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 I 

Abstract 
The goal of current research is probing the relationship between catalyst features and 

the fuel cell performance with a range of in-depth structural analysis. The study 
investigated different catalyst systems including core-shell structured catalyst, catalysts 
with unique carbon-transition metal oxide supports.  

PtRu catalysts nanoparticles with unique core-shell structure, one of the most 
practical catalysts in PEMFC technology, have been successfully obtained with the 
evidence from the characterization results. It is found that the enhanced CO oxidation 
may be achieved through the interactions between the Pt shell and Ru core atoms, which 
can modify the electronic structure of the Pt surface by the presence of subsurface Ru 
atoms or by disrupting the Pt surface arrangement. Furthermore, the possibility of 
presence of the compressive strain within the Pt rich shell is proved by the lattice 
measurements, which could significantly affect the catalytic activity.  

Pt catalysts supported on complex oxide and carbon support were studied to 
investigate the relationship between the catalyst and its support. Observations from 
STEM images and HAADF and energy dispersive X-ray spectrometry demonstrate the 
preferential distribution of Pt nanoparticles on the hybrid supports, which include Nb2O3 
/ C, Ta2O5 / C, (Nb2O3+TiOx) / C, (Ta2O5+TiOx) / C, and (WO3+TiOx)/C). Such 
evidence indicates the interaction between the catalyst and support is based on the 
presence of an interconnected oxide network over the carbon support and the presence of 
Pt strongly connected to the oxide network. In addition, using electron energy loss 
spectroscopy (EELS), the electronic structure of the catalyst support under various 
conditions was also studied to provide further evidence of the strong metal support 
interaction effect. 
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Chapter 1. Introduction to PEMFCs 
H2/air Proton Exchange Membrane Fuel Cells (PEMFCs) have many attractive 

features, including low or zero emissions, high power density and rapid start-up, which 

make them the most clean and efficient energy technology for automobiles and stationary 

power plants. Therefore it is easy to understand that even ten years ago, the US already 

invested in an energy bill that included over a billion dollars in incentives for automakers 

to develop technology related to Fuel-Cell Vehicles, 1 later six world-wide major 

automakers signed a memorandum of understanding in September 2009, to develop light 

duty fuel cell vehicles and the accompanying H2 facilities. In the meantime, various 

government energy departments have also taken a positive attitude toward fuel cell 

funding. The American Department of Energy awarded the Fuel Cell Energy industry 

with approximately $1.9 million for the development of the fuel cell infrastructures. The 

United Kingdom launched a £7.2 million competition for hydrogen and fuel cell 

demonstrations. 1-5 

A major challenge facing PEMFCs is degradation of the membrane and catalyst. 

Currently, over 90% of the research effort is focused on improving the membrane of 

PEMFCs, while only a few studies were conducted on the catalyst layers. These catalyst 

layers are the most important components during fuel cell operation, performance of 

which is usually governed by the precise atomic structure and composition of very specific 
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catalytically active sites. Therefore, structural and chemical characterization at the atomic 

scale becomes a key aspect in order to investigate any structure–performance relationships 

existing in fuel cell catalyst systems. It is also obvious that the detailed characterization of 

the catalyst layers is very important for several reasons: (i) to develop new catalysts with 

high activity and durability; (ii) to determine the structures of catalysts, and (iii) to 

investigate the interaction mechanism of the catalyst layer. 6-11 

The activity and stability of the new catalysts are significantly affected by the surface 

area and morphology. High-resolution transmission electron microscopy (HRTEM) is 

therefore necessary for structural analysis at the atomic scale. Knowing the valence state 

variation of the dopants to the catalysts is also key to understanding the oxidation 

behavior during the electrode reaction. Therefore, quantitative element mapping and 

valence state distribution are also necessary and have been achieved in this work using 

scanning transmission electron microscopy–electron energy-loss spectroscopy STEM-

EELS. 

 

1.1 Historical  development of  PEMFC 
The history of fuel cell can be traced back to 1839 while Sir William Grove, who is 

considered as “the father of the fuel cell”, found that electrolysis could be performed in 

reverse with the right catalyst, producing electricity. However, for almost a century there 
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was not any significant practical progress after Grove’s discovery the fuel cell, remaining 

only a scientific curiosity. It was not until 1937, Francis T. Bacon started to work on 

practical fuel cells. By the end of 1950 Francis Bacon developed a 40-cell stack that was 

able to power a welding machine, circular saw, and forklift 12 

PEM fuel cell technology served as one part of the NASA’s Gemini Program from 

1950s to 1970s. In early 1960s, the PEM fuel cells were invented at General Electric 

(GE) by Thomas Grubb and Leonard Niedrach. Initially, sulfonated polystyrene 

membranes were used as the solid electrolytes. Then they were soon replaced by Nafion® 

membranes in 1966 due to the improved performance and durability. Nafion membranes 

are still the most popular membrane in use today. 6 

Fuel cell systems were limited to space missions and other special applications due to 

their high cost. However the research in late 1980s and early 1990s by Ballard Power 

Systems (founded in 1979) enabled fuel cells to be a pratical option for wider applications. 

Soon in 1983, Ballard began developing PEM fuel cells.6 

Today, the interest in the research and development of PEM fuel cells has been 

intensified, and has attracted more and more involvements of scientific institutes and 

universities over the world becoming involved. Till now, several key innovations, such as 

the low platinum catalyst loading, novel membranes, and new bipolar plates, have 

continuously made the application of PEMFC systems more or less realistic. 6 
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1.2 Components and operation of  PEMFCs 
A PEMFC stack include membrane, electrodes, gas diffusion layer and bipolar plates 

(as illustrated in Figure 1-1). One of the key components of PEMFCs is the proton 

exchange membrane, the lifetime of which determines the lifetime of PEMFCs. The 

membrane separates the fuel and the oxidant, preventing the mixing of the two gases. 

Another important role taken by PEMFC polymer membranes is to facilitate the 

transport of the protons from the anode to the cathode by sulfonic groups within the 

membrane. Thus, one ideal polymer membrane must possess excellent proton 

conductivity, chemical and thermal stability, strength, flexibility, and at the same time 

low cost and low gas permeability as well. 13 

Anode, the negative electrode, is the hydrogen feed side where the hydrogen splits 

into its primary constituents, protons and electrons. Protons first travel through the 

membrane, then meet with catalyst sites between membrane and the other electrode, 

while electrons are traveling through electrically conductive electrode, current collector 

and external circuits where they perform useful works. At the oxygen feed side, the 

cathode (positive electrode), water is generated from the electrochemical reaction and 

pushed away with the excess of the oxygen flow.  Net results from anode and cathode are 

a direct electrical current at the external circuits, usually about 1V. 6 
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Another critical component in PEMFC is gas diffusion layers GDLs (or the backing 

layers), main function of which is to diffuse the gas. The porous nature of the GDLs 

facilitates the effective diffusion of each reactant gas to the catalyst. In addition to that, 

the GLD is also building up the electrical connection between catalyst and current 

collectors, such as bipolar plates. Water management is also achieved through the GLD 

by carrying the product water away from the electrolyte surface. 

 

Figure 1-1 Schematic diagram of the PEMFC, image courtesy of  fuelcell.org.au 

The bipolar plate is considered as a multi-function component in the fuel cell stack, 

however it is also costly and problematic. The primary role of bipolar plate is to supply 

reactant gases to the gas diffusion electrodes through flow channels, flowfield design of 

which could affect the effectiveness of the reactant transport. Bipolar plates must provide 

electrical connections between the individual cells, and also be able to remove the product 

water at the cathode effectively. 6 
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The principle of how a PEM fuel cell generates electricity is straightforward. 

However, the cell power output depends on material properties, cell design and structure, 

and operation conditions, such as the gas flow, pressure regulation, heat, and water 

management. High performance of a PEM fuel cell requires maintaining optimal 

temperature, membrane hydration, and partial pressure of the reactants across the 

membrane to avoid any degradation of performance. These critical operation parameters 

must be controlled over a wide range of current.13 

1.3 Advantages and applications 
Proton exchange membrane fuel cells (PEMFCs) have many promising advantages: 

higher efficiency than in the conventional internal combustion engines and power plants; 

low or zero emissions since the only exhaustion is the unused air and water from the fuel 

cell operation, which is attractive not only for transportation but also for indoor 

applications and submarines; simplicity and promising of low cost because the structure of 

fuel cell is usually layers of repetitive components and no moving parts; a wide range of 

size and weight since fuel cells can be made in a variety of sizes-from microwatts to 

megawatts. The numerous advantages make the PEMFC particularly promising for 

applications in the fields of transportation, home-based distributed power distribution, 

and portable power supplies. 13 
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1.4 Challenges and Objectives 
PEMFCs are considered the next generation of fuel cell technology due to their low 

cost reduction and reliability in terms of enhanced electrochemical kinetics and catalyst 

tolerance, simplified cooling process, and improved water management. In spite of these 

successes, several technique challenges hindered their widespread commercialization, 

among which the high cost, unsatisfactory durability and operation flexibility are the top 

three. 6,14  

The most widely used catalysts in low temperature PEMFCs are based on Pt with 

carbon support materials, the stability and durability of which is always a challenging 

issue for long-term and high temperature fuel cell operation. During the cell operation, 

poisoning effects due to the impurities from the fuel, Pt sintering or agglomeration can 

make the catalysts loss the electro-active surface loss on the catalysts, resulting in a 

degradation of the fuel cell performance. Therefore, it is essential to develop new catalyst 

with reduced Pt usage and effective supporting materials which offers stronger interaction 

to avoid the loss of active-surface. 6 

It is also critical to understand the chemical reactivity of the catalyst layer in 

commercially important PEMFC technologies. However, currently there are very limited 

detailed studies focused on how the nanostructures affect the catalytic activity and 

stability of the catalyst layer, and how the cell performance change consequently. 
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Furthermore, it is also important to achieve the deeper insight of the change of the Pt 

loading on the support materials during the fuel cell operation, such as the shape, size and 

distribution, which significantly affect the stability and catalytic activity of the catalyst 

layer. 15 

For example, titanium oxides such as TinO2n-1 (Magnéli phases), one of the novel 

catalyst supporting materials, attract significant theoretical and industrial interest for their 

structural, electrical, and catalytic properties. Magnéli phases are important 

representatives of transition metal oxides with variable valences of the parent metal and 

can form extended series of compounds. Moreover, there is also added disorder in such 

superstructures as compared with standard idealized crystallographic phases 16. However, 

there is no systematically investigation applied on these oxides to study the change of the 

valence state and the distortion within the structure because those work require a much 

higher resolution on the observation techniques. Furthermore, there are also no in-situ 

studies and morphology characterizations applied on the dynamic catalysis process. 

Moreover, characterizations of the morphology at atomic level before and after fuel cell 

working cycles are also lacking. This information plays an important role to explore and 

provide a better understanding of the interaction between the catalyst support and catalyst 

materials and atomic interfacial transformations in other transition metal carbides and 

oxides. 
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To overcome these challenges, initially comparable studies of the morphology and 

microstructure of the catalyst support were carried out using X-Ray Diffraction (XRD), 

High Resolution Transmission Electron Microscopy (TEM) as well as the electron 

diffraction. In situ and tomography measurements were also conducted to track the 

dynamic process of the catalyst materials which including the change of the distribution, 

morphology and the size of the active catalytic particles supported on the transition metal 

oxides and carbides. EELS and EDX mapping will be applied in the studies of the 

doping effect on the valence state, element distribution and cell performance. 

Based on the investigations proposed, a clearer picture can be drawn on the 

relationship between catalyst features and the fuel cell performance. The efficiency and 

durability of PEMFCs will be significantly improved by using stable catalyst with 

stronger interaction within the catalyst layer. The synthesis routes of the new catalysts 

will be also optimized according to the analysis of the measurements. Therefore, the 

fabrication cost will also be greatly reduced compared with the conventional Pt-loaded 

catalyst with higher mass ratio. 
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Chapter 2.  Literature Review of PEMFC 
Catalyst 

The important challenges in PEMFC research arise in the catalyst layers (CLs) due to 

their complexity and heterogeneous structure. The catalyst layers need to be designed to 

generate high rates of the desired reactions and minimize the amount of catalyst usage for 

reaching the required levels of power output. To meet the goal, the following 

requirements need to be considered: (1) large three-phase interface in the CL, (2) 

efficient transport of protons, (3) easy transport of the reactant and the product gases and 

removal of condensed water, and (4) continuous electronic current passage between the 

reaction sites and the current collector. The overall CL performance depends on all these 

critical factors and is therefore essential to identify the electrode structures and operation 

conditions. 6 

2.1 Components and Structure of  CLs 
The catalyst layer includes ionic conductor, metal catalysts, and water-repelling agent. 

Ionic conductors, such as perfluorosulfonate acid ionomer, are used in CLs to provide a 

passage path for protons transportation. Metal catalysts supported on conducting matrix 

(carbon) provide path for electron conduction. Water-repelling agent provides sufficient 

porosity for the gaseous reactants to be transferred to catalyzed sites. The catalyst ink in 
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the PEMFC system usually consists of catalyst, carbon powder, binder, and solvent, other 

additives might be sometimes added in order to improve the dispersion and stability of 

the catalyst ink. 6,6-12,17 

2.2 Functions and Reactions (Roles  of  the CL) 
In a H2/O2 (or air) PEMFC, the cathode and the anode reactions are respectively the 

oxygen reduction reaction (ORR) and the hydrogen oxidation reaction (HOR), as shown 

below 

O2 + 4H+ + 4e- ↔ 2H2O (ORR) 

H2 ↔ 2H+ + 2e- (HOR) 

The relationship between the cathode (anode) current density Ic (Ia): and the over 

potential  !!!""!##  is given by the following Equations: 

!!"# = $%"
& #'

()%!%*"#
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#
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 : The exchange current density for cathodic O2 reduction/ anodic H2 

oxidation;  
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naO (naH): The number of electrons transferred in the rate determining step; 

αO(αH): The electron transfer coefficient; 

F: the Faraday constant; 

R: the gas constant (8.314 J.mol–1.K–1); 

T: the temperature (K) 

In a fuel cell, the reaction kinetics is mainly dominated by the O2 reduction reaction 

since the exchange current density of H2 oxidation (10–4 A/cm2) is significantly larger 

than that of O2 reduction (~10–9 A/cm2).  

