-Co and Pt-25Co alloys first show an increase 

in ORR activity before their activities starting to degrade with higher cycle numbers. We 

term this temporary increase as an "activation period". The length of this activation 

period varies with the sample compositions. While for Pt-25Co the activation is 2 cycles, 

the activation period of Pt-Ir-Co lasts for more cycles within creasing Ir content. For Pt-

5Ir-25Co, Pt-10Ir-25Co, Pt-15Ir-25Co and Pt-25Ir-25Co, the activation period lasts for ~ 

10, 50, 100, 150 and as long as 300 cycles, respectively. We hypothesize that this ORR 

activation behavior for Pt-Ir-Co and Pt-25Co systems is related to the early-stage Co 

dissolution that actually results in favorable changes in lattice and electronic structures of 

the alloy surface. As discussed for Figure 7.3K, the Pt-Ir-Co alloys with high Ir content 

should bind oxygen too weakly, exhibiting sluggish initial ORR activities. With 

progressive Co dissolution, the partial relaxation of surface lattice strain and electronic 

effect would first initiate an increase in ORR activity, as moving from the right side of 

activity volcano towards the peak. We argue that our hypothesis may indeed be the case, 

though a more complex early-stage activation behavior may be associated with Pt-Ir-Co 

systems. 

Figure 7.4C and D show the results in the course of 100,000 potential cycles. For Pt-

25Co, such extended stability test results in a substantial degradation in ORR activity, 

which happens particularly fast at the early stage of potential cycles. Although the 

specific activity of Pt-25Co was initially as high as 1.294 mA cm
-2

 at 0.95 V, it is 
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degraded by 43 % after 100 cycles, by 62 % after 500 cycles and by nearly 80% after 

100,000 potential cycles. The specific activity of the ternary alloys shows progressively 

less cycling degradation with increasing levels of Au or Ir substitution. After 100,000 

cycles the specific activity degradation in Pt-2.5Au-25Co, Pt-5Au-25Co, Pt-10Au-25Co 

and Pt-15Au-25Co is 70%, 56%, 25% and 22%, respectively. For Pt-5Ir-25Co, Pt-10Ir-

25Co, Pt-15Ir-25Co and Pt-20Ir-25Co these values are 71%, 55%, 43% and 33%, 

respectively. All the Pt-Au-Co and Pt-Ir-Co alloys possess higher activities than Pt-Co 

after 100,000 cycles. Here, we highlight the catalytic stability for Pt-10Au-25Co alloy. 

Despite the lower initial ORR activity, its specific activity after 100,000 cycles is actually 

2.4 times higher than that of Pt-25Co.  

 

Figure 7.4: Catalysts stability test with 100,000 potential cycles between 0.6 and 1.0 V at a sweep 

rate of 50 mV s
-1

 at room temperature. The ORR specific activities (SA) at 0.95 V versus RHE 

for Pt-Au-Co, Pt-Ir-Co, Pt-25Co and pure Pt are plotted as a function of potential cycle number. 

(A, B) SA during the initial 500 cycles. (C, D) SA in the course of 100,000 cycles. (E, F) ECSA 

in the course of 100,000 cycles. 
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Figure 7.4E and F show the evolution of ECSA for Pt-Au-Co, Pt-Ir-Co, Pt-25Co and 

pure Pt in the course of 100,000 potential cycles. Unlike other supported electrocatalyst 

particulates, continuous catalyst thin films with sufficient thickness do not show loss in 

ECSA, at least for a certain range cycling number. Instead, the ECSA of all investigated 

catalyst films actually increase over cycling, with higher gains in ECSA for samples 

having more degradation in activity. We would like to point out that such behavior makes 

sense for polycrystalline catalyst films that were initially continuous. Driven by higher 

free energy, low-coordinated atoms at grain boundaries are more prone to oxidation and 

dissolution. As shown by the high magnification scanning electron microscopy (SEM) 

images of 20 nm Pt film after cycling (see Figure 7.5), rapid dissolution at grain 

boundaries has turned the continuous polycrystalline film into Pt crystallites that are 

isolated or partially interconnected. This process increases the film surface roughness, 

exposing more electrochemical active surface to the electrolyte. The process that turns a 

continuous Pt film into isolated crystallites also changes the proportion of the Pt crystal 

facets that are exposed to the electrolyte (see Figure 7.6A). It is well documented that the 

