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ABSTRACT  
  

In-situ environmental transmission electron microscopy (ETEM) is a powerful 

tool for following the evolution of supported metal nanoparticles under different 

reacting gas conditions at elevated temperatures. The ability to observe the events 

in real time under reacting gas conditions can provide significant information on 

the fundamental processes taking place in catalytic materials, from which the 

performance of the catalyst can be understood.  

The first part of this dissertation presents the application of in-situ ETEM 

studies in developing structure-activity relationship in supported metal 

nanoparticles. In-situ ETEM studies on nanostructures in parallel with ex-situ 

reactor studies of conversions and selectivities were performed for partial 

oxidation of methane (POM) to syngas (CO+H2) on Ni/SiO2, Ru/SiO2 and 

NiRu/SiO2 catalysts. During POM, the gas composition varies along the catalyst 

bed with increasing temperature. It is important to consider these variations in gas 

composition in order to design experiments for in-situ ETEM.  

In-situ ETEM experiments were performed under three different reacting 

gas conditions. First in the presence of H2, this represents the state of the fresh 

catalyst for the catalytic reaction. Later in the presence of CH4 and O2 in 2:1 ratio, 

this is the composition of the reacting gases for the POM reaction and this 

composition acts as an oxidizing environment. Finally in the presence of CH4, this 

is the reducing gas. Oxidation and reduction behavior of Ni, Ru and NiRu 

nanoparticles were followed in an in-situ ETEM under reacting gas conditions 
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and the observations were correlated with the performance of the catalyst for 

POM.  

The later part of the dissertation presents a technique for determining the 

gas compositional analysis inside the in-situ ETEM using electron energy-loss 

spectroscopy. Techniques were developed to identify the gas composition using 

both inner-shell and low-loss spectroscopy of EELS. Using EELS, an “operando 

TEM” technique was successfully developed for detecting the gas phase catalysis 

inside the ETEM. Overall this research demonstrates the importance of in-situ 

ETEM studies in understanding the structure-activity relationship in supported-

metal catalysts for heterogeneous catalysis application. 
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Chapter 1 

GENERAL INTRODUCTION 

1.1. Introduction to catalysis 

Catalysis plays a major role in our life and livelihood. The word “Catalysis” came 

from Greek meaning “down” or “to loosen” [1]. Catalysis is the change in rate of 

a chemical reaction due to the participation of a catalyst. Nature has developed 

some of the most efficient catalytic processes like photosynthesis in leafs where 

chlorophyll in leafs is a type of photocatalyst and converts carbon dioxide and 

water to glucose and oxygen in the presence of sun light [2]. Enzymes are 

catalysts that present in biological cells which control the rate of chemical 

reactions sufficient for life [3]. Catalysts are also important for modern 

technology impacting areas such as energy, health, environmental control and 

food industry. More than 90% of commercially produced chemicals involve 

catalysts at some stage in the processes of their manufacture [4]. The global 

demand on catalysts was estimated at US$29.5 billion in 2010 which will increase 

further with rapid recovery in automotive and chemical industries [5]. 

Catalysts increase the reaction rate by providing an alternative reaction 

path way by lowering the activation energy. Figure 1.1 shows the energy diagram 

for a chemical reaction A and B converting to C and D. In the absence of catalyst, 

reaction proceeds along a reaction pathway indicated by the solid curve. The 

presence of a catalyst lowers the activation energy by changing the reaction 

pathway as shown by the dotted curve. The final products and the overall 
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thermodynamics of the reaction remain the same, only the rate of the reaction is 

affected by the presence of the catalyst.  

Most industrial catalysts are heterogeneous catalysts with supported metal 

particles. In a heterogeneous catalyst, the phase of the catalyst is different from 

the reactants. In most of energy related applications, the catalyst is in a solid 

phase with reactants in the gas or liquid phase. In this thesis, the reactants are in 

the gas phase. Figure 1.2, schematically illustrates the reaction mechanism and 

fundamental steps taking place for a reaction conducted on the surface of a 

heterogeneous catalysts. One or more gaseous species (reactants) adsorb onto the 

surface of the catalyst, dissociate, diffuse on to the surface, and combined to form 

product molecules which then desorb giving products. Poisoning of the catalyst 

can take place if the desorption does not occur. During these gas-solid 

interactions, the phase and morphology of the catalyst can significantly change 

which can influence the catalytic properties of the material. The catalyst structure 

after the reaction may not be a true representative of the active phase that exists 

during the reaction. One of the challenges is to characterize the catalytic material 

at high temperatures and pressures that typically exist in the reactor. Hence, these 

structural changes must be studied under reacting gas conditions using in-situ 

techniques. 
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1.2. In-situ environmental transmission electron microscopy 

1.2.1 Literature 

Since the invention of transmission electron microscope (TEM) by Ernst Ruska in 

1939 [6], electron microscopy has become a key technique for obtaining the 

atomic scale structural and chemical information of the materials. One of the 

earliest applications of electron microscopy studies of catalysts was done by John 

Turkevich in 1945 [7]; electron micrographs of several industrial catalysts were 

presented in this paper. Since then, electron microscopy has become vital tool for 

studying the catalytic materials to obtain information on particle size and shape, 

and atomic structure information of the catalyst surfaces [8,9]. Analytical electron 

microscopy can provide much more information than just particle size and shape. 

Information such as, oxidation state of the catalyst, elemental distributions in 

bimetallic catalysts can be obtained from analytical microscopy studies [10,11]. 

TEM has been extensively used for studying heterogeneous catalysts, several 

works and reviews can be found in the literature on the use of TEM for studying 

these catalytic materials [12-16]. Although ex-situ TEM provides significant 

information on the catalyst structure and composition, the observations may not 

be representative of the catalyst in its working state. A fresh catalyst may undergo 

significant changes during a reaction (such as phase transformation, 

morphological changes, etc.) based on the surrounding gas environment which 

may affect its catalytic properties. In-situ techniques have to be applied for 

understanding the dynamic nanoscale changes of the catalysts under reacting gas 

conditions, which is the main focus of this thesis. 
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The word “in-situ”  came from Latin which means “in the place”. The 

technique in-situ transmission electron microscopy (TEM) refers to the 

observations of dynamic responses of the material to an externally applied 

stimulus. The ability to observe the events in real time is what in-situ TEM offers 

to the world of materials science research. Researchers have developed several in-

situ TEM techniques to understand the fundamental processes in materials under 

different external stimuli. The electron microscopes or microscope holders can be 

modified to introduce external stimuli such as, heating, cooling, mechanical 

straining, electric or magnetic fields, gas environments, and light [17-19]. 

Nanostructural changes observed under these controlled conditions can then be 

correlated with the properties of the materials. In this thesis, in-situ environmental 

TEM (ETEM) studies were performed on supported metal catalysts under reacting 

gas conditions at elevated temperatures for developing structure-activity 

relationship. 

In-situ ETEM is a powerful tool that allows materials to be studied under 

dynamic reacting conditions at high spatial resolutions. From these dynamic 

observations, information on intermediate phases/structure can be determined 

which can provide scientific information on the mechanisms of phase 

transformations, shape changes etc and their effect on the catalyst performance. 