The exchange current density change with temperature follows the Arrhenius 

Equations, respectively 

!!"#"
$ = %#"

$ &!#'($)* %
 

!!"#"
$ = %#"

$ &!#'($)* %
 

                     : The cathode (anode) exchange current densities at infinite temperature;  

Ec(Ea): The reaction activation energies for the cathode (anode)  
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According to above equations, an increase in the exchange current density is 

dominated by the reaction activation energies, the values of which are strongly dependent 

on the catalysts used.6,13,18 

2.3 Catalyst  support materials  for PEM Fuel Cells   
Catalysts are the key materials in the PEMFCs. Nano-structured Pt particles 

dispersed on carbon materials are still the most widely used catalysts for both anode and 

cathode in PEMFCs.19 However, the high cost and limited resources of Pt hinder fuel 

cell practical applications. Another serious problem is that Pt is readily poisoned by the 

CO-like species produced during the alcohol oxidation even at ppm level. Therefore, 

efforts have been focused on either reducing the Pt loadings by forming Pt alloys with 

others metals or exploring non-noble catalysts to minimize the catalyst cost. Among 

various non-noble catalysts, transition metal carbides or oxides as Pt alternatives and 

support materials attract a lot of attention. On the other hand, tungsten carbides or 

nitrides as novel supports have been evaluated to be a promising candidate not only 

because of their catalytic is similar to that of platinum group metals, but also because of 

their enhanced the resistance to CO and bisulphide poisoning. 

2.3.1 Transition metal oxide as support materials for PEMFC  
It is necessary for the support materials in PEMFC catalyst to achieve a high surface 

area, in order to provide sufficient physical area for dispersion of the small catalyst 
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particles. There are additional requirements for electrochemical reactions under fuel cell 

operation; the catalyst support materials must have high conductivity, CO tolerance and 

corrosion resistance to allow efficient charge transfer and stable operation.  

In recent years, catalysts based on transition metal oxides modified by platinum group 

metals have attracted more and more attention as new electrode material and catalyst 

support in fuel cell applications. It was shown that, titanium oxides such as Magnéli phase 

(which have been commercially recognized under the Ebonex® trade name) exhibit 

unique electrical conductivity and high chemical stability. The electrical conductivity of 

these transition metal oxides can match those of carbon and graphite, which is frequently, 

used in catalyst support layers for fuel cell. In addition to that, their high corrosion 

resistance and stability in aqueous electrolytes make them the one of the most promising 

candidates as catalyst supports. Furthermore, these materials have a wide potential 

window with a large overpotentials for hydrogen and oxygen evolution and unique 

electron transfer kinetics also make them more suitable as the catalyst support. 11,13  These 

oxides show remarkable characteristics in their crystalline structures as well as electrical 

properties. These blue/black ceramic materials can be produced from high temperature 

reduction of titania in a hydrogen atmosphere and exhibit conductivity comparable to that 

of graphite and can be produced in a number of forms, such as tiles, rods, fibers, foams 

and powders. For PEMFC systems,  
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Ebonex has been considered as a unique electron conductive and interactive support 

for electrocatalysis support both in hydrogen and oxygen electrode reactions. The Strong 

Metal-Support Interaction between Ebonex and Pt loading is related to: the hypo–hyper 

d-inter bonding effect and its catalytic consequences, which will be explained in the 

following section. The stronger bonding in TinO2n−1 supported Pt compared with that of 

conventional carbon supported Pt, results in the less strong the intermediate adsorptive 

strength in the rate determining step (RDS) in fuel cell operation, and therefore, the 

faster catalytic electrode reaction. 20 21 

 

2.3.2 Strong metal-support interaction (SMSI) effect 
The strong metal-support interaction (SMSI) effect was first reported by Tauster in 

1978 and attracted widespread interest for decades particularly in a number of 

heterogeneous catalysis processes. The most important signature of the SMSI effect 

accounts for the drastic changes in the performance of the catalyst when group VIII 

metals like Pt, supported on transition metal oxides, are reduced at elevated temperature. 

The Brewer theory a priori has predicted one would expect transfer of d electrons from 

platinum (d7sp2) to low-lying vacant orbitals of titanium, for every electron transferred 

with resulting unpairing of two internally paired electrons, two electrons are made 

available for bonding by pairing between atoms, and the most stable and most strong 
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hypo-hyper bonding between Ti and Pt is symmetric TiPt3. Tauster also proposed that at 

the interphase Pt/TiO2 should grow and appear the intermetallic phase TiPt3 as the 

indication. For over 30 years, numerous of researchers have studied SMSI effect though 

various approaches as below:  

1) Building up models of the SMSI phenomenon by theoretical discussions and 

calculations including thermal programed desorption (TPD) and first-principles density 

functional theory DFT; 

2) Tailoring the selectivity and enhancing the activity of the catalysts; 22 23 24 25 26 27 

3) Detecting the SMSI behavior on CO adsorption and hydrogenation by using 

XRD, 28,29 TPR, XPS, 13,30 6,14,31 TOF-SIMS, 6,32 coaxial impact–collision ion scattering 

spectroscopy (CAICISS ) reflection high-energy electron diffraction (RHEED), 15,33 in 

situ ambient pressure photoemission spectroscopy (APPES) 16,34 and in Situ 

Electrochemical X-ray Absorption Fine Structure Study .6,35 

It has been shown for many highly active heterogeneous catalyst systems that, in some 

cases, the relevant catalytic structure may only constitute a minor part of the catalyst 

material. Conventional optical and X-ray spectroscopy characterization tools have the 

drawback of obtaining spatially averaged information over a relatively large surface area. 

These techniques must be complemented with local structure and compositional analysis 
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techniques available with Analytical Electron Microscopy (AEM), a powerful structure 

solving toolbox, allowing insight into the complexity of the supported catalyst 

nanoparticles. Earlier electron microscopy studies were carried out by Baker and his 

colleagues in 1979 (right after SMSI mechanism was proposed) who demonstrated that 

Pt supported on TiO2 exhibited unique features which are not apparent with conventional 

supports. 36-‐38 In the past decades, AEM characterization has experienced a number of 

parallel revolutionary advances in the design of the microscopes, electronic devices for 

their control, data acquisition and processing. 39 These new tools lead to enhanced 

capabilities for researchers to probe the microscopic nature of the active sites 6,40,41 13,42-‐44 

13,45-‐47 and to obtain local details regarding the nature of the SMSI state of transition 

metal oxide supported platinum catalysts. 40,48-‐50 43,44,51-‐54 However, the catalyst systems 

presented in these works are not close to the real catalyst used in fuel cell application. 

Previous work has focused on the structural details of specific orientation, e.g. Pt/TiO2 

(110), or Pt on titania powder, very little work was directly conducted to the system used 

in industrial application. 44,55 In addition to that, it is challenging to get further structure 

details regarding the SMSI effect due to the limited spatial and energy resolution. There 

has been no detailed analysis done directly on the mechanism of the SMSI effect down to 

the atomic structure leading, for example, to the morphology variations under different 

catalyst supports. Furthermore, there is no direct evidence showing the electronic 

structure effects contributing to SMSI effects. 
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2.4 Physical  Characterization Techniques of  PEM 

Fuel Cells  
The physical characterization of catalyst layers in PEMFC plays an essential role for 

the development of new catalyst materials with high activity and high stability, 

investigating the material structures, and exploring the mechanisms of catalysts and 

certain dopants. 

General physical characterization methods of PEMFC catalyst materials include the 

measurement of the specific surface area, identifying the phase and composition of 

catalytic composites, determination of the particle size and distribution of active 

components, characterization of the morphology as well as other features of the catalysts 

and support materials. 6,56 

The surface area of solids has been recognized as an important feature in various 

research fields including PEMFC systems, because it is capable of affecting the properties 

of materials in different types. Therefore, it is critical to characterize and control the 

surface area as well as electrochemical surface activity accurately. For determining the 

surface area, the BET method, named after Brunauer, Emmett, and Teller who 

established this technique in 1938, is the most widely used technique. The BET method 

is based on the understanding of the adsorption of gases by a solid material with a 
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complicated shape, and therefore helped researchers draw an insight picture of the 

relationship between surface area and adsorbed gas components. 20,57 

X-ray diffraction (XRD) is another popular physical characterization technique used 

in PEMFC research. This non-destructive technique can provide detailed information 

about the chemical composition and crystallographic structure of the materials such as 

catalyst layer and membrane in fuel cell. The catalytic activity is strongly dependent on 

the particle size and shape, as well as the active component distribution, which can be 

investigated by using XRD measurement. Moreover, catalyst support materials are also 

very important to optimize the performance of the catalyst layer, composition of which 

can be determined by XRD. 6,21  

A number of electrochemical characterization methods can be used to evaluate the 

performance of the fuel cell. Characterization of new catalysts and the reaction 

mechanisms and kinetics studies can be achieved by controlled potential techniques (e.g., 

potential step, potential sweep, and potential cycling). Rotating (ring) disk electrodes, 

cyclic voltammetry, and impedance spectroscopy are also widely used in the investigation 

of the electrochemical properties of the materials. 
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Chapter 3. Overview of analytical electron 
microscopy for catalysts 
Catalysis plays key role in the industrial world, since more than 90% of industrial 

chemical processes and it is essential for large-scale production of plastics and fuel. The 

properties of a catalyst are determined by its microstructure and chemistry on an atomic 

scale. 22,58-62 A wide range of techniques has been developed to characterize the 

composition and structure of the catalysts from single-crystals of metals to alloys or 

oxides. The characterization traditionally has been achieved using optical spectroscopy 

techniques (including UV–vis, Raman, and infra-red (IR) spectroscopies) and X-ray 

techniques (including X-ray diffraction (XRD), small angle X-ray scattering (SAXS), 

extended X-ray absorption fine structure (EXAFS), X-ray absorption near edge structure 

(XANES), and X-ray photoelectron spectroscopy (XPS)). 23,63-65  However averaged 

information generated from these techniques in the characterization of commercial 

catalysts limit their value in determining structural, electronic, or compositional 

information for functioning catalysts. 

No other single tool rivals analytical electron microscopy (AEM) in such a wealth of 

diverse information concerning solid catalysts and their surfaces. With high-resolution 

imaging capabilities, with a powerful scanning electron probe, and with an electron 
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energy loss spectroscopic (EELS) and Energy Dispersive X-ray Spectroscopy, AEM 

provides essential structural, morphological, and electronic information of solid catalysts 

used commercially, for laboratory researches or model studies. AEM also provides deep 

insights into the atomic structure and chemistry of reactions that profoundly influence 

catalytic properties: such as the location of active sites, especially those atoms at active 

sites and their coordination to surrounding atoms; the atomic structure of the framework, 

as well as the nature of its nanoporosity for the porous catalyst and catalyst supports. 

These approaches have actively promoted the development of new catalysts, solved 

complex structures, assisted scientists to determine the structure and chemical 

compositions.   

3.1  Historical  development of  AEM on catalyst  

(Time line)  
Here is a chronological review of the major developments in electron microscopy and 

examples of applications of this technique in the area of catalysis is provided while details 

technical description of the techniques is described in the subsequent sections. One of the 

biggest milestones of the AEM history starts with the pioneer work conducted by Ernst 

Ruska in 1939, who won the Nobel Prize in 1986 due to his great contribution to 

electronic microscope development. One year later in 1940, M. von Ardenne and D. 

Beischer presented TEM micrograph of platinum oxide. 22,24,66 One of the earliest surveys 
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of the application of EM to the study of catalyst was published by Turkevich in 1945 at 

RCA Research Laboratories at Princeton, and EM work is conducted by Drs. J. Hillier 

and R. F. Baker. 23,25,67 It was not until 1968, A. V. Crewe initiated pioneer work on 

STEM HAADF, technique of which later on became one of the most popular 

characterization approaches for analyzing structure details of the catalyst. 24,26,68 

Major improvements in the resolution and spectroscopic capabilities took place 

around 1970s, with earlier HRTEM images and HRTEM technique breakthrough 

reported in the Iijima’s paper on the structure of oxides. 25,27,69 Key research related to 

aberration corrected imaging and spectroscopy started from 1936 while Scherzer raised up 

the theoretical proof that spherical aberration-correction Cs and Chromatic aberration 

correction Cc are unavoidable with round electron lenses. (Scherzer O. (1936) "Über 

einige Fehler von Elektronenlinsen", Z. Physik 101, 593). Followed by over decades of 

theoretical research and experimental trials, the first demonstration of working 

sextupole/round lens/sextupole image Cs corrector was introduced in Haider’s report 

(Haider M., Braunshausen G. and Schwan E. (1995) "Correction of the spherical-

aberration of a 200-KV TEM by means of a hexapole-corrector", Optik 99, 167). 