ORR activities on the low-index Pt single-crystal surfaces in perchloric acid increase in 

following order: Pt(100) << Pt(111) < Pt (110), being attributed to the structure-sensitive 

adsorption of reaction intermediates on different facets [7,69]. A decreasing ratio of Pt 

(110) to Pt (100) over cycling would explain the decaying ORR specific activity for pure 

Pt.  

 

Figure 7.5: (A) Low and (B) High magnification SEM micrographs for 20 nm pure Pt film after 

100,000 potential cycles between 0.6 V and 1.0 V. 

200 nm

(A)

50 nm
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For the alloy catalysts, the dealloying of the solute component is another key factor 

for the increasing ECSA. The preferred leaching of Co atoms, which are known for 

having no affinity to H, will create a catalyst surface that is atomically corrugated. The 

dealloyed surfaces may also contain higher fraction of H adsorbing elements than their 

original state. Consequently, any loss in real surface area due to Pt dissolution could be 

covered by an increasing H adsorption on surfaces that are depleted of the solute 

component. The ECSA of Pt-based alloy catalysts gradually increase to a stage where a 

steady-state value is achieved. This implies that the dealloyed Pt-rich or PGM-rich 

catalyst surface has rearranged to form a continuous overlayer, which should provide 

kinetic stability against further dissolution of the less noble solute component [70,71]. 

Figure 7.6B to D compare the CV profiles of Pt-10Au-25Co and Pt-15Au-25Co to that of 

Pt-25Co baseline, in the course of 100,000 potential cycles. For the Pt-Au-Co that have 

sufficient levels of Au substitution ( 10 at.%), their essentially unchanged CV coupled 

with minimal changes in activity and ECSA during cycling signal a tremendously 

enhanced resistance to degradation. 

 

Figure 7.6: Cyclic Voltammetry (CV) of (A) pure Pt, (B) Pt-25Co, (C) Pt-10Au-25Co and (D) Pt-

15Au-25Co during 100,000 potential cycles between 0.6 V and 1.0 V. 
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Figures 7.7A to C compare the surface ~ 2 nm sampling depth (ARXPS-60) versus 

the near-surface ~ 5 nm sampling depth (XPS-0) chemical compositions of the 

electrocatalysts after 100,000 potential cycles. For Pt-Au-Co alloys, with increasing Au 

additions the near-surface Co content is progressively stabilized relative to Pt-Ir-Co and 

to Pt-Co alloys. This indicates that the initial structure of Pt-Au-Co alloys is better 

maintained as compared to the other systems. The Pt-Au-rich surface layer acts as a 

protective layer for the alloy structure underneath, resulting in an enhanced preservation 

of the useful strain and ligand effects from the sub-surface Co solute.   

 

Figure 7.7: The comparisons of surface (penetration ~ 2 nm) and near surface (penetration ~ 5 nm) 

chemical compositions for (A) Pt, (B) Au or Ir and (C) Co, respectively, after 100,000 potential 

cycles between 0.6 V and 1.0 V.  

The catalyst surface structure of Pt-10Au-25Co alloy was further characterized using 

HRTEM HAADF and EELS elemental mapping, conducted on a thinner 5 nm sample. 

As may be seen in the map of the as-synthesized alloy (Figure 7.8A), the material is 

overall quite homogenous on the atomic scale. However there does appear to be a sub-
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corrected HR EELS elemental maps, the Pt-Au-rich surface layer is about 0.5 nm, which 

corresponds to 2 – 3 atomic layers. Such fine segregation would be driven by the 

differences in surface segregation energies of Au, Pt and Co, with the diffusion distances 

being small enough for it to occur even at ambient. As shown in Figure 7.8B, a similar 

scale Pt-Au-rich surface layer also exists after 5000 potential cycles between 0.6 V and 

1.0 V. Figure 7.9 shows same analysis for another region in the specimen that was cycled 

5000 times. A sub-nanometer thick Pt-Au-rich surface layer is again observed. These 

results highlight the structural stability of Pt-Au-Co alloy surface during extended 

electrochemical cycling.    