This kind of information on transitional forms may be difficult or impossible to 

obtain from ex-situ studies of used catalysts. Moreover, ex-situ studies may not 

provide a representative picture of the catalyst structure and composition in its 

working condition. Scanning probe microscopy (STM/AFM) can also be used to 
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study the dynamic gas-solid interactions at very high spatial resolutions, but these 

are limited to study only the model flat surfaces [20]. In-situ ETEM is an ideal 

tool for studying the high surface area nanomaterials that are often employed as 

catalysts in industry.  

 The history of in-situ environmental TEM dates back to 1950’s. Ito et al., 

in 1958 first developed a specimen reaction device for the electron microscope to 

observe the sample during the reaction [21]. Hasimoto and group in 1968 have 

constructed a gas reaction chamber for an electron microscope that can be heated 

up to 1000oC at gas pressures of 300 Torr [22]. Baker et al., used the design 

developed by Hasimoto for performing controlled atmosphere electron 

microscopy studies and the dynamic changes were recorded continuously on a 

videotape with the help of a camera [23]. Baker and co-workers were the first to 

apply in-situ ETEM studies for heterogeneous catalysis. Baker et al., followed the 

carbon deposition and growth of filamentous carbon on different metal particles 

and were able to measure the activation energy of the reaction [24-27]. Gai et al, 

has applied atomic resolution ETEM for probing gas-solid interactions at atomic 

level under controlled reacting gas conditions [28]. Creemer et al., have 

performed atomic scale electron microscopy at ambient pressure by using a 

nonreactor made of MEMS technology [29]. 

Many groups also have shown the power of ETEM for studying dynamic 

gas-solid reactions in catalytic materials [30-31]. At Arizona State University, in-

situ ETEM has been used for many years to understand the fundamental processes 

that take place at the nanoscale under controlled gas environments. For example, 
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Li et al., performed in-situ studies to understand the fundamental process that 

takes place during the synthesis of supported mono-metallic and bi-metallic 

catalysts [32-34]. Wang et al., performed in-situ studies of dynamic changes that 

take place in the ceria-based oxides during redox process for solid oxide fuel cell 

application [35,36]. 

 

1.2.2. In-situ environmental cell 

An environmental cell in the in-situ ETEM is a chamber around a TEM specimen 

into which a controlled amount of desired gas can be introduced. In general 

TEM’s are used under high vacuum conditions (10-6 to 10-10 Torr) in order to 

avoid scattering from gas molecules and increase the life of electron source. By 

the introduction of gases into the TEM, the vacuum conditions are disturbed and 

the electron gun life time can be degraded. The main requirement for building in-

situ ETEM is to confine the gases within the environmental cell so that the 

vacuum of the column and the gun region remains undisturbed.  

There are three possible ways the gas can be introduced into the sample 

region without disturbing the microscope vacuum. One type of environmental cell 

is the gas-injection system that is equipped with the TEM holder [36,37], the 

pressure near the sample region is determined by the flow rate of the gas. The 

advantage of this is it is easy to operate, but very low pressures can be achieved 

by this technique (only about 10-5 Torr). The other technique that is used for 

achieving gas environments near the sample region are by the use of windowed 

cells [29,38]. In a windowed cell, two electron transparent membranes were used 
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above and below the sample to confine the gas environments near the sample 

region. The gases are introduced through the fine tubes inside the specimen holder 

rod. By this technique gas pressures of up to 1 atm can be achieved, however the 

spatial resolution obtained by this method is rather low due to the presence of 

membrane windows above and below the sample. One more disadvantage is the 

reliability of the windows, once the membrane of the cell is broken during the 

operation, it can give serious problems to the microscope and recovery from 

which can take long times. A major advantage of windowed cells is that, any 

conventional microscope can be turned into an ETEM just by building a 

windowed cell holder for that specific microscope. 

The differential pumping system is the other technique with which 

reasonable gas pressures can be achieved near the sample region without 

disturbing the microscope vacuum and the electron gun [31-35,39,40]. In this 

thesis, a differential pumping system was used for performing in-situ ETEM 

studies. Gas was introduced into the environmental cell and was pumped at 

different levels. Gas was confined near the sample region with the help of 

apertures, gas pressures of up to few Torr can be achieved by this technique. The 

gas pressure inside the cell is limited by the choice of aperture size, pumping 

speed, and distance between apertures. Detailed information of this technique is 

discussed in chapter 2, section 2.4.2. The spatial resolution that can be obtained 

by using this technique is in general much better. With recent developments in 

aberration correctors, information can be obtained at sub-angstrom resolution 

under dynamic conditions [28]. The major disadvantage of this technique is a 
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dedicated microscope has to be specially built for performing in-situ ETEM 

studies, which can be very expensive. 

 

1.2.3. Heating holders 

Several heating holders are available in the market depending on the application 

[41,42]. The material used for making the holder should be compatible with the 

TEM sample grid, reacting gases and reaction temperature used for the reaction. 

For example heating holder made of Ta furnace will corrode when heated to high 

temperatures in the presence of oxygen. A major challenge in obtaining in-situ 

ETEM high resolution imaging is associated with the sample drift when the 

holder is heated to high temperatures. It will take about 30 to 60 minutes for the 

drift to stabilize for obtaining high resolution imaging. Recently heating holders 

are built with MEMS technology, where small area of the holder near the sample 

region is heated, which will stabilize very quickly. By using these holders, high 

resolution imaging is possible within few minutes of reaching the desired 

temperature. 

 

1.2.4. Support considerations 

One of the challenges in following the evolution of supported metal catalysts 

under reacting gas conditions relates to the inherent complexity that is often 

present in the nanostructure and composition of real working catalysts. Even 

under ex-situ conditions, many “simple” heterogeneous catalysts show a variety 

of structures and morphologies between and within individual nanograins. Many 
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common high surface area supports may be composed of nanocrystals possessing 

multiple crystal facets and complex surface defect structures. For example, Li et 

al., found that in Ni supported on TiO2, the nature of the metal-support interaction 

depended on whether the metal nucleated on anatase or rutile grains and on the 

particular crystal facet of these two different titanias [43]. The complexity of high 

surface area support structures can lead to significant heterogeneity in the 

microstructure of supported monometallic catalyst and provide rich but complex 

nanostructure in bimetallic systems [32,33]. For in-situ work in which dynamic 

structural changes take place during reaction conditions, this structural complexity 

greatly complicates the interpretation of the TEM data. For this reason amorphous 

SiO2 spheres have been chosen as a simple model system on which metal 

nanoparticles were dispersed. The surface of the SiO2 spheres is relatively 

homogenous, which implies that the interaction of the support with the 

nanoparticles is similar everywhere for the catalyst. Moreover the simple 

geometry of this support is ideal for observing and interpreting changes in metal 

particle size, shape and composition during in-situ ETEM studies. 

 

1.3. Partial oxidation of methane 

Partial oxidation of methane (POM) was considered as a model reaction. Methane 

is the predominant gas component of natural gas, which is found abundantly in 

many locations around the world. The product gas ratio (H2/CO=2) obtained from 

partial oxidation of methane is suitable as input for Fisher-Tropsch synthesis 

[44,45]. POM is an important reaction for syngas production because of its slight 
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exothermic nature [46-48], and the POM may also be useful for other energy 

related process such as fuel reforming for high temperature fuel cell applications 

[49].  