26,28,29,70,71  

One of the earliest works on imaging single atoms to clusters particles, usually the 

popular form of catalyst, was also achieved by James and other scientists. 27,72,73 Soon after, 
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more scientists started to realize the important role of HRTEM application in catalyst 

materials research and widely applying the technique to extract more information on 

these materials.28,29,74,75 On top of that, other AEM techniques including EELS and 

plasmon energy mapping and electron tomography were also efficiently used in 

heterogeneous catalysts. 76 77 

In the past ten years, diverse studies on catalyst materials using AEM, were reported 

including a detailed review of the technology development and application. 78 For 

example, atomic scale characterization of the Pt/TiO2 interface provided evidence related 

to the strong interaction between catalyst and support (2005) 44; it was also reported in 

2006 that it is possible to conduct atomic resolution chemical analysis in a scanning 

transmission electron microscope 79; using spherical aberration corrected HRTEM, direct 

observation of oxygen atoms in rutile TiO2 was reported by Yoshida in 2006. 9 Various 

system of catalyst including Ag/SiO2 and Au/FeOx were also studied using aberration-

corrected microscopes by different groups of research scientists.80 64 81,81,82 

With the development of advanced technology and improved accessories in AEM, 

more and more original and informative works were undertaken for example using 

specialty heating stages to study temperature treatment to the catalyst material (2009) 83,84 

and electron tomography. In addition, 4-dimensional electron tomography (Kwon, 2010) 

provided additional insight in catalyst research by adding time series so that mechanical 



PhD Thesis, Feihong Nan  Materials Science and Engineering 2015 

24 

motion of catalysts, morphological dynamics could be monitored. 85 Similarly, tracking of 

the controlled growth of nanoparticles from solution was also achieved using in-situ 

Liquid Transmission Electron Microscopy which was first reported by Evans in 2011. 86 

Furthermore, Scott reported a method of advanced electron tomography with improved 

resolution of 2.4-ångström in 2012 for providing more details in 3-dimension 87; 

visualizing gas molecules interacting with supported nanoparticulate catalysts at reaction 

conditions become possible through the demonstration of Yoshida 2012. 88 
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Figure 3-1 Timeline of the historical development of analytical electron microcopy techniques 

Seeing through the historical development of the AEM techniques, the earlier work 

began with obtaining electron micrograph of the catalyst particles. Nowadays AEM has a 

wide range of applications, especially on catalysts related research works. These works 

demonstrate the capabilities of the AEM in the characterization of probing catalyst at 

atomic resolution, the determination of the chemical distributions, the observation of the 

local information in 3D and tracking the variation of the electronic structure and etc..  
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3.2  HR(S)TEM imaging 
As shown in Figure 3-2, when a high-energy incident electron beam interacts with a 

sample, a lot of signals are emitted resulting from both elastically and inelastically 

scattering electrons, characteristic X-rays, secondary electrons and back-scattered 

electrons. All these signals can be used for structural and chemical characterizations of 

catalyst materials. 89 

 

Figure 3-2 Schematic of the signals generated from elastically and inelastically scattered electrons during the 

electron beam–sample interactions  

One of the most important capabilities of a TEM is electron diffraction. According to 

Bragg’s law, crystals diffract electrons and the resulting diffraction pattern maybe 

regarded as the Fourier Transform (FT) of the real-space structure and it is found in the 
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back-focal plane of the objective lens. Therefore an inverse FT of the information in the 

back-focal plane of the objective lens forms the image. If only the diffracted beam 

corresponding to the incident electron beam direction is included in the objective 

aperture, a bright-field (BF) image is formed. The contrast of a BF image arises as a 

consequence of differences in electron intensities scattered into Bragg reflections from 

different areas of TEM sample. On the other hand, if the objective aperture only includes 

scattered electrons, a dark-field (DF) image is obtained.  

The contrast of conventional BF and DF images is affected by the changes in 

specimen thickness, orientation or defocus due to the coherent nature of low-angle 

scattered electrons. However, high angle scattering is predominantly incoherent, and 

STEM images formed using a scanned focused probe, together with a high-angle annular 

dark field (HAADF) detector, do not suffer the contrast changes associated with 

coherent scattering. In simple terms, high angle scattering is brought about by the 

interaction of the electron beam with the atom nucleus, and are approximately 

proportional to the square of the atomic number, Z2. This sensitivity to composition 

together with the incoherence of the scattering process enables small heavy particles to be 

highly visible within a matrix or support. 90 
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Figure 3-3 Schematic diagram of a scanning transmission electron microscope (STEM), showing the position of 

bright-field (BF) and high-angle annular dark-field (HAADF) detectors. As the probe is scanned across the specimen, 

the high collection angle (greater than 40 mrad) of the HAADF detector records a signal dominated by incoherent, 

thermal diffuse scattering. This intensity is insensitive to probe defocus, and the coherent Bragg (diffraction) contrast 

characteristic of conventional transmission electron microscopy . Image courtesy of  Midgley  90 

3.2.1 High resolution TEM application in conventional Pt catalyst analysis 
Most applications of electron microscopy to catalysis take advantage of high-

resolution transmission TEM (HRTEM) instruments, which offer the direct structural 

analysis at atomic level. In HRTEM, the determination of chemical compositions of 

catalysts to the sub-nanometer level is achieved with energy dispersive X-ray 
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spectroscopy, which can be used for the investigations for both the surface and bulk 

structures of catalysts 89.  

Furthermore, combined with digital image processing and simulation, quantitative 

analysis of HRTEM images can contribute to the understanding of performance-critical 

structural aspects of conventional fuel cell catalyst based on Pt materials (Figure 3-4).91 

For example, expansion of the lattice parameter,91 unique shape of face-selective Pt 

catalysts, atomic structures of surface monatomic steps on industrial Pt nanoparticles, and 

evolution of the particle sizes (Figure 3-6), 92 can be resolved and tracked by HRTEM. 

 

Figure 3-4 Experimental micrograph of the particle and map of the elastic strain component. Image courtesy of 

Du91 
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Figure 3-5 Size-dependent particle morphology is proposed as an explanation for the observed bimodal particle 

size distribution shape. Image courtesy of Jensen  92 

 

Figure 3-6 Surface defects on carbon supported Pt nanoparticles. The edges of nanoparticles can significantly 

alter the atomic positions of monatomic steps in their proximity, which can lead to substantial deviations in the 

catalytic properties compared with the extended surfaces. Image courtesy of Jensen  92 
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3.2.2 HRTEM imaging of Bi-metallic catalyst 
The field of multi metallic catalyst has become a central topic since 1950s when it was 

demonstrated that adding a second metal to Pt can significantly change catalytic 

properties of the nanoparticles as well as open the way for more advanced catalysts layers. 

In particular, the case of Pt is essential due to its highly active catalytic property in many 

important reactions related to fuel cells.  Volcano plots shown in Figure 3-7 presented the 

electrocatalytic trends on pure metals as well as Pt3M (M=Ni, Co, Fe, Ti, V) surfaces 

between the experimentally determined surface electronic structure (the d-band centre) 

and activity for oxygen-reduction reaction, where the maximum catalytic activity is 

governed by a balance between adsorption energies of reactive intermediates and surface 

coverage by spectator (blocking) species.93 94 

  

Figure 3-7 Trends of pure metals in oxygen reduction activity plotted as a function of the oxygen binding energy (left) 

and  Trends on on Pt3M (M=Ni, Co, Fe, Ti, V) surfaces between the experimentally determined surface electronic 
structure (the d-band centre) and activity for oxygen-reduction reaction (right). Image courtesy of Norskov and 

Stamenkovic 93,94 
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Using quantitative aberration corrected TEM, combined with other characterization 

methodologies, including EDX and XRD, alloy catalytic nanoparticles with reduced Pt 

loading can be investigated down to the atomic scale, furthermore atomic displacement 

can be measured and provide quantitative evidence of surface relaxation.  Figure 3-8 and 

Figure 3-9 presented PtFe catalyst with reduced usage of Pt, one of promising cost-

effective fuel cell catalysts comparing with commercial Pt catalyst. HAADF observations 

indicated that the nanoparticle possess platinum rich surface and iron ordering starts 2 to 

3 atomic layers below it. The observed structure is expected to lead to the optimization of 

platinum usage and active surface sites. Furthermore, there were research reports 

proposing that Pt enriched surface on top of an alloy structure will be beneficial to ORR 

activity. 95 Quantitative measurements presented in Figure 3-9, where the variation of the 

interatomic distances suggested majority of the atoms expanded at surface layers whereas 

a few atomic columns are compressed inwards, leading to high possibility of impact on 

catalytic activity. 95 Individual atoms, 3D structure of bimetallic nanoclusters and changes 

in the positions of metal atoms in sequential images can also be resolved and identified 

using high resolution scanning transmission electron microscopy (Z-contrast), as shown 

in Figure 3-10 leading to the development of new and improved catalysts and other 

functional nanostructures 96 
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Figure 3-8 STEM HAADF image, multi-slice simulation and crystal models, image courtesy of Chan1 

 

Figure 3-9 Atomic displacement calculations of the Pt3Fe surface, green and red crosses are the atomic local 

maximum and the extrapolated references respectively, image courtesy of Chan 95 
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Figure 3-10 Sequentially taken STEM Z-contrast images and intensity surface plot of a rhodium–iridium cluster, 

image courtesy of Ortalan 96  

3.3  EELS/EDXS 
HRTEM and HAADF STEM imaging provide the necessary the morphological 

information of the catalyst nanoparticles, such as energy favorable facets, strain, the 

combination of these approaches with Electron Energy Loss Spectroscopy and Energy 

Dispersive X-ray Spectroscopy (EELS and EDXS) provides further chemical information 

on the chemical nature of the samples and ultimately any possible interaction between the 

catalysts and supports. 
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Figure 3-11 Schematic Diagram of the collection of EELS spectrum, image courtesy of  Williams and Carter 97 

 

Figure 3-12 Schematic diagram of EELS spectrum, image courtesy of Hawkes 98 
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The signal in EELS is obtained when a high-energy electron beam (100 to 1000keV) 

passes through a thin film with the thickness of 10 to 100nm, and the energy distribution 

of the transmitted electrons is recorded with an energy analyser. The spectrum generated 

from the sample under analysis contains two types of signals (Figure 3-12). First and 

most useful for the chemical analysis are the core ionization edges that allow the 

identification of the atoms that are ionized and, through the edge fine structure shape, 

the chemical state information on the valence and coordination.  Second, at lower energy 

losses (0-100eV) valence band spectra may be also obtained, presenting useful 

information regarding local dielectric response of the solid. Typical conventional 

TEM/EELS systems possess, at best, an energy resolution of 0.6eV even with a field 

emission gun (Schottky emitter). Such energy resolution limits the amount of information 

that can be obtained from the fine structure of the ionization edges. With the recent 

developments and introduction of commercial (S)TEM/EELS microscopes equipped 

with monochromators, significant improvements in energy resolution were made and a 

resolution of about 0.2eV was typically obtained, leading to more opportunities for 

understanding the fine structure.99  

While HRSTEM is widely applied to reveal the morphology profiles of complex 

structures of the catalyst support, EELS analyses provide the possibility to confirm 

changes in the oxidation state of atoms, such as the change in the valence of ceria in the 

vicinity of Pt nanoparticles that are present at different depth in the valleys.100 EELS 
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maps provide useful information to deduce the elemental distribution in a thin film of 

complex oxides at the unit cell level and the changes in the near-edge structure within the 

inequivalent regions in the crystalline unit cell.101 Valence state and site geometry of Ti 

L3, 2 and O K of different phases of TixOy can also be probed by using EELS.102 

For example, the combination of Z contrast imaging and EELS, has been used to reveal 

the variations of catalyst particles (Pt) and their tendency to nucleate on the certain 

phases, indicate that the selective growth of Pt on rutile must be controlled by the lower 

formation energy on rutile because of the strong tendency to nucleate on the rutile phase 

of TiO2 rather than on anatase. 43 Evidence of a strong interaction between the Pt 

particles and the support is found to be dependent on the Pt cluster size, being manifested 

either as an encapsulation of the Pt particles by the support or a distortion of the structure 

of the Pt particles. 44 

With development of EELS spectrum imaging in STEM, this technique can be used 

to map, at the atomic level, the composition of atomic columns and the valence of atoms 

at defects, interfaces, and surfaces. Recent applications of this technique are provided as 

examples showing the potential of the method for materials research. 103 For beam 

sensitive catalyst nanoparticles, Braidy’s work demonstrated the design of analytical TEM 

measurements of beam-sensitive nanoparticles, probing composition variation/evolution, 

especially at relatively lower accelerating voltage. 104,105 In-situ heating experiments along 
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with EELS spectrum imaging offer a promising way to investigate the dynamic 

redispersion of elements during a catalyst’s calcination and reduction, and characterize the 

occurrence of SMSI at the nano-scale. 106 

 

 

Figure 3-13 Elemental mapping at atomic scale using AEM approach combing spectrum imaging technique, 

image courtesy of   Botton 105 

3.4 Tomography 
Metallic nanoparticles or bi-metallic catalysts are currently of great interest, not only 

because of their high performance in a variety of energy conversion processes, but also 
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because of their structural and electronic properties. It is desirable to develop tomographic 

techniques in order to obtain more information of the complex structure of the catalyst. 

In nanotomography, projections of the object are recorded from different directions and 

then merged into a three-dimensional reconstruction, which is also called tomogram. 

Nowadays, the most useful modes for nanotomography are HAADF STEM 

tomography.  