 

Figure 7.8: High resolution high angle annular dark field (HAADF) micrographs and electron 

energy loss spectroscopy (EELS) elemental maps of Pt+Au and Co for 5 nm Pt-10Au-25Co alloy 

film (A) before and (B) after 5000 potential cycles between 0.6 V and 1.0V. 

The role of Au on structural/compositional stabilization can be attributed to the “self-

healing” mechanism of Au that has been previously proposed for PdAu - Pt monolayer 

core-shell nanoparticle [72] Driven by the lower surface energy of Au, the segregated Au 

atoms on the surface and at the low-coordinated sites could potentially stabilize the Pt-Au 
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surface layer, which in turn suppresses the dissolution of Co from the ternary core. This 

process should be effective for electrochemical cycling potentials that are lower than the 

standard electrode potential of Au. It should be note that the Au atoms at the surface 

contribute little to the measured ECSA, as hydrogen adsorption on Au atoms is negligible 

relative to Pt [47,73]. For Pt-Ir-Co, adding Ir is not as efficient as Au in suppressing the 

dissolution of Co due to the lower standard electrode potential for Ir as compared to Au. 

However Ir is also useful for stabilizing the activity of Pt-Co. Assuming surface-oxide 

formation and its subsequent chemical dissolution is the mechanism for Pt dissolution, as 

discussed in reference [74], a reduced rate of Pt dissolution is plausible if the coverage of 

surface oxide species could be decreased. As demonstrated in Figures 7.2 and 7.3, the Pt-

Ir-Co alloy surfaces show weaker binding to oxygen with increasing levels of Ir 

substitution. Such alloy surfaces are therefore less susceptible to surface-oxide formation, 

leading to a higher resistance to Pt dissolution despite the loss of some Ir with cycling. 

 

Figure 7.9: High resolution HAADF micrographs and EELS elemental mapping of another 

sample region for 5 nm Pt-10Au-25Co alloy film after 5000 potential cycles between 0.6 V and 

1.0 V. 
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7.4 Conclusion 
 

In this study we systematically investigated the ORR activity and the corrosion 

stability for Pt-Au-Co and Pt-Ir-Co thin film alloys, employing binary Pt-25Co and pure 

Pt as the baseline. The Pt–2.5at.%Au–25at.%Co alloy reaches the peak of the activity 

volcano with a specific activity of 1.41 mA cm
-2

 at 0.95 V, representing an improvement 

factor of 5 as compared to the identically synthesized Pt baseline and beating the state-of-

the-art Pt–25at.%Co by 16%. Moreover the alloys exhibit dramatically improved 

corrosion stability with increasing levels of Au or Ir substitution. For instance, Pt–10 

at.%Au–25at.%Co shows an initial specific activity of 0.75 mA cm
-2

, which is still 
 
2.7 

times better than pure Pt. Following 100,000 potential cycles (0.6 - 1.0 V) this alloy has 

only a 25% loss in specific activity, while Pt–25at.%Co shows a 80% loss. Thus after 

100,000 cycles the activity of Pt–10at.%Au–25at.%Co is actually 140% higher than that 

of Pt–25at.%Co. 
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Summary 
 

Nowadays, the increasing concerns of the limited traditional energy sources e.g. 

fossil fuels and the associated environmentally unfriendly emission demand the adoption 

of renewable energy sources and clean energy carriers. The use of hydrogen produced in 

a sustainable manner, such as from solar or wind power, has been proposed as a 

promising energy carrier. To realize the future energy system based on hydrogen requires 

both reliable mechanisms for storage of the hydrogen and high efficient energy 

conversion to electricity. To this end, we utilized thin films as model systems to develop 

various alloys and composites for application of solid-state hydrogen storage and proton 

exchange membrane fuel cell (PEMFCs) cathode electrocatalysts. This thesis therefore 

encompasses aspects of alloy design, fabrication and characterization of thin films to 

enhance hydrogen storage kinetics and thermodynamics in magnesium hydride and to 

enhance the catalytic efficacy and corrosion stability of platinum-based electrocatalysts 

towards oxygen reduction reaction. 