The catalytic partial oxidation of methane was first reported in 1946 by 

Prettre et al, where methane and oxygen was fed stoichiometrically (in 2:1 ratio) 

over Ni catalyst [50]. It was found that the Ni catalyst deactivated by the carbon 

formation. Ashcroft and co-workers showed that methane could be converted to 

high conversions and selectivities to synthesis gas without coke formation over 

noble metal catalysts like Rh, Ru, and Ir [51, 52]. Several monometallic and 

bimetallic catalysts on variety of supports were studied for this reaction [53]. 

Figure 1.3 shows the thermodynamic equilibrium conversions of CH4 and O2 and 

their selectivity towards CO2 and CO at different temperatures at 1 atm, 

calculated using Factsage program [54]. These thermodynamic limits set the 

maximum achievable catalytic activity that can be obtained for this reaction. A 

best catalyst will reach the thermodynamic equilibrium values very quickly. 

For partial oxidation of methane under high conversion conditions, the gas 

composition in the reactor changes along the catalyst bed changes from 100% 

reactant gas at the entrance of the bed to close to 100 % product gas at the exit, 

with intermediate gas products in the middle (Figure 1.4). The gas composition 

across the reactor is influenced by the reaction pathway for syngas formation. 

Two main reaction mechanisms have been proposed for the POM reaction [Eq. 1 

below]. One is the indirect POM, where the reaction proceeds through complete 

combustion of methane to CO2 and H2O [Eq. 2] followed by carbon dioxide and 
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steam reforming [Eq. 3 and 4] [55,56]. The other is direct POM to syngas without 

the formation of CO2 and H2O. 

CH4 + ½O2 � CO + 2H2  ∆Ho
298 = –36 kJ mol–1          (1) 

CH4 + 2O2 � CO2 + 2H2O  ∆Ho
298 = –802 kJ mol–1         (2) 

CH4 + CO2 � 2CO + 2H2  ∆Ho
298 = +247 kJ mol–1         (3) 

CH4 + H2O � CO + 3H2  ∆Ho
298 = +206 kJ mol–1         (4) 

Most experimental findings support that CO2 and H2O are the products 

that form initially at low temperatures by complete combustion during the 

temperature ramp-up in CH4 and O2 and syngas forms at high temperatures 

[46,53, 55,]. Thus the gas composition present in the reactor will involve gas 

mixtures of CH4, O2, CO2, CO, H2O and H2 with the exact composition depending 

on the location and temperature on the reactor bed. Moreover, during the reactor 

ramp-up, the catalyst structure and activity will  change with temperature leading 

to further changes in the ambient gas composition. Thus during ramp-up, the 

“reactor condition” varies in time and space and it is important to take this into 

account in the design and interpretation of environmental TEM experiments. 

There are several groups that perform catalytic activity measurements on 

supported metal catalysts and there are several groups that have been using in-situ 

ETEM studies to understand the fundamental process during gas-solid 

interactions. This thesis is focused in bridging these two fields by performing 

catalytic activity measurements externally in a reactor or in the TEM and 

performing in-situ ETEM studies under reacting gas conditions to get 
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nanostructural information. In-situ ETEM observations are correlated with the 

catalytic performance to get the structure-activity relationship.  

Structure-activity relationship studies were performed on pure Ni and pure 

Ru supported on SiO2 spheres. Ni was considered as a cheap catalyst and Ru is a 

noble metal and efficient catalyst for POM reaction. The difference in the phase 

and morphological changes were studied under reacting gas conditions that are 

relevant to POM and their affect on the catalyst performance is discussed. After 

understanding the behavior of two metals a NiRu bimetallic catalyst was prepared 

and similar experiments were performed on NiRu to that of Ni and Ru. In-situ 

ETEM experiments were performed under different gas environments to 

understand the interactions between Ni and Ru and these observations were 

correlated with the catalyst performance.  

 

1.4. Outline 

Chapter 2 introduces to the material synthesis procedures and the instrumentation 

used in this thesis. Chapter 3 and 4 shows the in-situ phase transformations in 

supported Ni and Ru nanoparticle respectively under reacting gas conditions and 

their effect on the catalytic performance is discussed. In chapter 5 both Ni and Ru 

were mixed together to get bimetallic NiRu nanoparticles and in-situ ETEM 

experiments are performed under reacting gas conditions to follow the changes in 

compositional distributions in individual nanoparticles. These changes in 

nanoparticle composition are then correlated with the catalytic performance for 

POM reaction. Chapter 6 discusses about the electron energy-loss spectroscopy 
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(EELS) technique for determining the gas composition in the environmental cell 

in the ETEM. In chapter 7, “Operando TEM” technique will be discussed, where 

EELS has been used to detect the gas phase catalysis inside the environmental cell 

in a TEM. Chapter 8 summarizes the conclusions from this work and will finish 

with some future directions on this project.  
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Figure 1.1. Energy diagram showing the effect of catalyst on the reaction path. 

 

 

 

Figure 1.2. Schematic showing the principle of heterogeneous catalysis. 
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Figure 1.3. Plot showing the thermodynamic equilibrium conversions of CH4 and 
O2 and there selectivity towards CO2 and CO at 1 atmosphere, calculated using 
Factsage program [54]. 
 

 

 

Figure 1.4. Schematic representation of reactor under high catalytic conversions 
and selectivity for partial oxidation of methane reaction. 
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Chapter 2 

INSTRUMENTATION AND EXPERIMENTAL METHODS 

2.1. Introduction 

This chapter introduces to the synthesis procedures and characterization 

techniques used in this dissertation. First the introduction of the catalyst support, 

SiO2, its synthesis will be described followed by incipient impregnation 

procedures to get metal dispersions onto the support. The ISRI RIG 150 reactor 

was used to perform the catalytic reactions and a Varian 3900 Gas 

Chromatography was used to measure the catalytic activity. Ex-situ TEM 

nanoscale structural characterization was performed in an analytical JEOL JEM 

2010 F and in-situ environmental transmission electron microscopy (ETEM) 

studies under reacting gas conditions were performed in an FEI Tecnai F20. 

Several TEM techniques such as high resolution electron microscopy, scanning 

transmission electron microscope, electron diffraction, energy dispersive x-ray 

spectroscopy, electron energy loss spectroscopy were used to obtain the nanoscale 

structural and chemical information.  

 

2.2. Catalyst synthesis procedure 

2.2.1 Catalyst support: SiO2 spheres 

SiO2 spheres of uniform size were prepared using Stober’s method [1]. Stober et 

al., developed a system of chemical reactions that control the uniform growth of 

SiO2 spheres by means of hydrolysis of alky silicates in the presence of alcohol. 

Chemicals used for this reaction are ethanol (100% pure), ammonium hydroxide 
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(29% ammonia), deionized water and tetraethoxyorthosilicate (TEOS, 99.999% 

from Sigma Aldrich) as a source for silica. Typical synthesis procedures involve 

mixing a known amount of ethanol, deionized water and ammonium hydroxide in 

a beaker and heating on a hot plate while stirring. Once the desired temperature is 

reached, TEOS is added to this mixture and the reaction was left for 2 hours. 