In general, many catalyts consist of heavy (high-Z) atoms such as platinum, palladium 

or alloys and bimetallic variants of these elements, supported on relatively low-Z, high-

area solids such as carbon, silica and some of the transition metal oxides or carbides. The 

small heavy catalyst particles are highly visible within the support material by applying the 

technique of high-angle annular dark-field HAADF STEM imaging. Furthermore, 

atomic spatial resolution and precise composition of individual particles are attainable in 

modern aberration-corrected and monochromated STEM instruments for HAADF 

STEM tomography. 107 108  
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Figure 3-14 Voxel projection of a tomographic reconstruction of a heterogeneous catalyst composed of Pt/Ru 

nanoparticles (red) within an MCM-41 mesoporous silica (white), image courtesy of   Weyland 108 

The reactivity of the catalyst is highly dependent on the active surface areas; the most 

efficient catalyst often possessed the most complex morphology. Rough surface, pores and 

regular channels are all common approaches to increase the active surface area.108-111 Such 

dense and packed structure make the characterization challenging for conventional TEM 

since the 2-dimensional projections cannot fully resolve the true structure of the 

catalysts.89 As a result, electron tomography providing 3-dimensional morphological 
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information has been developed in order to fully present the detailed structure of the 

materials under investigation. In order to reduce the effects due to the non-monotonic 

intensity variation of images with orientation of the sample and radiation damage 

inherent with conventional bright-field tomography, the HAADF STEM tomography 

technique was developed and applied for acquisition of the tomogram. This is due to the 

fact that the HAADF STEM signal varies monotonically with atomic number and 

specimen thickness and is also independent of diffraction effects which give rise to the 

strong variations of scattering intensity when the sample is close to Bragg diffraction 

conditions. Nanotomography is widely used in the fields of chemical, biological and 

materials sciences, especially nowadays. This technique has become an essential tool for 

probing 3D structure of heterogeneous catalysts at the nanometer scale. 64,112,113 

3.4.1 Development of Electron Tomography 
An excellent example of the use of nanotomography in catalysis is shown in Figure 3-15. 

The center panel of the top three images shows the surface-rendered visualization of the 

reconstructed density of an Au/SBA-15 model catalyst particle (∼ 256 nm × 256 nm × 

166 nm). 3D reconstructions like these can be utilized to determine the 3D shape, 

volume, connectivity and location of pores inside a support material. Moreover, the size 

and location of Au particles inside the material can be seen unambiguously (left: virtual 

cross-section—thickness 0.64 nm—through the reconstruction, right: surface rendering 

of gold particles—size 8 nm) and subjected to statistical evaluation. This kind of 
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information could not be gained from a single transmission electron micrograph only (due 

to overlap of structures in projection). The slices at the bottom display three of the 151 

electron microscopy projection images that were used to calculate the volume. The two-

sided arrows indicate the reversible process of projection and back projection. 77 

 

 

Figure 3-15 Electron Tomography reconstruction for Au/SBA-15 model catalyst particle, image courtesy of  

Ziese 77 

A strong advantage of electron tomography is that it enables the investigation of truly 

unique structures instead of averaging the information from the materials. Therefore, the 

technique allows the visualization of the distribution of active metal particles in the 
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catalysts in three dimensions. Moreover, it can be complementary to other macroscopic 

methods like nitrogen physisorption in order to investigate the relationship between 

microscopic structure and bulk characteristics (between form and function) of 

heterogeneous catalysts. The resolution of this method is affected by the level of signal to 

noise in the projection images (tilt series).  

The resolution limits for electron tomography have been demonstrated in recent work.114 

By combining a novel projection alignment and tomographic reconstruction method with 

STEM, 3D structure of an approximately 10nm Au NP is probed at 2.4 Å resolution as 

shown in Figure 3-16.  

 

Figure 3-16 3D structure of the reconstructed gold nanoparticle, image courtesy of  Scott 114 
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3.4.2 The projection requirement  
In general, projection requirement procedure is identified as usable image intensity, 

which has to be a monotonic function of a projected physical quantity for tomographic 

reconstruction to obtain structural information in three dimensions, especially for 

catalysts with complicated structure, for example, the mesoporous structures. In electron 

microscopy, only some of contrast mechanisms obey the projection requirement. For 

amorphous materials, such as many biological and polymer structures, the contrast in 

conventional bright-field (BF) TEM images arises from changes in specimen density or 

thickness and is suitable for tomography. For many crystalline materials, in general, there 

is no simple relationship between the image intensity and the physical properties of the 

specimen due to the strong Bragg scattering at particular orientations. 90,111 

3.4.3 Acquisition and Alignment  
The quality of a tomographic reconstruction will improve as the number of images 

used increases. However, the number of images, which can be recorded in the electron 

microscope, is limited for two practical reasons. The first is that many samples will be 

beam sensitive and thus the extended exposure to the beam during the course of the tilt 

series acquisition will lead to sample damage. The second is that, unlike many other 

tomography methods, electron tomography is undertaken in an instrument with a highly 

restricted working space and in general it is impossible to tilt beyond a certain maximum 

angle, either because of the narrow pole-piece gap of the objective lens or because the 
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specimen (if slab-like in morphology) becomes too thick; for example, the projected 

thickness at 70o tilt is three times that at zero tilt. To overcome the restricted tilt range, 

one solution is to prepare a fine ‘needle’ or ‘pillar’ specimen and to tilt the specimen about 

its own axis which allows complete 360o tilt of the specimen without shadowing and 

without a significant increase in projected thickness. 108 

 

Figure 3-17 schematic plot in Fourier space, illustrating the extent of experimental data available after the 

acquisition of a series of images taken at a range of tilt angles, image courtesy of Weyland. 108 

3.4.4 Reconstruction 
The key to high quality tomographic reconstructions is a very well-aligned data set. 

One of two approaches is normally used: (i) tracking fiducial markers and (ii) cross-

correlation. The fiducial technique determines both spatial alignment and the direction of 

the tilt axis, plus any secondary distortions caused by optical effects. Cross-correlation 

alignment makes use of the information in the whole image (rather than a few selected 
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points in the fiducial technique) and makes no assumptions about the shape of the 

support film. It also avoids possible reconstruction problems associated with high contrast 

objects, such as colloidal gold, which can mask details in the reconstruction. However, 

cross-correlation alignment does not automatically determine the tilt axis direction and 

this has to be achieved independently.  
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Chapter 4. Catalysts with novel structures 

4.1 Introduction 
For a typical PEMFC, the hydrogen fuel (mainly comes from steam reforming of 

hydrocarbons) is oxidized at the anode catalyst layer to release electrons and protons, and 

oxygen (from air) is reduced at the cathode catalyst layer by accepting the incoming 

electrons and the protons from the anode to produce power through the external load, 

and at the same time to produce water and heat as well. As we have seen in the earlier 

chapters, the most practical catalysts in current PEMFC technology are Pt-based catalysts 

for both anode hydrogen oxidation reaction (HOR) and cathode oxygen reduction 

reaction (ORR). However, it is well known that reformed hydrogen contains significant 

amount of impurities such as CO and CO2, which, in particular for CO, could be easily 

adsorbed on Pt particle surface and poison the anode catalyst layer, leading to significant 

fuel cell performance degradation even in the presence of as low as 25 ppm CO 

concentration. Such poisoning effect results from the attachment of a CO molecule onto 

the catalyst surface, thereby reducing the surface available for hydrogen reactions. Such 

strong binding has been explained by electron donation from the 5σ carbon monoxide 

orbital to metal, and subsequent transfer of two electrons from the d metal atomic orbital 

to the antibinding 2π* CO orbital. This electron transfer is known as back-donation. 



PhD Thesis, Feihong Nan  Materials Science and Engineering 2015 

50 

Therefore, developing novel anode catalysts with improved CO tolerance has been 

becoming one of the important tasks in PEM fuel cell development and 

commercialization. In recent years, bimetallic heterogeneous catalyst such as carbon-

supported Pt–Ru alloy catalysts have been widely explored due to their improved CO 

tolerance capability. In particular, Pt-based core–shell structured catalysts with Ru as the 

core and Pt as the shell (Ru@Pt) show enhanced CO oxidation activity when compared 

to PtRu alloy and monometallic Pt and Ru nanoparticle catalysts. Recent studies revealed 

that preferential oxidation of the adsorbed CO on the Pt surface could be achieved 

through carbon-supported Ru@Pt catalysts, resulting in quick release of active sites 

occupied by CO, leading to an improved hydrogen oxidation reaction in the presence of 

CO in the fuel feed stream. 115  

In this chapter, we thus focus on reporting on two different systems. First of all on 

PtRu for improved CO tolerance, and then PtRu/mixed titanium oxides. After a 

summary of the synthesis procedures (section 4.2.1) and specific experimental details 

related to this work (section 4.2.2), I present the results of experimental characterization 

of the material and discussions on the relevance in terms of catalytic properties (section 

4.3) followed by a general conclusion (section 4.4).  
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4.2 Experimental  section 

4.2.1 Synthesis of PtRu electrocatalyst 
In order to synthesize Pt–Ru catalyst supported on carbon, Institute of Fuel Cell 

Innovation (IFCI) collaborators first reduced ruthenium (III) acetylacetonate (97% 

Ru(acac)3, Sigma–Aldrich) in tetra (ethylene glycol) solution (99% t-EG, Sigma–

Aldrich) in a microwave oven. Platinum (II) chloride (≥99.99% PtCl2, Sigma–Aldrich) 

and carbon black (Vulcan-XC-72R) were then added into the solution while keeping 

constant stirring overnight for forming a slurry mixture, which was then further reduced 

in the microwave oven. In order to separate the catalyst particles from the solvent, 

treatment through high-speed centrifuge (Thermo Scientific Sorvall Legend RT+ 

Centrifuge, Sorvall) was applied, followed by ethanol rinse by several times to remove 

solvent residues on the catalyst particles. After dried in the oven overnight at 100 ◦C, the 

final product was ground in a mortar into powder for physical and electrochemical 

characterization.  

For synthesizing Ti4O7 supported PtRu catalysts, IFCI scientists developed a two-

step pyrolysis and microwave irradiation method. The first step was to co-reduce the 

mixture of ruthenium precursor and TiO2 in a H2 reducing atmosphere under heat-

treatment, and the second step was to create a shell of platinum via the microwave 

irradiation.  
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4.2.2 Catalyst material characterization using instrument methods 
The structure and phase analysis of PtRu/C catalysts obtained above were conducted 

via XRD (D8 ADVANCE X-ray diffractometer, Bruker Axs, Inc.) with Cu Ka1 

radiation. The XRD pattern was recorded between 20◦ and 90◦ with a scan speed of 0.1 

s/step and increment of 0.02◦ per step at current and voltage of 40 mA and 40 kV, 

respectively. The morphology and particle size of the catalyst were analyzed using a 

transmission electron microscope (Tecnai G2-F20 High-Resolution TEM), and the 

composition qualitative analysis was conducted by EDX (Link Isis System, Oxford, 

Hitachi S-3500N).  

For a more detailed analysis of the catalyst structure and composition distribution over 

larger sample areas as well as for individual particle measurements, analytical 

measurements were conducted by EDX combined with STEM in an aberration corrected 

microscope (FEI Titan 80–300 cubed) equipped with a high-brightness electron source 

capable of achieving sub 0.1 nm probe size and a high-angle annular dark-field detector 

(HAADF) for “atomic number” contrast imaging. Quantitative analysis of the STEM 

HAADF images is obtained using the ImageJ software from NIST, including the 

identification of the local maxima of the atomic column and then further conduct the 

measurement of the lattice spacing deviation and the lattice strain.  
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The extended X-ray absorption fine structure (EXAFS) technique was also employed 

as a short-range probe of structure for PtRu/C catalyst, providing information on local 

correlations around the absorbing atom. In this respect, a series of EXAFS measurements 

of the synthesized samples were made using synchrotron radiation at room temperature. 

The measurements were made at the Pt L3 edge (11,564 eV) and the Ru K edge (22,117 

eV) and analyzed simultaneously. 

4.3 Results  and discussions 
In this section we report two sets of results and discussions related to novel catalysts 

for improved CO tolerance.   

4.3.1 A novel CO-tolerant PtRu core–shell structured electrocatalyst with Ru 

rich in core and Pt rich in shell for HOR and its implication in PEMFC 
In the current study, a detailed structural characterization is conducted using 

advanced analytical transmission electron microscopy together with a detailed elemental 

analysis. The synthesis of the Pt-Ru catalyst is achieved using microwave method, which 

is considered one of the effective approaches for easy and quick synthesis of catalysts with 

homogeneous particle size distribution.14  

There has been work with our collaborators from Institute of Fuel Cell Innovation 

(IFCI), to investigate the CO tolerance of the in house-prepared 20-wt% PtRu/C 

catalyst. H2 containing various CO concentrations (10, 50, 100, 300, and 500 ppm CO) 
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was applied as anode feed gas. As the concentration of CO is increased in the H2 stream, 

the performance is decreased since more CO occupied the active sites on pure commercial 

Pt particles, leading to higher CO saturation coverage as well as increased overpotential 

which has to be overcome. However, when the in-house prepared PtRu/C catalyst is 

used, the overpotential is lower compared to that of both commercial Pt/C and PtRu 

catalysts in various CO concentrations at the same CO feed concentration, leading to 

higher CO tolerance, as shown in Table 4-1. 