Chapter 2 describes the development of various bilayer Pd/X (X = Ti, Nb, Ta) 

surface catalysts that have been used for all films of Mg-based alloys and composites in 

this thesis. The selected interlayer, which forms stable hydride both during absorption 

and during desorption, reduces the rate of intermetallic formation between Mg and Pd, 

allowing the Pd to stay catalytically active. The Pd coating is also effective to prevent the 

underlying alloy film from oxidation during the transfer/storage before the hydrogen 

sorption measurement. 

Chapter 3 describes a new bimetallic Nb-V catalyst for enhancing the hydrogen 

storage kinetics of magnesium hydride. Magnesium hydride combined with bimetallic 

Nb-V catalyst displays remarkably rapid and stable low temperature (200 °C) hydrogen 

storage kinetics even after 500 full volumetric absorption/desorption cycles. The system 

is also able to fairly rapidly absorb hydrogen at room temperature at a pressure of 1 bar. 

This unprecedented absorption behavior was demonstrated for 20 cycles. We employed 

extensive cryo-stage TEM analysis on fully and partially sorbed materials to provide 

insight into the rapid Mg to MgH2 phase transformation. After extended cycling of what 
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was initially a 1.5 m thick fully dense alloy film, the sample structure becomes 

analogous to that of a weakly agglomerated nanocomposite powder. The cycled Mg-V-

Nb structure consists of a dense distribution of catalytic Nb-V nanocrystallites covering 

the surfaces of larger Mg and MgH2 particles. The partially absorbed 20 C and 200 C 

microstructures both show this morphology. TEM results combined with Johnson-Mehl-

Avrami-type kinetic analysis point to the surface catalyst distribution and stability against 

coarsening as being a key influence on the two-stage hydriding kinetics. Remarkably, the 

mean size of the Nb0.5V0.5H nanocrystallites stays essentially invariant throughout cycling; 

it is 3 nm after 45 cycles and 4 nm after 500 cycles. A mechanistic description is 

provided for the cycling-induced microstructural evolution in the ternary alloy as well as 

in the binary baselines. 

Chapter 4 describes the hydrogen storage properties of Mg rich ternary Mg-Ni-Cu 

films using binary Mg-Ni and Mg-Cu as baselines, and aims to elucidate the precise 

influences of alloying element Cu on the hydrogen sorption kinetics, thermodynamics 

and cycleability. Mg-rich Mg-Ni-(Cu) alloys show two stages during absorption. The first 

stage due to the absorption of Mg not alloyed in the form of Mg2Ni and Mg2Cu is very 

quick, but the second one due to the absorption of intermetallic Mg2Ni and/or Mg2Cu is 

significantly slower. This sequence is confirmed by XRD characterizations at different 

absorption stages. The rapid first stage absorption is mainly catalyzed by the intermetallic 

phase Mg2Ni. Cu substitution improves the desorption kinetics, but severely decreases 

the kinetics of the second absorption stage. Failure to completely absorb Mg2Cu to MgH2 

and MgCu2 in consecutive absorption cycles leads to complete loss of desorption-ability 

in binary Mg-15at.%Cu. XRD combined with TEM shows that segregation of Mg2Cu 

towards the grain boundaries is responsible for this. Pressure-Composition Isotherms are 

used to examine the thermodynamic properties of the alloys. It is found that the Cu 

substitution has no influence on the plateau pressure of MgH2 from free-Mg phase, but 

slightly increases the plateau pressure of LT-Mg2NiH4. 