After 2 hours reaction was stopped and the remaining chemicals were evaporated 

by heating to 100oC. SiO2 spheres were collected and heat treated at 500oC in air 

for 2 hours.  

Figure 2.1a shows the silica spheres prepared by Stober’s method. From 

the image it is clear that the SiO2 sphere have a well-defined morphology which 

gives a great advantage in following the nanoparticle evolution under dynamic 

gas reacting conditions in the in-situ TEM. Figure 2.1b shows the particle size 

distribution of these spheres. The average size of the spheres measured from TEM 

images is 305 nm +/- 23 nm with a specific surface area 7.5 m2/gm (determined 

from TEM). 

  

2.2.2. Metal/SiO2 synthesis 

The incipient wetness method was chosen for impregnation of metal precursors 

on to the SiO2 support. In this method, metal salt solution of know concentration 

was added to the support, the amount of precursor solution added is equivalent to 

the pore volume of the support [2]. For determining the pore volume of the silica 

spheres, precursor solution was added slowly drop by drop until the powder 

turned damp. The amount of precursor solution added till the powder turned damp 
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gave the approximate pore volume of the silica spheres. The specific pore volume 

for silica spheres obtained by this method is about 500 µl/gm.  

The impregnation procedure was performed according to the method 

outlined by Banerjee et al [3]. Ethanol was used as a solvent for preparing 

precursor solution because of its lower surface tension than water, this helps in 

better spreading of the precursor over the support [4]. The surface tension of 

ethanol and water at 20oC in air are 22.5 mN/m and 72.8 mN/m respectively. 

Incipient wetness impregnation was carried out in a mortar by drop wise addition 

of nickel nitrate solution (ethanol solvent) equivalent to the pore volume of the 

SiO2 in a saturated ethanol atmosphere while mixing for 10 min. Saturated 

ethanol vapor ambient prevents the drying of ethanol solvent from precursor 

solution during mixing, this provides a better mixing between the precursor 

solution and the support giving a better metal dispersions. To achieve a saturated 

ethanol atmosphere, impregnation was performed in a glove bag containing a 

beaker with alcohol and the alcohol was stirred using a magnetic stirrer. After a 

couple of hours the glove bag was saturated with alcohol. Figure 2.2 shows the 

glow bag set up established for performing incipient wetness impregnation.  After 

impregnation, the sample was dried at 120oC for 2 hours followed by reduction in 

5% H2/Ar atmosphere at 400oC for 3 hours. The conventional calcination step was 

avoided to give improved metal dispersions in this case [5].  
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2.3. Catalytic Measurements 

2.3.1. ISRI RIG-150 Microreactor 

The in-situ research instruments (ISRI) RIG-150 microreactor (figure 2.3) is a very 

convenient tool for catalyst synthesis and characterization. The capabilities of RIG-

150 are: 1) It provides computerized control of the gas flows through the reactor, 

which can be used to run either steady state or transient reactions that require a 

repeated number of different flow sequences. 2) To run temperature programmed 

reactions such as temperature programmed reduction (TPR), temperature 

programmed oxidation (TPO) and temperature programmed desorption (TPD). The 

unit collects and stores both temperature and thermal conductivity cell data as per the 

user instructions. 3) To perform pulse adsorption experiments, this involves pulsing 

of single gas or gas mixtures at specific time intervals. 4) To perform BET surface 

area measurements. 

The microreactor is equipped with mass flow controllers to provide 

computerized control of the gas flows into the reactor. Various gases can be used with 

the given mass flow controllers by adjusting the flow calibration values. All the mass 

flow controllers are calibrated for the gases of interest by matching the gas flow from 

the exit of the reactor with that of the value entered in the program. Gas flow from the 

exit of the reactor was measured by using a digital mass flow meter. It is also 

equipped with a thermal conductivity detector (TCD) used for measuring the gas 

composition based on the thermal conductivity of gas. More details about the TCD 

will be discussed in the next section.  
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Catalytic reactions were performed in a reactor containing a quartz tubular fix-bed 

flow furnace, with an internal diameter of 10 mm. A K-type thermo-couple is placed 

at the top of the catalyst bed for measuring the temperature of the bed, as shown in 

figure 2.4. The effluent gas from the reactor outlet was analyzed by using a Varian 

3900 gas chromatography system. 

 

2.3.2 Varian 3900 Gas Chromatography 

The gas chromatography (GC) is a chemical analysis instrument that enables the 

separation of different components in a gas mixture based on the chromatographic 

separation principles. It consists of two phases, a mobile phase (or moving phase) 

and a stationary phase. The mobile phase is a carrier gas, usually an inert gas such 

as He, Ar or a nonreactive gas like N2. The stationary phase is usually a layer of 

polymer or an inert solid support (usually porous) packed inside a piece of metal 

tubing called the column [6]. The column is the heart of the gas chromatography 

that enables the separation of the components in a gas mixture. As the gas stream 

enters into the column, the individual components are separated at different rates 

depending on its adsorption affinity towards the material used in the stationary 

phase. Gas with relatively high affinity to the stationary phase will move slower 

compare to the one with lower affinity and thus migrates slowly through the 

column. This difference in the migration velocity leads to the separation of 

individual components in the gas mixtures [7]. The column can also be heated to 

higher temperatures to facilitate faster migration of the gases to elute at lower 

times. However, this will degrade the peak resolution in the chromatogram. 
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The specific model of gas chromatography used for measuring gas composition is 

Varian 3900 GC is shown in figure 2.5. This system is equipped with a parallel 

setup of 2 Porous Layer Open Tube (PLOT) columns for separation of permanent 

gases in short time. PLOT columns have the inner surface coated with a porous 

layer of solid support or adsorbent. The sample is injected via a normal injection 

port and is split into the parallel setup of 2 columns. A short CP-Molsieve is used 

to separate the few gases (O2 N2, CH4 and CO) before the first peak (composite 

peak of all inert gases) elutes from the CP-PoraBOND Q PLOT column. After the 

first peak, the CH4 and CO2 elute from the CP-PoraBOND Q column (if water is 

present, it will also be seen from the CP-PoraBond). The CO2 and eventually 

water that enters the Molsieve column will be adsorbed. As CH4 elutes from both 

systems, the split ratio between the two columns can be calculated by the ratio of 

the methane peaks of CP-Molsieve 5 A and CP-PoraBOND Q. Baking of the 

column at 250oC for 24 hours is done frequently to remove any moisture that has 

been adsorbed onto the surface of the stationary phase. 

The gases that elute from the column will flow into the detector. There are 

many types of detectors that can be used, such as thermal conductivity detector 

(TCD), flame ionization detector (FID), mass spectrometer (MS) etc. The gas 

chromatography employed for the experiments is equipped with TCD, which is 

sensitive to the difference in the thermal conductivity of the gas components and 

the carrier gas. The TCD has two sides, a sample side and a reference side. The 

sensors on each side of the cell are two delicate filaments, total of four; these 

filaments form a Wheatstone bridge [8]. In order for the filaments to give a 
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balanced signal, the same composition of gases must be flowing on both sides of 

the cell at all times. As the composition of the gases change on the sample side 

with respect to the reference side, this will give a change in the TCD signal. 