Table 4-1 Overpotentials obtained from commercial available catalyst and in-house developed catalyst for various 

CO concentrations 

 

IFCI collaborators conducted XRD analysis over in-house developed PtRu/C catalyst 

and commercially available electrocatalysts to obtain the preliminary structure 

information. As shown in Figure 4-1, (a) and (b) respectively presents the XRD spectra of 

commercially available 20-wt% Pt and PtRu alloy supported on carbon, the diffractogram 

of in-house synthesized 20-wt% PtRu deposited on carbon by the microwave irradiation 

method is shown in Figure 4-1 (c). Standard (1 1 1), (2 0 0), (2 2 0), and (3 1 1) 
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reflections for pure Pt were observed from different samples including commercially 

available ones and in-house prepared PtRu catalyst, indicating single phase face-centered 

cubic (FCC) crystalline structure existed in these samples. Diffraction peaks of 

commercially available PtRu alloy catalyst are shifted to higher angle while comparing 

with pure Pt catalyst, indicating the lattice contraction due to the formation of alloying of 

Ru with Pt. However, without obvious peak shift, the diffraction peaks of the in-house 

synthesized PtRu/C catalysts show the same diffraction peak positions as those of 

commercially available Pt/C catalyst as shown in Figure 4-1 (C), indicating that in-

housed prepared PtRu/C catalysts are not in the same alloy state as in commercially 

available PtRu alloy catalyst. Ru peaks were not identified due to the broadening effect. 115 

 

Figure 4-1 XRD analysis results over the samples of: (a) commercially available 20wt% Pt supported on carbon; 

(b) commercially available 20wt% PtRu supported on carbon; (c) in-house prepared PtRu supported on carbon. Image 

courtesy of Lei Zhang 115 
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EXAFS analyses were also conducted by IFCI collaborators to obtain further insight 

on the local structure of the catalyst nanoparticles. Figure 4-2 presents the Fourier 

transform of the EXAFS oscillations of Pt L3-edge for the PtRu/C catalyst and 

corresponding Pt reference spectrum. The peak position of in-house prepared PtRu/C 

catalyst is located at a lower distance range than that of the pure Pt reference foil. These 

results  indicate the possibility of Ru atom existing within the first coordination shell. In 

terms of Ru atoms environment, the Fourier transform of the EXAFS oscillations of 

PtRu/C showed a strong peak at ∼2.4 Å (corresponds to single scattering by Ru–Ru 

atoms) with a shoulder at ∼2.1 Å (assigned to single scattering by Ru-Pt), indicating 

some Ru atoms diffused into the Pt shell, and vice versa. 
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Figure 4-2 Fourier Transforms of EXAFS of PtRu/C catalyst and corresponding reference spectra (top: Pt 

reference, Bottom: Ru reference). Image courtesy of Lei Zhang 115 
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To further characterize these nanostructures, STEM HAADF imaging and EDX 

mapping over individual particle as well as larger sample area were carried out in order to 

probe the local composition variation within catalyst particles. As shown in Figure 4-3, 

STEM HAADF characterization along with EDX elemental analysis is conducted over 

the PtRu supported on carbon black sample. It was found that catalyst nanoparticles 

produced through the microwave synthesis process exhibit a structure where the Pt and 

Ru concentration varies within the particle. HAADF images (Figure 4-3B ) show that 

the shell is generally brighter than the core, suggesting higher atomic number atoms are 

located on the shell of the nanoparticles. EDXS mapping was also performed over 

individual nanoparticles. Elemental analysis results also indicate that Pt and Ru 

distribution varies from shell to core. 

Results shown in Figure 4-3C indicate the variation of Ru and Pt from shell to the 

core area with a Ru L peak stronger in the centre, relative to the Pt L peak. Furthermore, 

for a typical PtRu nanoparticle supported on carbon, it appears clearly that Ru is mainly 

distributed in the core area, while Pt distributed in both areas but with higher 

concentration in the shell. 
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Figure 4-3 Above figures show STEM HAADF (A and B) as well as EDX results (C) which were taken from the 

sample of RuPt supported by carbon. Characterization results indicate catalyst nanoparticles with core-shell structure 

were successfully synthesized. According to the elemental analysis results, it is also obvious that the Pt/Ru ratio varies 

from shell to core ad the Ru peak is stronger in the core (area 2) than the shell (area 1, 3). 

EDX mapping was also performed over individual nanoparticles with the maps shown 

in Figure 4-4 and Figure 4-5 indicating the relative distribution of Ru and Pt from shell 

to the core area even if the maps are relatively noisy since the extent of the distribution of 

intensities in the Pt map is larger than the distribution of Ru. For a typical RuPt 

nanoparticle supported on carbon, it therefore appears that Ru is mainly distributed in the 

core area, while Pt distributed in both areas but with higher fraction in the shell, which is 

consistent with nanoparticles has a Pt-rich. Since the electrons in the sample are 

transmitted through the sample, scattering through the top and bottom surfaces as well as 
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the core of the particle when the electron beam is placed in the center of the particle, Pt 

signal from the top and bottom surfaces is also detected.  

 

Figure 4-4 EDX mapping over typical RuPt nanoparticle, Ru is mainly distributed in the core area, while Pt 

distributed in both areas but with higher ratio in the shell, 

 

Figure 4-5 EDX mapping over the RuPt nanoparticle with triangle shape (possibly because viewing at different 

direction) 

EDXS mapping and HAADF imaging results presents a very clear evidence that 

nanoparticle with a Ru rich core and Pt rich shell were successfully obtained from the 

synthesis route. STEM HAADF observation and EDXS point analysis and mapping is 
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consistent with EXAFS results above and provides further evidence in terms of elemental 

distribution within the nanoparticle catalyst. EXAFS indicates the possibility of the 

decrease of the interatomic distance change of Pt-Pt comparing with pure Pt reference, 

STEM HAADF observation not only further confirmed the estimation from earlier 

EXAFS results, but also identify the direction and location. EDX results provides further 

evidence that, the shell is not pure Pt shell but Pt rich, which indicates the possibility of 

PtRu formation within the shell which might be the cause of decreasing of the 

interatomic distance. As a result, we can see that PtRu/C catalysts in the current study 

have a structure of a Ru-rich core and a Pt-rich shell. From the Ru@Pt nanoparticle 

center to its surface, the Pt density is gradually increased and the Ru density is gradually 

decreased. This is the major difference of this PtRu/C core–shell structured nanoparticle 

from that of traditional Ru–Pt core shell structure, where the core is fully consisting of 

Ru, and the shell is composed of 1–2 monolayers of Pt. Furthermore, measurement of the 

interatomic spacing indicate that there is compressive strain existing within the shell of 

the particle along <111> direction, the measured spacing is 2.14Å, comparing that of 

2.265Å (111) of the pure Platinum bulk samples (Wyckoff , Crystal Structures (1963), 1, 

7).  

We can understand the relevance of these observations in terms of catalytic activity 

and the increase CO tolerance. Zhang et al, suggested that, since the Ru metal is 

confined inside a Pt shell, the conventional bi-functional mechanism (where both alloy 
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components are present on the surface) may not be applied to explain this increased CO 

removal. 115 We have therefore to use different theory to identify the mechanism in the 

current Ru@Pt catalyst system. Using Density Functional Theory-DFT, Alayoglu 116 

proposed that in common bimetallic catalysts systems, both alloy components are present 

on the surface, the more oxophilic metal acts as an oxygen activator to form surface OH, 

which facilitates the oxidation of the CO adsorbed on neighbouring, less oxophilic metal 

centres. In contrast, Pt monolayers on base metals or bimetallics, known as near-surface 

alloys (NSAs), possess the high activity of pure Pt for H2 activation kinetics, whereas at 

the same bind adsorbates (for example, CO) much weaker than pure Pt. Furthermore, the 

core–shell architecture observed in the current study where only one type of atom is 

mainly present on the surface, and thus involves a combination of ‘ligand’ and surface 

strain effects. We have also observed a compression of the PtPt bond distances. Based on 

Strasser’s study, it was also suggested that the compression in the shell modifies the d-

band structure of the Pt atoms, and thereby weakens the adsorption energy of reactive 

intermediates compared to unstrained Pt and results in an increase in the catalytic 

reactivity. 117 
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4.3.2 Ti4O7 supported Ru@Pt core-shell catalyst for CO-tolerance in PEM 
fuel cell hydrogen oxidation reaction  
In parallel to the CO-tolerance research as presented earlier in this chapter, great 

efforts have been also made in recent years with respect to the development of non-

carbon supported Pt and Pt alloy catalysts. It is well known that corrosion and collapse of 

the conventional carbon support leads to particle agglomeration, resulting further 

degradation of the catalyst and negative impact of the fuel cell performance. 

Therefore, further and continuous work based on previous study on Ru@Pt/C core–

shell catalyst is conducted, exploring the variation of CO-tolerance by using novel oxide 

supported Ru@Pt core–shell catalyst. Experimental work on synthesis and 

electrochemical data shown that these materials exhibit improved CO tolerance 

comparing with carbon supported Ru@Pt catalyst. 118 Here, our goal is to study the 

detailed structure with advanced analytical electron microscopy to probe atomic-scale 

information in terms of particle size, elemental distribution and electronic structure, 

which significantly affects the catalytic activity of the catalyst layer. 

The overview of the sample at relative low magnification in STEM HAADF mode 

are shown in Figure 4-6 A and B. Based on the atomic contrast of the HAADF mode 

and thickness variations, we show that catalyst nanoparticles are uniformly distributed on 

the surface of the support. The particle size distribution is shown in Figure 4-6 C after 
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measuring over 200 particles. The average size of the catalyst nanoparticle is around 5.1 

nm, over 35% of the catalyst is ranging from 3nm to 4nm, which is close to average size 

of about 3.5nm for commercial ETEK Pt/C. 

 

 

Figure 4-6 A) and B): overviews of different areas from the sample in STEM HAADF mode (atomic number Z 

sensitive); C): catalyst nanoparticle size distribution 
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Elemental analysis was performed over the sample by using EDX measurement. EDX 

spectra of the corresponding areas (highlighted in 1 and 2 in Figure 4-7A) are shown in 

Figure 4-7 B, respectively, spectrum 1 and 2. It is observed that Ti, O, Pt, and Ru were 

detected from the sample. Cu signal is from the TEM grid. 
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Figure 4-7 A): STEM HAADF image of the sample; and B): EDX spectra of the highlighted areas in A) 

High-resolution observations Figure 4-8 (B and D) in STEM HAADF mode were 

conducted to the areas highlighted in white square in Figure 4-8 A and C, indicating that 

the catalyst nanoparticles possessed a core-shell structure, Pt rich in shell and Ru rich in 
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core. The thickness of the Pt rich shell is approximately from 0.6 nm to 1.3 nm, which is 

about 10 to 20% of the diameter of the nanoparticles presented in Figure 4-8 B and D. 

     

     

Figure 4-8 A) and C): STEM HAADF images of the catalyst sample at relatively low magnification; B) and D): 

high resolution micrographs in STEM HAADF mode of the highlighted square areas in A and C, presenting the 

nanoparticles with core-shell structure. 
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The elemental distribution of the individual nanoparticles with core-shell structure 

was further confirmed using EELS mapping as shown in Figure 4-9. Figure 4-9 A 

presents a typical nanoparticle with core-shell structure with a dimension about 20nm, 

which appears to overlap with a few smaller nanoparticles adjacent to its side. However, 

the shell of the large particle (highlighted by the green frame) is still visible. Ru and Pt 

maps of the corresponding area clearly demonstrate the variation of these two elements 

from the shell to core. The colour-coded composite map including signal from both Ru 

and Pt is shown in Figure 4-9 D, not only further confirming the core-shell structure but 

also indicates there is an area on the same particle with thinner or no Pt shell identified 

using white arrows. This thinner or lack of continuous Pt shell suggests some epitaxial 

effects with the Pt only covering most facets of the particles but not all.  
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Figure 4-9 A): HAADF imaging of the area where further EELS mapping within the area framed by green line is 

carried out; B) and C) Ru and Pt maps respectively; D)  composite maps including signal from both Ru  (red) and Pt 

(green) . 

More EELS mapping observations were carried out to study particles with different 

sizes, in order to probe Pt and Ru distribution variations. It is observed that the particle 

larger than 10nm, possess a relatively complete Pt shell as shown in Figure 4-10 and 
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Figure 4-11, while the core area is typically Ru rich as presented in Figure 4-12. The 

particles with smaller size, about 10nm, have an incomplete Pt shell (Figure 4-13).  
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Figure 4-10 EELS maps of a typical nanoparticle with core-shell structure with a dimension about 25nm, 

overlapped with a few smaller nanoparticles 
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Figure 4-11 EELS maps of a typical nanoparticle with core-shell structure with a dimension over 20nm. It seemed 

that most of the very small particles surrounding the large one are only Pt. 
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Figure 4-12 EELS maps of the highlighted area of the same particle presented in figure 4-11, indicating the Pt 

rich shell and Ru rich core of the selected area. 

The measurement of surface atomic displacement is possible with the atomically 

resolved HAADF image shown in Figure 4-13. This result demonstrates a change of the 

interlayer distance at the surface compared to the bulk platinum. Prior to the calculation, 

the image is filtered by using bandpass filter in ImageJ to reduce the noise. The local 

positions of the maxima are then identified within ImageJ scripts to locate the column 

centers in Figure 4-13B. Lastly, the local maxima of the Ru core are used as a reference to 
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extrapolate the locations of the atoms and the determination of the local maxima allows 

the determination of the inter-atomic distances in the [111] direction. 