Chapter 5 describes a new metastable metal hydride with promising hydrogen 

storage properties. Body centered cubic (bcc) magnesium niobium hydride 

(Mg0.75Nb0.25)H2 possesses 4.5 wt.% hydrogen gravimetric density, with 4 wt.% being 
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reversible. Volumetric hydrogen absorption measurements yield an enthalpy of hydride 

formation of -53 kJ mol
-1

 H2, which indicates a significant thermodynamic destabilization 

relative to the baseline -77 kJ mol
-1

 H2 for rutile MgH2. The hydrogenation cycling 

kinetics are remarkable: At room temperature and 1 bar hydrogen it takes 30 minutes to 

absorb a 1.5 μm thick film at sorption cycle 1, and 1 minute at cycle 5. Reversible 

desorption is achieved in about 60 minutes at 175 °C. Using ab initio calculations we 

have examined the thermodynamic stability of metallic alloys with hexagonal close 

packed (hcp) versus bcc crystal structure. Moreover we have analyzed the formation 

energies of the alloy hydrides that are bcc, rutile or fluorite. 

A key advancement target for PEMFCs cathode electrocatalysts is to simultaneously 

improve both their electrochemical activity and durability towards ORR. To this end, 

Chapter 6 describes the efficacy of a new highly electrically conductive support that 

comprises of a 0.5 nm titanium oxynitride film atomic layer deposition coated onto an 

array of carbon nanotubes. We consider support effects for pure Pt and for a Pt-50at.%Ni 

alloy, and demonstrate that the performance of pure Pt is tremendously enhanced by the 

interlayer while the performance of PtNi is not impacted. Upon the insertion of TiOxNy 

between Pt and CNTs there is a marked increase in the specific (0.314 to 0.522 mA.cm
-2

Pt) 

and mass activity (0.110 to 0.195 A.mgPt
-1

). The interlayer also dramatically improves the 

durability of pure Pt, going from 25% to 9.7% loss in electrochemical surface area, and 

42.7% to 20.1% loss in specific activity, following 10,000 cycles of 0.6 to 1.1 V. We 

utilize XPS and TEM to demonstrate that the catalyst - support chemical interaction is 

much stronger for Pt on oxynitride versus on carbon, but remains on par for PtNi on 

either support. For pure Pt, the oxynitride induces a downshift in the d-band center. The 

oxynitride also changes the catalyst particle size distribution, reducing the number of the 

less active and less stable ultrafine Pt particles and of the large ones that serve as "dead 

weight" for mass activity. Calculations based on density functional (DFT) theory add 

complementary insight regarding the compositional segregation occurring at the alloy 

catalyst – support interface. 

Chapter 7 describes the oxygen reduction reaction electrocatalytic activity and the 

corrosion stability of several ternary Pt-Au-Co and Pt-Ir-Co alloys, with Pt-Au-Co having 
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never been previously studied for ORR. The addition of Au fine-tunes the lattice strain 

and the surface electronic structure to enable activity and cycling stability that is 

unachievable in Pt–25at.%Co (state-of-the-art binary baseline). The ternary alloys exhibit 

a volcano-type dependence of catalytic efficacy on the content of Au or Ir. Pt–

2.5at.%Au–25at.%Co alloy shows a specific activity of 1.41 mA cm
-2

 at 0.95 V, which is 

16% and 404% higher than identically synthesized Pt-Co and pure Pt, respectively. This 

enhancement is promising as compared to a range of previously published Pt "skeleton" 

and Pt "skin" alloys, and is in fact the most optimum reported for a skeleton-type system. 

The catalysts exhibit dramatically improved corrosion stability with increasing levels of 

Au or Ir substitution, with the specific activity of all the ternary alloys being superior to 

that of Pt–Co after 100,000 potential cycles of 0.6 - 1.0 V. For instance, post-cycled Pt–

10at.%Au–25at.%Co shows a specific activity of 0.63 mA cm
-2

, which is 140% higher 

than Pt-Co and 439% higher than Pt. HRTEM and XPS shows that Au alloying promotes 

the formation of an atomically thin Pt-Au-rich surface layer, which imparts kinetic 

stabilization against the dissolution of the less noble solute component. 
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