Thermal conductivities of different gases are mentioned in table 2.1 [9]. He was 

chosen as a carrier gas to get the high sensitivity detection for different gases. 

With He as a carrier gas, chromatography can detect all the gases of our interest 

except H2 because of smaller difference in the thermal conductivities between He 

and H2. If H2 needs to be detected then N2 or Ar should be used as a carrier gas. 

Figure 2.6 shows an example of gas chromatograph, the x-axis represents 

the time scale at which the each gas component is eluted from the column and 

detect by the TCD. The y-axis is the intensity of each peak given in micro volts; 

the intensity of the peak depends on the amount of the component that is present 

in the gas stream. Ratios of areas under the peaks will give the relative gas 

composition ratio in the gas stream. Peak positions for individual gases (CH4, O2, 

CO2, and CO) relevant to partial oxidation of methane are calibrated by flowing 

pure gases. It is important to calibrate the correction factors for relative areas 

under the peaks for determining the gas compositions, because two gases of the 

same concentration with different thermal conductivities can give different peak 

intensities. The intensity of the peak also depends on the differences in the 

thermal conductivity of the gas component and the carrier gas. The larger the 

thermal conductivity difference between the carrier gas and the sample gas the 

larger the signal intensity of sample gas. A correction factor for each set of gas 

mixtures was calibrated by flowing equal amounts of gases into the GC and 
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taking the ratio of the areas under the peaks. Conversions and selectivities for the 

reaction are calculated from the gas chromatography signal and an example for 

partial oxidation of methane is shown below: 

 

CH4 and O2 conversions along with CO2 and CO selectivities were calculated by 

using the following equations: 

CH4 Conversion: (CH4,in-CH4,out)/CH4,in (1) 

O2 Conversion: (O2,in-O2,out)/O2,in  (2) 

CO2 Selectivity: CO2,out/(CH4,in-CH4,out) (3) 

CO Selectivity: 100- CO2 Selectivity  (4) 

where CH4,in, CH4,out are the amount of methane gas going in and coming out of 

the reactor respectively, similarly for O2. CO2,out is the amount of carbon dioxide 

and carbon monoxide coming out of the reactor. 

 

2.4. Nanoscale Characterization 

2.4.1. TEM and STEM imaging 

The transmission electron microscope (TEM) is a powerful tool to obtain atomic 

scale information on materials. It uses a beam of electrons to illuminate the 

specimen and a magnified image is produced with the transmitted electrons with 

the help of lenses. A basic TEM consists of an illumination system, image 

forming system, transfer lens and a viewing screen or recording device. The 

illumination system consists of an electron source to provide an intense beam of 

high energy electron and condenser lenses (magnetic lenses) to transfer the 
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electrons to the specimen giving either a broad beam or a focused beam. The 

image forming system consists of objective lens, intermediate lens and projector 

lens. The role of the objective lens is to form the first intermediate image or 

diffraction pattern which are then magnified and projected onto the viewing 

screen by the intermediate and projector lenses [10]. The image and diffraction 

pattern are then magnified and projected onto the viewing screen by the 

intermediate and projector lenses [10]. Figure 2.7 shows the ray diagram for 

forming images (figure 2.7a) and diffraction patterns (figure 2.7b) in the TEM. 

Low magnification TEM images will provide information about the particle size, 

particle morphology, and metal dispersions on support [11,12]. High resolution 

TEM images can provide atomic-scale information on interplanar spacing from 

which the structural information of the nanoparticles can be obtained [13]. 

Defects, surface structures, interface interactions, information on core-shell 

structures can also be obtained from high resolution TEM images [14-18]. 

 In scanning transmission electron microscopy (STEM) mode, a focused, 

convergent beam of electrons is focused and scanned across the specimen, 

electrons scattered at different angles are collected by a detector to form an image. 

Scanning of the beam is accomplished by using two pairs of scanning coils 

located between the condenser lens and the objective pole piece. One function of 

the scanning coils is to keep the beam parallel to the optic axis while it scans 

across the specimen [10]. The STEM signal generated at each point on the 

specimen is detected, amplified, and proportional signal is displayed at an 

equivalent point on the detector. The image builds up as the scanning takes place. 
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In STEM imaging, serial recording is done instead of parallel recording which is 

the case in TEM imaging.  

Two types of STEM images can be obtained depending on whether the 

signal is collected from the beam which includes the direct beam or only the 

scattered electrons. If the direct beam is detected it is called bright-field STEM 

imaging. If annular detector is used to collect the scattered electrons, it is called 

annular dark-field. Figure 2.8 shows the schematic diagram illustrating the 

formation of Z-contrast image in STEM mode. The integrated intensity formed on 

the detector is roughly proportional to the square of the atomic number (Z1.7) [19]. 

Qualitative elemental distribution at atomic level can be obtained from Z-contrast 

images as the difference in atomic numbers will have different intensities. 

However it is not easy to differentiate between the two elements if they have 

similar atomic number. The advantage of STEM mode over TEM mode is the 

precise control on the position of the beam on the area of interest, which can be 

used to get local chemical information by using energy dispersive x-ray 

spectrometer (EDX) or electron energy-loss spectrometer (EELS) detectors. 

Ex-situ TEM characterization is performed on a JEOL JEM 2010 operated 

at 200keV (shown in figure 2.9). This microscope has a point to point resolution 

of 0.19 nm and an information limit of 0.14 nm. This microscope is equipped with 

angle annular dark-field (ADF) detector for STEM imaging. TEM samples were 

prepared by dispersing catalyst powder onto a holy carbon film supported on a 

copper grid.                                                                                                                            
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2.4.2. In-situ environmental TEM characterization 

In-situ environmental TEM (ETEM) is a powerful tool for following the dynamic 

gas-solid interactions on the surface of the catalyst [20-22]. It helps in studying 

the catalyst under reacting gas conditions and can provide information on 

nanoscale changes taking place in the catalyst. This kind of information can 

provide several fundamental insights into the gas-solid interactions, mechanisms 

of phase transformation, sintering mechanisms, evolution of nanoparticles under 

reacting gas conditions, growth kinetics etc [23-25]. Performing in-situ ETEM 

experiments under reacting gas conditions will give information on the active 

phases of the catalyst during catalysis. This kind of information helps in 

correlating the nanostructures with the catalytic performance.  

In-situ ETEM experiments were performed in an FEI Tecnai F20 field 

emission TEM (figure 2.10) operating at 200kV with a point resolution of 0.24 

nm and an information limit of 0.14 nm [26,27]. This instrument is capable of 

performing both TEM and STEM under reacting gas conditions. It is equipped 

with Gatan imaging filter, this allows us to follow in-situ nanoscale chemical 

changes using electron energy loss spectroscopy.  