To understand the consequence of these measurement, we need discuss the three 

fundamental effects in bimetallic catalysis: ensemble, ligand and geometric. Ensemble 

effects are caused by dissimilar surface atoms taking on distinct mechanistic 

functionalities. Ligand effects are related to the adjacent dissimilar surface metal atoms 

which induce electronic charge transfer between the atoms and affects their electronic 

band structure. Geometric effects are differences in reactivity based on the atomic 

arrangement of surface atoms and may include compressed or expanded arrangements of 

surface atoms (surface strain), which is the case presented in Figure 4-13.  
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Figure 4-13 (A) STEM HAADF image of the PtRu particle with the size about 10nm (B): image filter was 

applied to the highlighted area in (A) in order to reduce the noise, the Pt rich shell was labeled from layer 1 to layer 5; 

(C): intensity line profiles of 5 identified layers, which is used to calculate the average inter-atomic distance for each 
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layer; (D): experimental calculated lattice mismatch according to the measurement involved in (C); (E) illustration of 

the Pt single unit cell viewed from (111) orientation; (F) simulated HAADF image of (E) 

Given the core–shell nature of the catalyst particles, the lattice strain in the Pt shell is 

most relevant for surface catalysis. We assumed a Pt rich shell with lattice parameter ashell 

that surrounded a Ru rich core with lattice parameter acore. The interatomic distance in 

the projected image for shell, from Pt (111) zone axis, identified as dshell/Pt(111). The 

projected interatomic spacing for core area, from Ru (0001) zone axis, is identified as 

dcore/Ru(0001). The theoretical lattice mismatch, S(Pt), in the particle shell relative to particle 

core, is given by equation (1) 
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As shown in Figure 4-13 (D), the experimental measured lattice mismatch of the Pt 

shell is smaller than the theoretical value, which is due to the compressed interatomic 

distance of the top layers of the Pt rich shell. The actual local spacing between different 
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layers was measured as shown in Figure 13 (B). The spacing from the surface layer to the 

inner layer is 2.30Å (layer12), 2.33Å(layer23), 2.35Å(layer34), 2.25Å(layer45), respectively. 

Figure 4-13 (E) to (F) illustrates the calculation of the spacing of the bulk Pt (2.403Å). 

Figure 4-13 (E) presents the Pt single unit cell viewed from (111) orientation by using 

JEMS.   

The strain of the Pt shell (ε) is identified as the difference between the spacing 

between the bulk Pt (dPt,bulk) and the actual local measurement dPt , which is given by 

equation (2) as below: 

!!
! =

"#$ ""#$ "%&'(
"#$ "%&'(       (2) 

According to the measurement of the interatomic distance of the shell, we found that 

the lattice mismatch between the Pt rich shell and the Ru rich core causes a decreased Pt–

Pt interatomic distance and compressive strain within the Pt rich shell compared to pure 

bulk Pt. This induced compression of the lattice could affect significantly the reactivity 

and CO tolerance of the catalyst nanoparticle. The measurement of the interatomic 

distance is achieved by calculating the average interatomic distance from the top layer of 

the shell to the inner layer, identified as layer 1 to layer 5 as shown in Figure 4-13 B. 

Following equation (1), we calculated the experimental measured lattice mismatch S(Pt)m 
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in the particle shell relative to the core. The lattice strain is calculated following the 

equation (2) for the Pt rich shell of the catalyst particle (Figure 4-13 B) relative to the 

bulk Pt (Figure 4-13 E to F). Following equation (2), the lattice strain for the Pt shell is 

calculated, which is -4.3% (layer12), -2.9%(layer23), -1.9%(layer34), and -6.2%(layer45), 

respectively there the negative sign indicates a compression. The results indicate there is 

compression existed within the Pt rich shell.  

To gain insight into how the compression of the core-shell catalysts affects the 

catalytic surface reactivity, there were a number of studies conducted by several research 

groups. For example, the d-band model developed by Nørskov and his co-workers has 

successfully related the adsorption properties of rate-limiting intermediates in catalytic 

processes to the electronic structure of the catalyst. For simple adsorbates, such as the 

ORR intermediates O and OH, this can be understood in a simple electron-interaction 

model in which the adsorbate valence p-level forms bonding and antibonding states with 

the metal d-band. The population of any antibonding state leads to Pauli repulsion, and 

the bond strength is thereby weakened. A downward shift of the d-band pulls more of the 

antibonding states below the Fermi level, which results in increasing occupation and 

weaker adsorbate bondings.93 

Density functional theory studies from Alayoglu’s works suggest that the enhanced 

catalytic activity for the core–shell nanoparticle originates from an increased availability of 
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CO-free Pt surface sites on the Ru@Pt nanoparticles. In their studies, the Ru@Pt 

nanoparticles are modeled by a four-layer slab of Ru h.c.p. lattice, with a 2 × 2 surface 

unit cell exposing the {0001} facet. The top layer of Ru atoms is replaced with Pt atoms 

(Pt*/Ru(0001)). As shown in Table 4-1, the reactivity of the Pt (111) surface and 

Pt*/Ru(0001) surface were compared through the calculated binding energies of reaction 

intermediates and the activation energy barriers (Ea) for elementary reaction steps. The 

binding energies for various species were calculated following the proposed reaction 

mechanism presented in Table 4-1.  

In Alayoglu’s study, the Pt monolayer deposited on the Ru (0001) substrate was 

compressed compared with the lattice constant of pure Pt-bulk. It was suggested that this 

compression would tend to decrease the interaction strength of adsorbates on Pt surface 

atoms in Ru@Pt particles. Moreover, when compared with the Pt atoms in the top layer 

of a Pt(111) surface, the interaction of the Pt-monolayer with the Ru-support atoms 

causes a further downshift in the d-band centre of surface Pt atoms,  from −2.53 eV for 

pure Pt(111) to −2.98 eV for the Pt*/Ru(0001) surface. Downshifting the d-band centre 

of a surface has been shown to decrease the interaction strength of the surface with 

various adsorbates. As listed in Table 4-1, Alayoglu’s study verified the general trend: 

Pt*/Ru(0001) binds all adsorbates less strongly than Pt(111). Atomic oxygen (O) and 

carbon monoxide (CO) show the largest reduction in binding energy, by 0.76 and 0.57 
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eV, respectively. In turn, the weaker CO binding on Pt*/Ru(0001) results in lower CO 

saturation, coverages for Pt*/Ru(0001), than on Pt(111).116 

Table 4-1 Calculated binding energies of various species at 1/4 monolayer coverage and the activation energy (Ea) 

barriers of different elementary steps on Pt(111) and Pt*/Ru(0001) 116 

 

Another example of this is found in Strasser’s work 117 where researchers applied these 

ideas to single-crystal Pt surfaces by preparing and characterizing bimetallic single-crystal 

model surfaces that consist of atomic layers of Pt with various thicknesses grown on a 

Cu(111) substrate. This model mimics the structural and electronic environment of Pt 

layers that surround a particle core with significantly smaller lattice parameters, similar to 

the core-shell catalysts. 



PhD Thesis, Feihong Nan  Materials Science and Engineering 2015 

85 

Researchers found that the d-band centre is downshifted from 2.87 eV to 3.26 eV 

below the Fermi level. The broadening is related directly to the compressive strain, 

because the electronic state overlap between the metal atoms increases with shorter 

interatomic distances; furthermore, keeping the d-occupancy constant for a pure metallic 

system gives rise to a downward shift of the d-band centre. To further corroborate the 

lattice-strain hypothesis in core–shell structures, Strasser’s work experimentally verified 

the predicted effects on the band structure for compressively strained Pt layers. 117 

Instead of using the ideal system to study the core-shell structure effect, as in DFT 

calculation (Alayoglu) or deposited monolayer Pt on the substrate (Strasser),  we studied 

the real catalyst nanoparticles that are used in PEMFC operation. Using the STEM 

HAADF imaging technique, we were able to probe and demonstrate the compressive 

strain existed within the shell.  

As earlier DFT studies (Alayoglu) suggested, the compressed lattice of the shell layer 

of the Ru@Pt catalyst will increase the electronic state overlap of the Pt atoms. In 

addition, the d-band centre (εd) of the surface Pt of Ru@Pt catalyst is downshifted 

compared with Pt atoms in the top layer of pure Pt catalysts. Current STEM HAADF 

study represents the direct experimental confirmation of the computational prediction of 

band shifts of adsorbate-projected band structure by analyzing the real catalyst materials 

applied in PEMFC operation.  
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According to the Hammer-Nørskov mode (Nørskov), the CO binding energy should 

be proportional to the center of the locally projected d band of the surface atom. 

Therefore, the CO binding energy to the Pt rich layer of the particle shell decreased while 

the d-band centre (εd) of the surface Pt of Ru@Pt catalyst is downshifted.  

For the elementary reactions, 

!! 
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#"
!

#"
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""
 

the fraction of occupied sites by species A is identified as θA  following the equation 

below, 

!!
!" =

#"$"
"+#"$"

="" "
"+#"$"  (3) 

where KA e-Ea/RT (4), and pA is the partial pressure of A. As calculated from DFT 

studies (Alayoglu), the activation energy Ea of the elementary reaction step of 

H2+2*è2H* is increased, following equation (3) and (4), the fraction of occupied Pt sites 

by H2 is increased at the Pt surface of the Ru@Pt catalyst. 

In contrast, the activation energy Ea of the elementary reaction step of CO+O*èCO2 

is decreased, resulting decreased fraction of occupied sites by CO and lower CO 
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saturation accordingly, so that improved CO tolerance of the catalyst layer could be 

achieved.  

The resulting activity–strain relationships provide experimental evidence that the 

deviation of the Pt-shell lattice parameter from that of bulk Pt, that is the lattice strain in 

the shell, is the controlling factor in the catalytic enhancement of Ru@Pt nanoparticles; in 

particular, these relationships are consistent with computational predictions presented in 

Alayoglu’s work that compressive strain enhances CO tolerance. 

In conclusion, a coherent picture of the origin of the exceptional electrocatalytic 

properties for Ru@Pt particles is now established. Strain forms in Pt-enriched surface 

layers (shells) that are supported on a Ru rich core with a smaller lattice parameter. The 

compression in the shell modifies the d-band structure of the Pt atoms, and thereby 

weakens the adsorption energy of reactive intermediates compared to unstrained Pt and 

results in an increase in the catalytic reactivity, consistent with DFT predictions in earlier 

studies. Current STEM HAADF study provided the direct evidence that a unique 

feature of core-shell catalysts is the experimental control over the extent of induced strain 

and core composition. Both expansive and compressive strain can be achieved to control 

the strengthening or weakening of surface bonds by using different constituent elements. 

This enables continuous tuning of catalytic reactivity. 
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Further observations were conducted to study the particles more typical of the average 

size based on the distribution measured in Figure 4-6. From these measurements, we 

show that only Pt is detected (Figure 4-15, Figure 4-16 and Figure 4-17) in the small 

particle of about of 5nm size. Thus, our results on a range of particle sizes suggest that the 

many particles (in fact the majority) that are just Pt on the Ti4O7 might be the source of 

the actual electrochemical performance improvement, and not only the larger Ru-core Pt-

shell particles.  
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Figure 4-14 EELS maps of the catalyst nanoparticles presented in figure 4-13, dimension of which is about 10nm. 
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Figure 4-15 EELS maps presents a Pt catalyst nanoparticle with a dimension about 5nm near a Ru rich particle 
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Figure 4-16 EELS mapping result of a Pt catalyst nanoparticle with a dimension about 5nm near a Ru rich 

particle 

 

Figure 4-17 EELS maps of Pt catalyst nanoparticles with an average dimension about 5nm supported on the 

oxide  
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The improved CO tolerance is also demonstrated through the electrochemical 

measurement conducted by IFCI collaborators, as shown in below Table 4 - 1. The anode 

feed gas of H2 containing 10, 50, 100, 300, and 500 ppm CO was used respectively to 

investigate the CO tolerance of the Ru@Pt/Ti4O7 comparing with the commercial pure 

PtRu alloy catalyst with conventional carbon support. As concentration of CO is 

increased, the performance of the catalyst is decreased since more CO occupied the active 

sites on pure Pt particles, leading to higher CO saturation coverage. However, when the 

Ru@Pt/ Ti4O7 core–shell catalyst consisting of novel structure of Ru-rich core and Pt-

rich shell is used, higher CO tolerance can be achieved, compared to that of PtRu/C 

catalyst in various CO concentrations as shown in the Table 4 - 1. 

Table 4 - 1 Overpotentials at a current density of 1.0A/cm2 at various CO concentrations 120 

 

The major differences between the Ru@Pt/ Ti4O7 catalyst and commercial available 

PtRu/C catalysts are the structure of the catalyst nanoparticles and the support materials.  
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1). Unique structure of the catalyst nanoparticles: For Ru@Pt/Ti4O7 catalyst presented in 

current study, the core-shell structured Ru@Pt existed for the catalyst nanoparticles with 

relatively larger size (>5nm). The EDX and EELS characterization results confirmed this 

Ru@Pt/Ti4O7 catalyst synthesized by microwave irradiation approach, had indeed a core–

shell structure with a Ru core and a Pt shell but that the smaller particles <3 nm contain 

only Pt (Figure 4-15, Figure 4-16, Figure 4-17). STEM HAADF results presented 

earlier demonstrate the induced strain with the Pt-rich shell of the Ru@Pt catalyst could 

be applied in tuning the catalytic performance.   

2). Transition metal oxide is used as the catalyst support, comparing with the 

conventional carbon in the commercial available PtRu/C catalyst. As mentioned in earlier 

section (4.3.2), it has attracted great attention in recent years with respect to the 

development of non-carbon supported Pt and Pt alloy catalysts, including using transition 

metal oxide (i.e. TiOx), in order to overcome the issue of carbon corrosion. It was 

reported the interaction between the Pt or Pt alloy catalyst and the support was found to 

be critical in improving both the catalyst activity and stability. 120 Therefore, as a further 

and continuous approach in exploring the catalysts, EELS analysis was conducted to learn 

the electronic structure of the non-carbon support Ti4O7 that used as the support for 

Ru@Pt catalyst. 
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As shown in Figure 4-18, Preliminary EELS analysis with 0.1eV energy resolution was 

conducted over the support of the catalyst sample. Different locations from the surface to 

the centre of the catalyst support were highlighted in red in Figure 4-18A. The EELS 

spectra of corresponding areas were presented in Figure 4-18B. Comparing the 

experimental results with the reference EELS spectra in Figure 4-18 C, there is large 

content of TiO2 instead of Ti4O7. Both anatase and rutile exist within the support, and 

the relative content of the two phases changes at different locations of the particle sample.  

According to the observed results, such electronic structure change indicates the strong 

interaction between the noble metal catalyst and transition metal oxide support, which is 

generally considered as a typical system for Strong Metal-Support Interactions (SMSI) 

effect. For the SMSI effect, one would expect transfer of d electrons from platinum 

(d7sp2) to low-lying vacant orbitals of titanium.63 For every electron transferred with 

resulting unpairing of two internally paired electrons, two electrons are made available for 

bonding by pairing between atoms, and forming stable hypo-hyper bonding between Ti 

and Pt which will improve the stability of the catalyst.  
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Figure 4-18 A: different locations from the surface to the centre of the catalyst support were highlighted in red; B: 

the EELS spectra of corresponding areas in A; C reference EELS spectra, American Mineralogist Volume 92, pages 

577.586, 2007 

B. 
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4.4 Conclusion 
The ultimate goal in catalytic design of the PEMFC is to have complete synthetic 

control of the material properties that determine the reactivity. Catalysts that consist of 

two metals (bimetallic) allow greater reactivity and more flexible design, as presented in 

this chapter. In the current study of Pt/Ru nanoparticles, we have shown that the 

enhanced CO tolerance may be achieved through the interactions between the Pt shell 

and Ru core atoms, which can modify the electronic structure of the Pt surface by the 

presence of subsurface Ru atoms or by disrupting the Pt surface arrangement. This leads 

to decrease of the interaction strength of adsorbates on the Pt surface atoms in Ru@Pt 

nanoparticles including weaker CO bonding on surface Pt atoms/Ru support, compared 

with Pt atoms on pure Pt particles. This modification may significantly destabilize CO on 

Pt, leading to a lower CO saturation coverage, thereby providing more free active sites for 

hydrogen oxidation reaction. 

Furthermore, the replacement of the conventional carbon support by titanium oxide 

significantly affected the morphology and distribution of the PtRu catalyst, including 

core-shell structure nanoparticles with different shell coverage as well as pure catalyst 

nanoparticle. Lattice measurement (Figure 4-13) suggested that, within core-shell 

structure nanoparticles, not only the shell is rich in platinum; the compressive strain 

within the surface results in a shift of the electronic band structure of platinum and 

weakening chemisorption of oxygenated species. It was reported in Strasser’s 
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computational study, the deviation of the Pt-shell is one of the controlling factors of 

electrocatalytic activity due to the change of the Pt 5d antibonding state. 117 Current 

experimental results provide the direct observation of such deviation of the Pt-lattice 

change and presence of the compression strain.  

Here, on an atomic scale, we present microscopic and spectroscopic evidence for the 

formation of a PtRu alloy core–shell nanoparticle structure using STEM HAADF 

imaging, EDX elemental analysis, and EELS analysis. Given the measurement of the 

lattice spacing deviation and strain of the shell, our results demonstrate the core–shell 

structure of the catalyst and clarify the platinum-rich shell exhibits compressive strain. 
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Chapter 5. Transition metal oxide with 
SMSI effect between catalyst and support 

5.1 Introduction  
The most important signature of the SMSI effect accounts for the drastic changes in 

the performance of the catalyst when group VIII metals like Pt, supported on transition 

metal oxides. Both Brewer and Tauster’s works predicted one would expect the electronic 

structure change and formation of intermetallic phase in Pt/TiO2 system, which is typical 

system for SMSI studies.61-63 In the current work, Pt supported on TiOx is systematically 

studied. Furthermore, comparable studies were also conducted by using different catalyst 

system, for example, Pt supported on various complex transition metal oxides. In this 

chapter, experimental characterization approaches are introduced in section 5.2. After 

presenting the results of experimental characterization of the material and discussions of 

Pt/TiOx catalyst system (section 5.3.1), comparable study results over various transition 

metal oxides support is described in section 5.3.2. Further work related to the 3D 

structure study as well as SMSI effect study through EELS are presented respectively in 

section 5.3.3 and 5.3.4, followed by a general conclusion (section 5.4).  
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5.2 Characterization approaches  
In this work, the morphology and dispersion of the catalyst nanoparticles on the 

support material at relative low magnification were examined using a conventional 

transmission electron microscope (TEM, Philips CM12). Samples for TEM observations 

were directly supported on a copper mesh with holey carbon microgrids. The FEI Titan 

80-300 Cubed TEM, operating at 200 kV was used for high-resolution observation. The 

instrument is equipped with a Gatan Imaging Filter (GIF) for energy-filtered imaging 

and an energy dispersive X-ray detector for elemental analysis and mappings. The 

instrument is also equipped a CEOS-designed hexapole-based aberration corrector for 

the image-forming lens and one for the probe-forming lens. It can  achieve sub-

Ångstrom resolution both for phase contrast imaging and STEM. The electron 

microscope operates a high-resolution monochromator, which allows 0.1eV energy 

resolution for electron energy loss spectroscopy (EELS).  

STEM High-Angle Annular Dark-Field (HAADF) and Bright-Field (BF) images 

were acquired using a scanned focused probe together with a HAADF detector and BF 

detector respectively on the FEI Titan 80-300 Cubed TEM.  The FEI Titan 80-300 

with only image corrector was used to acquire the bright-field TEM images and conduct 

basic elemental analysis of the sample.   
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HAADF-STEM images for tomography tilt series were acquired by using a FEI 

Titan 80–300 field emission gun transmission electron microscope operated at 300 kV 

and with a Fischione high-tilt tomography sample holder. Images were taken with a tilt 

range from -67o to 75 o, and a 1 o increment. 138 images of the tilt series without 

specimen self-shadowing were used to reconstruct the volume. The FEI software package 

Xplore3D Acquisition was applied to control the tilt angle, to maintain the object within 

the field of view, to correct for focusing changes, and to record and store 2D images at 

different tilting angles. Tomographic reconstruction was carried out with the FEI 

Inspect3D package and visualization as well as the segmentation of the reconstructed 

volume was achieved by using the Amira 5.3 package. More detailed explanation of the 

application of STEM Tomography technique is included in Chapter 6126 
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5.3 Results  and discussion 

5.3.1 Catalyst support with unique structure 
The general morphology of the  ((Nb2O3+TiOx) / C) sample prior to loading of the Pt 

catalyst is obtained with STEM in HAADF imaging conditions (Figure 5-1 A). The 

overview of this pure support shows the clear interconnected oxide network (relative 

bright area) structure on the carbon support (darker area) before catalyst loading. Based 

on Z-contrast, the bright features in the image correspond to the Nb and Ti atoms on the 

lighter background of the carbon support. No ordered arrangement of heavy atoms is 

observed suggesting no crystalline phase (Figure 5-1 B) is present following the synthesis. 

Such observations are fully reproducible and do not result from electron beam damage. 

Following the Pt loading on complex support (10%Pt/20wt%Nb2O3/C) HAADF and 

bright-field imaging demonstrates that crystalline Pt catalyst nanoparticles are well 

dispersed on the hybrid graphitic carbon support (Figure 5-2). Combining imaging and 

elemental analysis, it was found that the catalyst nanoparticles are embedded into (and/or 

surrounded by) the oxide layer as pointed out using white arrows in Figure 5-2C. Higher 

loading on the same support, (30%Pt/20wt%Nb2O3/C), provides evidence of maintained 

uniform dispersion (Figure 5-3). Based on elemental mapping with energy dispersive X-

ray spectrometry (Figure 5-4), it is possible to deduce that the Pt nanoparticles 

distribution is strongly correlated with the location of the transition metal oxide rather 



PhD Thesis, Feihong Nan  Materials Science and Engineering 2015 

102 

than on the carbon. When present, the thickness of the disordered oxide network varies 

between 1nm to 2nm. 

  

Figure 5-1 A) STEM HAADF image of the catalyst support of (Nb2O3+TiOx) on carbon; B) high resolution 

micrograph of atomic resolved clusters within the oxide network region of the catalyst support 
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Figure 5-2 A and B) Overview of the catalyst particles at relatively low magnification, after loading Pt catalyst on 

the complex support, by using STEM HAADF; C) STEM HAADF micrographs and D) STEM bright-field of 

catalyst particles with highly distributed Pt nanoparticles on the support where the oxide network is visible as pointed 

by white arrows and the Pt by white arrows while the graphitic fringes of the carbon support are visible in D 
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Figure 5-3 A and B) General morphology in STEM HAADF and bright-field STEM modes of the catalyst 

particles at relatively low magnification, after loading 30%wt Pt catalyst on the complex support; C and D) STEM 

HAADF micrographs of catalyst particles with highly distributed Pt nanoparticles on the support; E and F) detailed 
view of selected area in HAADF and BF STEM modes. 
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Figure 5-4 Elemental analysis over 10%Pt/20wt% Nb2O3+TiO2/C. A) STEM image of the sample, and elemental 

maps of B) Nb, C) Pt,  and D) Ti  

 

5.3.2 Other complex supports 
To provide further evidence of the unique structure of the network oxide layer and 

distribution of the loaded Pt nanoparticles, comparable studies were conducted over 

different samples with various complex supports including Pt(10%)–based catalysts on 

(10wt%Ta2O5+TiO2)/C, Ta2O5/C and (20wt%WO3+TiO2)/C (C=Vulcan) supports.  
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The overview of the catalyst with support of (10wt%Ta2O5+TiO2)/C at relative low 

magnification in the BF TEM mode is shown in the Figure 5-5, indicating that large 

number of catalyst particles is uniformly distributed on the carbon-oxide support. 

 

 

Figure 5-5 Overview of the sample Pt(10%)–based catalysts on C/(10%Ta2O5+TiO2) at relative low magnification 

in bright field mode. 

Further observations were carried out on the same samples by recording the high-

resolution STEM HAADF and BF images, which provide further detailed information 

(Figure 5-6). STEM HAADF (Figure 5-6 A and B) and BF (Figure 5-6 C) observations 

of the sample along with elemental analysis indicate the hybrid oxide on carbon support 

exhibits a network structure. The catalyst nanoparticles and support areas are identified as 

shown in Figure 5-6-A. Figure 5-6 B and C present the corresponding areas highlighted 
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in squares in Figure 5-6 A in HAADF and BF modes respectively. Furthermore, along 

with the elemental analysis presented further below, Figure 5-6 B provides the evidence 

that the “network” structure is composed of disordered clusters where heavy single atoms 

of the transition metal network are visible as pointed out using white arrows in the image. 

Elemental analysis is performed over the sample area shown in Figure 5-7-A using 

EDX measurements, which provide information related the elemental distribution of the 

sample. EDX spectra SP1 to SP3 in Figure 5-7 B show the point elemental analysis over 

three different areas of the sample including the catalysts nanoparticle and the network 

regions. Corresponding areas for EDX acquisition are labeled as shown in Figure 5-7 A. 

It is observed that the elements of Ti, O and C were detected from the network areas; 

while the rest of the areas mainly contained C. Moreover, it was also found that the Pt 

catalyst nanoparticles appeared preferentially within the Ti-O rich areas rather than the 

carbon rich areas, this being indicative of the stronger interaction between Pt and the 

transition metal oxide compared to the interaction with the carbon support. 
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Figure 5-6 A STEM HAADF images of the catalyst sample with catalyst particles pointed out using white arrows; 

B and C: High resolution STEM HAADF and BF images of the corresponding highlighted area in A, clusters with 

single heavy atoms of the transition metals oxides are pointed out using white arrows 

  

Figure 5-7A. STEM HAADF image of the sample with areas for elemental analysis highlighted in color squares; 

B: EDX spectra of corresponding areas. The Cu signal is from the TEM grid 
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This morphology of an oxide network with Pt particles appears to be general as shown 

in STEM HAADF and BF images obtained from different areas of the sample 

containing Pt(10%)–based catalysts on Ta2O5/C as shown in Figure 5-8 A to D. This 

again presents a highly interconnected network structure in the catalyst support layer, 

with the catalyst nanoparticles distributed on the surface of the hybrid support material. 

High-resolution observations of the corresponding highlighted areas provide evidence 

that the network structure is also formed and that it is similar compared with the 

C/(10%Ta2O5+TiO2) support. In addition, the EDXS measurements provide 

confirmation that the areas identified with white arrows (Figure 5-9) correspond to the 

Ta-O rich atomic clusters making up the network structure. EDX spectra generated from 

different areas of the sample, Figure 5-10-B, show the variation of the chemical 

composition within the Pt catalyst loaded C/Ta2O5 sample. The corresponding areas used 

for EDX acquisition are highlighted in Figure 5-10-A. Based on the EDX analysis, it is 

obvious that the catalyst nanoparticles are more uniformly distributed on the surface of 

the oxide-rich area, or embedded within, of the support material rather the carbon rich 

area. This is further evidence of the stronger interaction between Pt catalyst particles and 

the transition metal oxide rich areas within the support.  
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Figure 5-8 STEM HAADF and BF images taken at different areas of the sample, catalyst particles were pointed 

out using white or black arrows and Ta-O rich atomic cluster area were highlight using white arrows: C and D: High 

resolution STEM images of the highlighted area in A and B 
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Figure 5-9 STEM HAADF and BF images at higher resolution obtained from different areas of the sample 

containing Pt(10%)–based catalysts on Ta2O5/C. A and B: STEM HAADF and BF images showing the corresponding 

areas highlighted using squares in C and D 
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Figure 5-10 STEM HAADF image showing the corresponding areas for EDX acquisition, B: EDX spectra 

generated from various locations of the sample with 10%Pt catalyst loading  

Elemental mapping has been carried out on several other samples (Figure 5-11) and 

confirms the correlation between the location of the Pt nanocatalysts and the support 

with systematic correlation between the location of the oxide and the location of the 

particles (Figure 5-12) 
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A. B.