Figure 2.11, shows the external gas handling system connected to the 

TEM. The gas handling system consists of a mixing tank, from which gas flows 

along the stainless tube and a leak valve is used to control the amount of gas 

flowing into the microscope column. Figure 2.12 shows the schematic of gas 

handling arrangement. The mixing tank allows gases of arbitrary composition to 

be mixed from up to 4 different gases. Gases were combined by injecting 
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appropriate pressures into a mixing tank assuming Dalton’s law (molar ratios = 

ratio of partial pressures). Dalton’s law applies only to ideal gases not for real 

gases which are composed of interacting gas molecules [28]. However, in this 

case, the pressures are equal to or less than one atmosphere where the 

compressibilities are close to unity giving errors in molar ratios of less than a few 

percent. All gases (except lab air) used for our experiments are 99.999% pure.  

This microscope is equipped with a differential pumping system for 

holding gas pressures near the sample region of the microscope and at the same 

time protects the electron gun from damage because of exposure to high gas 

pressures [27]. Figure 2.13 shows the schematic of the differential pumping 

system, this system is capable of handling gas pressures of up to 8 Torr. Gas is 

introduced in the sample area through the leak valve and the escape rate into the 

rest of the TEM column is restricted by small differential pumping apertures of 

100 µm in size. Gas leaked through these apertures is pumped at different levels 

using turbo molecular pump (1st level of pumping) and molecular drag pump (2nd 

level of pumping). The small opening of the differential pumping apertures helps 

in holding high gas pressures near the sample region of the microscope [27]. 

Heating the samples was performed using a Gatan heating holder with a 

furnace body made of inconel. This holder is capable of going up to 900oC in 

vacuum and the maximum temperature it can go in presence of gases depends on 

the type of gas and its pressure. The amount of current required to heat the 

furnace to a certain temperature is different in the presence of gas compared to 

that of in vacuum, which depends on the thermal conductivity (table 2.1) and the 
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pressure of the gas. It requires relatively higher currents in the presence of H2 and 

He gas than the other gas components to maintain the same temperature. Since the 

maximum current that can be passed through the holder is limited, the highest 

temperature the holder can reach in the presence of gas will depend on the type of 

gas and its pressure. The heating holder is equipped with thermocouple to read the 

temperature of the furnace. It is also equipped with a water cooling system to 

keep the temperature low at the O-ring region when the furnace is heated to 

temperatures above 500oC. Temperature of the holder is adjusted by changing the 

current flow into the furnace. The error in determining local sample temperature 

was +/- 25oC.  

TEM samples for in-situ ETEM experiments were prepared by gently 

crushing the catalyst sample between glass microscope slides and dispersing them 

onto a platinum (Pt) grid. The Pt grids were made by punching 3 mm grids from 

Pt gauze (99.9% pure, 100 mesh woven from 0.0762 mm diameter wire) obtained 

from Alfa Aesar. Pt grids were chosen because of its chemical inertness even at 

high temperatures. The operating temperatures are well below the Tamman 

temperature of Pt, this keeps the diffusion of Pt atoms extremely low and the 

likelihood of Pt interacting with the sample is very small. Pt is one of the best 

catalysts for most of the reactions, during in-situ environmental studies under 

reacting gas conditions, Pt can catalyze the reaction and can change the gas 

composition inside the environmental cell. The extent of catalysis on the Pt grid 

will vary depending on the reaction. The volume of reacting gas inside the cell is 

very large compared to the amount of Pt available for catalysis. Though there is a 
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catalytic reaction taking place due to the presence of Pt, the amount of product 

gas formation will be negligible compared to the amount of reactant gases. 

Moreover electron energy loss-spectroscopy can be used to monitor any change in 

the gas composition during in-situ ETEM experiments. To make sure the platinum 

grid is placed firmly onto the holder, two inconel washers were used on both sides 

of the grid and secured with a hexring, both washers and the hexring are made of 

inconel. Figure 2.14 shows the schematic of loading the sample onto the heating 

holder. 

 

2.4.3. Chemical analysis using EDX and EELS 

Analytical transmission electron microscopy is capable of providing chemical 

analysis at high spatial resolutions [30]. When a fast moving electron hits the 

sample there are several interactions that take place between the electron and the 

sample. Some are elastic interactions, where there is no change in the electron 

energy after the interaction with the atoms in the sample and some are inelastic 

interactions, where a high energy electron can lose energy to an atom. 

Spectroscopy takes advantage of these inelastic interactions to identify the 

chemical species in the material.  

In the process of loosing energy, the primary electron generates x-rays 

which are detected by the energy dispersive x-ray (EDX) spectrometry. An 

incident electron can ionizes the atom by removing one of the bound electrons 

leaving the atom in an excited state. For example, suppose a K-shell electron is 

removed by the incident electron (as show in figure 2.15); this will leave a 
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vacancy in the K-shell. The ion can lower its energy by filling the vacancy with 

an electron from the outer shell and the excess energy is radiated as a 

characteristic X-ray. This characteristic X-ray energy is unique to the specific 

atom which can be used to identify the elements present in the sample. The main 

component of the EDX is the x-ray detection unit which is made of 

semiconductor material. X-rays from the sample hit the detector generating 

electron-hole pairs; the number of electron-hole pairs generated is proportional to 

the energy of the x-rays. The number of electron-hole pairs is detected by the 

detector and converted into a signal. The detector is cooled to liquid nitrogen 

temperature to deactivate the electron-hole pair generation due to thermal energy; 

this will help in keeping the noise levels very low while detecting the x-ray signal.  

EDX can detect all the elements above lithium. EDX can be used for both 

qualitative and quantitative analysis. The position of the peak on the energy scale 

can be used to identify the elements present in the sample. Quantitative analysis in 

EDX can be performed using Cliff-Lorimer equation [30]. For example, the 

elemental ratio in a bimetallic nanoparticle can be determined by using the 

following Cliff-Lorimer equation [30]: 

CA/CB = k * IA/IB 

where CA and CB are the concentrations of elements A and B respectively in the 

sample and IA and IB are the intensities of the characteristic peaks from elements 

A and B respectively. ‘k’ is a sensitivity factor that depends on the atomic number 

correction factor, x-ray absorption within the sample, and x-ray fluorescence 

within the sample. By assuming that the nanoparticles are very small any 
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absorption or fluorescence within the sample can be ignored, and hence k depends 

only on the atomic number correction factor. ‘k’ factor can be obtained by taking 

the EDX spectrum from known sample composition or can be calculated from the 

theoretical cross-sections [30]. EDX was used to determine the elemental ratio in 

individual bimetallic nanoparticles, the detailed procedure of EDX analysis will 

be discussed in chapter 5. EDX analysis of bimetallic nanoparticles was 

performed on a JEOL JEM 2010F TEM equipped with a EDAX EDX detector 

with an energy resolution of 130 eV.  

In electron energy-loss spectrometry (EELS), the inelastically scattered 

electrons are transmitted through the sample and are detected by the EELS 

detector. Electrons enter into the spectrometer through a variable entrance 

aperture and travel through the drift tube where these electrons are deflected by 

the magnetic field. Electrons with greater energy loss are deflected further than 

the zero loss electrons. A spectrum is thus formed in the dispersion plane which 

consists of a distribution of electron counts. Electrons that have undergone similar 

energy losses are focused onto a same point on the dispersion place. The object 

plane of the spectrometer is usually the back focal plane of the projector lens of 

the TEM. 