 

 

D.C.
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E. F.

  

Figure 5-11 STEM HAADF and BF observation is also conducted on other catalyst system including 

10wt%Pt/(20wt%WO3+TiO2)/C 

Pt on (Nb2O3+TiO2)/C support Pt on (Nb2O3+TiO2)/C support

A. B.
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Pt on (Ta2O5+TiO2)/C supportPt on (Ta2O5+TiO2)/C support

D.C.

 

Pt on (WO3+TiO2)/C support Pt on (WO3+TiO2)/C support

E. F.

  

Figure 5-12 Comparable mapping results over different supports 
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5.3.3 3D structure of the catalyst 
Electron tomography was used to further demonstrate the relative arrangement of the 

Pt and oxide support material. To provide further evidence of the morphology and the Pt 

nanoparticle distribution on the complex support and to ensure no information could be 

attributed to the overlapping structures projected in 2D, STEM HAADF tomography 

was applied to selected catalyst – support particles (diameter of about 150 nm). Here 

segmentation based on the intensity of the HAADF signal was done so as to differentiate 

the oxide network from the catalysts particles. From the reconstructed volume of the 

particle (Figure 5-13) we clearly observe that the Pt nanoparticles are well embedded or 

on the surface of the oxide layer. Further snapshots from different views of the 

reconstructed volume are shown in Figure 5-14 B to G.  
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Figure 5-13 STEM HAADF tomography reconstruction of one of the catalyst particles: the green structure is the 

oxide support while the red particles are the Pt catalysts. A) overview of the full tomogram, B to G are the respective 

slices identified in A. 

5.3.4 SMSI effect studied by EELS 
High-resolution electron energy loss near edge structure spectra acquired over the 

hybrid support material (Figure 5-14A) shows a broad Ti L23 edge consistent with 

Magnéli phases, based on the reference spectra of standards (Ref 42). This phase on the 

carbon support would have high conductivity. Following subsequent loading of Pt on the 

same sample, the TiL23 edge is dramatically different (Figure 5-14). However, the 

features in the spectra do not exactly correspond to that of the precursor (Magneli phase 
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Ti4O7). The spectra are consistent with the presence of Ti4+ but also likely indicative of 

disorder as the features are broader than the spectra of crystalline anatase, rutile or 

brookite. This is consistent with HAADF images showing the disordered network. The 

spectra can also be indicative of TiO2 phases, thus very defective and, based on the spectra 

and lack of reference of TiPt intermetallics, we cannot exclude the presence of TiPt3 at 

the interface between titania and Pt since the spectra are averaged over large fields of view 

containing the oxide network and Pt particles embedded within it. 

In order to elucidate the origin of the change in oxide nature and role of Pt in this 

transformation, as compared to possible environmental effects due to the synthesis steps 

related to the deposition of Pt, several experiments were carried out. Heat treatment 

under various conditions were applied to the pure support sample of (Nb2O3+TiOx) / C. 

Samples were heat treated at 250oC, close to the temperature used during the synthesis 

condition, respectively in air and H2 flow. The corresponding results show that there is no 

significant change of the valence of the Ti (Figure 5-15). Increasing the temperature from 

250oC to 400oC, typical of the treatment condition in studying SMSI effect, 42 only causes 

very minor changes in the Ti edge present while the sample treated in the air flow at 

400oC indicate a change consistent with the presence of Ti3+ but similar to an order 

structure and valence consistent with the presence of Nb.127 None of the reference 

experiments provide such strong changes in the fine structure of the TiL23 edge in the Pt 

loaded on the hybrid TiOx on carbon. These conditions would be strongly oxidizing TiOx 
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to TiO2 (Ti3+ to Ti4+) and thermodynamically favored considering the possible presence of 

minute impurities in the hydrogen supply even to the ppm level of oxygen and water. 

According to the above experiments, the drastic change of the electronic structure of the 

oxide layer is therefore not due to the heat treatment involved during the sample 

synthesis, but is rather related to the Pt loading which induced SMSI effect and 

kinetically lowers the energy barrier of oxidizing Ti3+ to Ti4+ of the support. This electron 

interaction has been postulated to result in the stabilization of the Pt particles on the 

oxide network and leads to higher stability and durability of the fuel cell catalyst layer. 

Therefore, two roles are played by the pure support: the oxide network provides the 

medium to stabilize the Pt nanoparticles while the carbon support contributes more by 

conducting electrons. Such catalyst system will be one of the best catalyst candidates for 

fuel cell or other energy conversion applications due to their improved balance between 

the stability and performance.  
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Figure 5-14 EELS spectra regarding the oxide structure of the catalyst before (black line) and after Pt loading (red 

line) 
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Figure 5-15 Ti L23 EELS spectrum of the support oxide structure of the catalyst treated at different conditions 
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Here, we clearly observe that this interface exists as the Pt is surrounded by the oxide, 

embedded or over it. This would lead the necessary conditions for the Tauster theory to 

apply whereby there is an interphase, the intermetallic phase TiPt3, thus Brewer’s hypo-

hyper-d-d-interelectronic bonding present. In terms of magnitude of this electron 

transfer, however, given the loading of Pt and the fraction of the oxide in contact with the 

Pt catalysts, it appears that a large scale electron transfer cannot be detected, since our 

measurements at high energy resolution, do average over much more oxide than that is 

available at the interface between Pt and TiOx. The fraction of interface atoms would be 

very small given the amount of oxide present. This observation from EELS is consistent 

with XPS data of the TiOx-Nb2O5 showing a Ti4+ contribution but the change induced 

from the Pt addition is much strongly put into evidence here. Here, based on references 

of pure compounds of TiO2 (i.e. pure anatase, rutile or brookite), it is clear that the 

spectra in Figure 5-14 cannot be solely attributed to pure TiO2. Thus we cannot exclude 

that the TiL23 edge can contain additional contributions due to electron transfer from the 

Pt electrons. A pure sole electron transfer from Pt to the Magneli phase, however, would 

not be consistent with the observation since there is clearly an increase of the Ti valence. 

Thus the catalytic effect of Pt in the oxidation of Ti appears to dominate. 
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5.4 Conclusion 
In the present work, Pt catalyst supported on complex oxide and carbon support have 

been synthesized by the sol-gel methods and show improved stability, electron 

conductivity, and catalytic properties.124,125 Scanning Transmission Electron Microscopy 

(STEM) high angle annular dark-field (HAADF) (also known as Z-contrast) imaging 

was used to obtain structural details down to atomic scale. Elemental distribution of 

different components of the catalyst layer are tracked with imaging and analytical 

methods: from noble metal catalyst with higher atomic number to the lower atomic 

number support using high resolution energy dispersive X-ray spectrometry (EDXS). In 

addition, the STEM HAADF tomography characterization was applied to gain relevant 

information on preferential distribution of the catalyst on the supports in three 

dimensions (3D). In addition, using electron energy loss spectroscopy (EELS), the 

electronic structure of the catalyst support under various conditions was also studied to 

provide further evidence of the strong metal support interaction effect. 

Based on scanning transmission electron microscopy, we have observed a strong 

interaction, between Pt and hybrid supports of various oxides (Pt/Nb2O3/C, 

Pt/Ta2O5)/C, Pt/(Nb2O3+TiOx) /C, Pt/(Ta2O5+TiOx) / C, Pt/(WO3+TiOx)/C). This 

interaction is based on the presence of an interconnected oxide network over the carbon 

support and the presence of Pt strongly connected to the oxide network. Evidence from 
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energy dispersive X-ray spectrometry and HAADF images and 3D electron tomography 

show that the Pt particles are either embedded, surrounded or on top of the oxide while 

practically no Pt is directly supported on the carbon in isolation. We have also observed 

strong interaction, and catalytic effects of the Pt with the oxide network indicating that 

the Pt role and interaction is broad ranging and not simply localized to only the interface 

Pt/Transition metal.  

These results have been analysed and discussed in terms of the Brewer theory and 

SMSI effect and extent of electron transfer from Pt to the transition metal, as reflected in 

the case of TiOx hybrid support.  
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Chapter 6. STEM HAADF Tomography 
for probing 3D structure of the catalysts 
Utilization of effective catalysts comparing with commercial available ones is key 

approach to meet the new requirements of fuel cells. The controllable nanostructure, 

particle size, morphology, and/or porosity of the catalysts can increase the number of 

catalytically active sites, significantly improving the catalytic activity during the fuel cell 

cycling. It is well known that the chemical composition and structure of a catalyst can 

significantly affect its catalytic activity and performance. In packed and dense catalyst 

structures that do not have a periodic 3-dimensional (3D) arrangement, conventional 

characterization in 2-dimensional projections in (S)TEM do not fully represent the true 

structure of the sample. The STEM HAADF tomography technique introduced in below 

published paper provided the possibility to gain further relevant information on volume 

and morphology of catalyst materials in 3D. 
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Chapter 7. Conclusions and future works 
The rational design and morphology control of PEMFC catalysts from fundamental 

principles has the potential to provide a great opportunity to improve their catalytic 

properties and increase their activity on a mass basis. However, understanding and direct 

evidence of the nanoparticle structures down to the atomic level is critical in determining 

the relationship with the catalytic activities in fuel cell applications.  

Pt-based catalysts are considered as the most practical catalysts in current PEMFC 

technology for both anode hydrogen oxidation reaction (HOR) and cathode oxygen 

reduction reaction (ORR). However, impurities such as CO include within reformed 

hydrogen could be easily adsorbed on Pt particle surface and poison the anode catalyst 

layer, leading to significant fuel cell performance degradation. Bimetallic heterogeneous 

catalysts such as carbon-supported Pt–Ru alloy with core–shell structure (Ru@Pt) show 

enhanced CO oxidation activity when compared to PtRu alloy and monometallic Pt and 

Ru nanoparticle catalysts.  

As presented in chapter 4, for current study of PtRu catalysts nanoparticles, our 

experimental results shown that the enhanced CO oxidation may be achieved through the 

interactions between the Pt shell and Ru core atoms, which can modify the electronic 

structure of the Pt surface by the presence of subsurface Ru atoms or by disrupting the Pt 

surface arrangement. This leads to decrease of the interaction strength of adsorbates on 
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the Pt surface atoms in Ru@Pt nanoparticles including weaker CO bonding on surface Pt 

atoms/Ru support, compared with Pt atoms on pure Pt particles. This modification may 

significantly destabilize CO on Pt, leading to a lower CO saturation coverage, thereby 

providing more free active sites for hydrogen oxidation reaction. Within the core-shell 

structure nanoparticles in current study, not only the shell is rich in Pt, the deviation of 

the Pt-lattice change is also detected. Furthermore, the possibility of presence of the 

compressive strain within the Pt rich shell is proved by the lattice measurements, which is 

likely one of the key factors that affect the catalytic activity. Strasser’s computational study 

suggested the deviation of the Pt-shell is one of the controlling factors of electrocatalytic 

activity due to the change of the Pt 5d anti-bonding state.117 Moreover, while replacing 

the conventional carbon support by titanium oxide, the morphology and distribution of 

the PtRu catalyst are significantly affected due to that.  

Furthermore, Pt catalyst supported on complex oxide and carbon support synthesized 

by the sol-gel methods were studied to investigate the relationship between the catalyst 

and its support. According to STEM characterization results, we have observed a strong 

interaction, between Pt and hybrid supports of various oxides and carbon which include 

Nb2O3 / C, Ta2O5 / C, (Nb2O3+TiOx) / C, (Ta2O5+TiOx) / C, and (WO3+TiOx)/C). 

Observations from STEM images and HAADF and energy dispersive X-ray 

spectrometry show that preferential distribution of the catalyst on the supports, Pt 

particles are either embedded, surrounded or on top of the oxide while practically no Pt is 
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directly supported on the carbon in isolation. Such evidence indicates the interaction 

between the catalyst and support is based on the presence of an interconnected oxide 

network over the carbon support and the presence of Pt strongly connected to the oxide 

network. In addition, using electron energy loss spectroscopy (EELS), the electronic 

structure of the catalyst support under various conditions was also studied to provide 

further evidence of the strong metal support interaction effect. 

The goal of current research is probing the relationship between catalyst features and the 

fuel cell performance. The study investigated different catalyst systems including core-

shell structured catalyst, catalysts with unique carbon-transition metal oxide supports with 

the application of in-depth structural analysis, such as XRD, HRTEM, (S)TEM, and 

HAADF STEM tomography. Further works shown as below should be conducted in 

next step: 

• In situ TEM observation should be applied to investigate the dynamic process 

and morphology variations of both catalysts and its support materials at the 

atomic scale.  

• Catalysts with different size and shape should be prepared and studied in order 

to provide the route to control the morphology of the catalyst layer during the 

fuel cell operation. 
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• Comparable electron microscopy analysis should be used to investigate the 

changes of material microstructure and morphology under different synthesis 

routes and working cycles. 

• Comparable study should be conducted between the catalyst systems of 

commercial available Pt/C, PtRu/C, Pt@Ru/C, and Pt@Ru/complex support. 

• Fuel Cell testing should be conducted to compare the performance by using 

different complex support materials. 

• Fuel Cell testing: the membrane electrode assemblies (MEA) should be 

prepared following the standard procedures, and its performance should be 

evaluated.  
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