The EELS spectrum can be divided into two energy-loss regions, valence 

loss and core loss. The valence-loss spectrum is formed by the energy loss of the 

electrons due to the excitation of valence electrons. The core-loss spectrum is 

formed by the energy loss due to the ionization of the inner-shell electrons in an 

atom. EELS can be used for elemental identification, to determine elemental 
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composition, oxidation state, atomic bonding state and optical properties [31-33]. 

In this dissertation, EELS was used to determine the oxidation state of surface 

layers (Chapter 4) and STEM-EELS line scans to determine the elemental 

distribution in bimetallic nanoparticles (Chapter 5). In chapter 6, EELS was used 

to determine the gas composition inside the environmental TEM for in-situ 

studies. EELS was also used to measure the catalytic product formed during gas 

phase catalysis for heterogeneous catalysis application (Chapter 7). 
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Table 2.1. Thermal conductivity of gases 

Gas  Thermal Conductivity (Wm-1K-1)  

Hydrogen 1684  

Helium  1415  

Nitrogen  243  

Argon  162  

Methane 302  

Oxygen 244  

Carbon monoxide  232  

Carbon dioxide 145  

Water vapor  158  
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Figure 2.1. a) TEM image of SiO2 spheres, b) SiO2 spheres size distribution. 
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Figure 2.2. Glove bag set up used for incipient impregnation. 
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Figure 2.3. ISRI RIG-150 microreactor unit. 

 

 

Figure 2.4. Schematic of reactor tube. 
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Figure 2.5. Varian 3900 Gas Chromatograph unit. 

 

 

Figure 2.6. Plot showing the schematic of typical gas chromatogram. 
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Figure 2.7. Ray diagram showing a) image formation and b) diffraction formation 
(contd.) [10]. 
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Figure 2.8. Schematic diagram showing the formation of Z-contrast STEM image 
[10]. 

 

 

Figure 2.9. JEOL JEM 2010 transmission electron microscope at Arizona State 
University. 
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Figure 2.10. FEI Tecnai F20 in-situ environmental transmission electron 
microscope at Arizona State University. 
 

 

Figure 2.11. External gas handling system connected to the Tecnai F20 TEM 
column. 
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Figure 2.12. Schematic diagram showing the mixing tank setup and its connection 
to the environmental cell in the ETEM, the mixing tank is approximately 1 m 
from the cell. 
 

 

Figure 2.13. Schematic of environmental cell in the ETEM, showing different 
levels of pumping [27]. 
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Figure 2.14. Schematic of TEM sample loading on to a Gatan inconel hot stage. 

 

 

Figure 2.15. Schematic showing the basic principle of x-ray generation by a 
primary electron [30]. 
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Chapter 3 

STRUCTURE-ACTIVITY RELATIONSHIP IN NI CATALYST FOR 

PARTIAL OXIDATION OF METHANE 

3.1. Introduction 

The goal of this chapter is to understand the structure-activity relationship in SiO2 

supported Ni catalysts for partial oxidation of methane. Catalytic activity 

measurements in parallel with in-situ nanoscale structure characterization were 

performed to develop structure-activity relationship in Ni/SiO2 catalyst. Noble 

metals are very efficient and stable for converting methane to syngas, [1-6] with 

Ru and Rh being among the fastest for reaching thermodynamic equilibrium 

conversions, but noble metals are costly for large scale applications. Supported Ni 

catalysts have also been studied as less expensive options for partial oxidation of 

methane. Ni catalysts show high conversion efficiencies at low cost [1,2,7] 

although deactivation by coke forming and sintering can be problematic. 

For partial oxidation of methane at high catalytic conversions, the entrance 

of the catalyst bed sees mostly reacting gases (mixture of CH4 and O2 in 2:1 ratio) 

and the exit of the catalyst bed sees mostly product gases (mixture of CO and H2 

in 1:2 ratio). The gas composition along the catalyst bed changes from an 

oxidizing (with O2 as the oxidation gas) to a reducing environment (with CH4, CO 

and H2 as reduction gases) changing the oxidation state of the Ni nanoparticles. 

Moreover, during the reactor ramp-up, the catalyst structure and activity will 

change with temperature leading to further changes in the ambient gas 

composition. Thus during ramp-up, the “reactor condition” varies in time and 



  53 

space and it is important to take this into account in the design and interpretation 

of ETEM experiments. In-situ ETEM experiments under oxidizing and reducing 

gas environments that are relevant to partial oxidation of methane were performed 

to follow the oxidation and reduction process in supported Ni nanoparticles.  

 

3.2. Ni/SiO2 catalyst preparation 

A 2.5 wt% Ni/SiO2 catalyst was prepared by impregnating SiO2 spheres with 

nickel nitrate hexahydrate (Ni[NO3]2.6H2O) solution using incipient wetness 

techniques. Nickel nitrate hexahydrate solution was prepared by dissolving a 

known amount of 99.999% Ni[NO3]2.6H2O (obtained from Sigma Aldrich) using 

ethanol as a solvent. Incipient wetness impregnation was carried out in a mortar 

by drop wise addition of nickel nitrate solution equivalent to the pore volume of 

the SiO2 in a saturated ethanol atmosphere while mixing for 10 min. After 

impregnation, the sample was dried at 120oC followed by reduction in 5%H2/Ar 

atmosphere at 400oC for 3 hours. The conventional calcination step was avoided 

to get improved metal dispersions in this case [8]. Figure 3.1 shows the Ni particle 

size distribution after the reduction step. 

 

3.3. Ni/SiO2 catalyst performance 

The activity and selectivity of the catalyst was determined with an In-situ 

Research Instruments RIG 150 reactor. For a typical reaction, 10 mg of catalyst 

was loaded into the reactor and initially reduced at 400oC in 5% H2/Ar. Reactions 

were typically performed using a feed mixture of CH4:O2:He = 8:4:50 with a total 
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flow rate of 62 cc min–1. (Partial pressures of CH4 and O2 in the gas feed were 98 

Torr and 49 Torr respectively). A typical run would involve ramp-up rates of 

about 4oC per minute. The effluent gas from the reactor outlet was analyzed with 

a Varian 3900 gas chromatography. As He is used as a carrier gas, H2 was not 

directly detected; hence CO formation was taken as the reference for measuring 

the activity of the catalyst for syngas (CO+H2) formation. Conversion and 

selectivities were calculated according to the details mentioned in section 2.3.2 of 

chapter 2. 

Figures 3.2 (a-d), shows the measured catalytic conversion of CH4 and O2 

and their selectivity towards CO2 and CO on Ni/SiO2 during partial oxidation of 

methane. During the temperature ramp up, no catalytic conversion of CH4 take 

place at temperatures below 300oC. Complete combustion of up to 24% of CH4 

takes place in the temperature regime of 300oC to 750oC giving CO2 and H2O in 

1:2 ratio with 100% O2 consumption at 750oC. A further increase in temperature 

to 775oC resulted in a sudden increase of CH4 conversion from 24% to 97% with 

almost all the CH4 being converted to CO and H2 on 1:2 ratio. A slight increase in 

CH4 conversion and CO selectivity was observed with a further stepwise increase 

in temperature to 900oC. A dramatic difference in the conversions and 

selectivity’s compared to temperature ramp-up was observed when the reactor 

temperature was gradually decreased from 900oC to 400oC. CH4 conversion 

decreases gradually with decrease in temperature while the O2 conversion remains 

at 100% down to 500oC and drops to 5% at 400oC. Interestingly, on ramp down, 

significant CO selectivity was observed down to a temperature of 450oC, in 
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contrast with the ramp-up data which showed negligible CO selectivity until 

775oC. No gas reactions were detected below 400oC. 

Figure 3.3 schematically illustrates the possible variation in gas 

composition along the catalyst bed for three different temperature regimes. The 

catalyst bed was divided into three regions (not necessarily equal). At 

temperatures below 300oC, all regions of the bed are exposed to a mixture of CH4 

and O2 (2:1). In the temperature range of 300oC to 750oC, region I at the front of 

the bed sees a reactant mixture of mostly CH4 and O2 whereas regions II and III 

are exposed to mixtures containing CH4, O2, CO2 and H2O. With increasing 

temperature, the CO2 and H2O concentration will increase in region II and III of 

the bed at the expense of CH4 and O2 consumption. Above 750oC, region II is 

exposed mostly to a mixture of CH4, CO2, and H2O since now most of the O2 has 

been consumed during complete combustion of CH4 in region I. Reforming of 

methane with CO2 and H2O takes place in region II and region III is exposed 

mostly to a mixture of CO and H2 (in 1:2 ratio). In reality there is a continuous 

change in the gas composition across the bed and figure 3.3 simply illustrates the 

dominant compositions present at different locations and temperatures in order to 

facilitate the design of appropriate ETEM experiments. 

 

3.4. Dynamic nanoscale evolution under reacting gas conditions 

3.4.1. In-situ environmental TEM characterization 

In-situ environmental TEM was performed on an FEI Tecnai F20 under gas 

pressures of about 1 Torr. The samples were reduced in-situ in the presence of H2 
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at 400oC before exposing them to the various gas mixtures of relevance for partial 

oxidation of methane. To investigate the structure of the catalysts at different 

points along the reactor bed at different temperatures, a series of ETEM 

experiments were undertaken in gas mixtures corresponding to the various gas 

compositions shown in figure 3.3. The ETEM conditions were labelled A - H and 

are defined in table 3.1. Conditions A and B are always run in sequence at the 

beginning of each experiment to mimic the initial start-up procedures in the RIG 

150 reactor (i.e. experiments exploring conditions C to H are always preceded by 

A and B). The gases for each experiment were pre-mixed in a mixing tank in the 

desired ratios before admission into the cell. In-situ reactions were carried out at 

pressures of 0.1 to 0.8 Torr. The Ni/SiO2 samples were gently crushed between 

glass microscope slides, loaded onto platinum grids and placed onto a Gatan 

Inconel heating holder. Electron beam damage effects were minimized by using 

low-dose image conditions and blanking the beam during the temperature ramp. 

Furthermore, to check that electron beam effects were not important, the 

irradiated areas were compared with the non-irradiated areas to make sure that the 

phase transformations were identical between the two areas.  

 

3.4.2. Initial stage of ramp-up: NiO formation 

A typical low magnification image of SiO2 supported Ni nanoparticles in presence 

of 0.8 Torr of H2 at 400oC (Condition A) is shown in figure 3.4a, and diffraction 

pattern (figure 3.4b) confirming the fcc Ni. Ni nanoparticles are de-wetting the 

SiO2 in the presence of H2 atmosphere. In the presence of a 0.8 Torr mixture of 
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CH4 and O2 in 2:1 ratio at 400oC (Condition B), the Ni nanoparticles transform to 

a structure showing a void-like morphology that wets the silica surface, as shown 

in figure 3.4c. Electron diffraction shows the nanoparticles are now fcc NiO, 

figure 3.4d. Figure 3.5 (a-e) shows the sequential images of void formation in 

NiO in the presence of CH4 and O2 mixture at 400oC. This kind of information is 

not easy to obtain during the in-situ studies because of the thermal drift associated 

with the holder when the reacting gases are introduced into the environmental 

cell. The sequential images in figure 3.5 were obtained from a video taken at 15 

frames per second during the reaction. Drift in the image is corrected by using 

statistically determined spatial drift package (SDSD) [9] and the images of 

individual frames are obtained after the drift correction. To reduce the noise, 20 

individual frames were averaged to get the single image. From the sequential 

images it is clear that the void nucleates at the interface of the Ni/SiO2 and grows 

away from the interface until the Ni oxidation is complete. Figure 3.6 shows a 

high resolution in-situ ETEM image of void structured NiO particle at 400oC in 

the presence of CH4 and O2 mixture 60 minutes into the reaction. The high 

resolution image shows multiple grains with restricted long-range ordering 

suggesting the presence of defects in the nanoparticle. 

It was initially somewhat surprised to see the formation of NiO, since the 

gas composition was rich in reducing gas (CH4). To check the gas composition in 

the environmental cell, electron energy-loss spectroscopy of gases was performed 

in the environmental cell [10]. Figure 3.7 is a background subtracted energy-loss 

spectrum from a mixture of CH4 and O2 in 2:1 pressure ratio during the in-situ 
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studies, showing C K-edge and O K-edge from CH4 and O2 respectively. The 

background was extrapolated beyond the edge, the K-edges integrated over a 100 

eV range and the signal ratio converted to elemental ratios using Hartree Slater 

cross sections. The result from quantification gave an average value for the O/C 

ratio of 1.14±0.01. These values lie within about 15% of the nominal value of 1.0 

that would be expected based on ratios of the two gases in the mixing tank. This 

confirms that the Ni to NiO transformation takes place even though the gas 

composition is rich in CH4. More details on EELS of gases will be discussed in 

chapter 6. 

As a further check on the validity of the in-situ observations, several 

samples were analyzed from the ex-situ reactor at an equivalent point in the ramp-

up. After the initial reduction step, the catalyst was heated to 400oC in the ex-situ 

reactor in the presence of CH4 and O2 in a 2:1 ratio. The sample was then cooled 

to room temperature and immediately transferred into a TEM for observation. 

Figure 3.8, shows a typical image and diffraction pattern from the ex-situ sample 

and confirms both the formation of the void structured morphology and the 

complete conversion of the Ni to NiO. This shows that the void structure is an 

intermediate phase formed in the catalyst during ramp-up. Nanoparticle evolution 

was followed in the presence of the CH4 and O2 mixture up to 800oC and electron 

diffraction confirmed that Ni existed as NiO even at this high temperature.  

In the ETEM experiment, the phase transformation of Ni to NiO is caused by the 

high partial pressure of O2, about 0.27 Torr, in the gas flow. In the ex-situ reactor, 

the catalyst bed is also exposed to a high oxygen partial pressure at temperatures 
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up to 700oC. At these oxygen pressures, there is a strong thermodynamic driving 

force for oxide formation [11]. The presence of the reducing agent CH4 does not 

significantly affect the phase transformation because of the higher chemisorption 

energy of O2 on the Ni surface compared to CH4 (chemisorption energies for the 

Ni (111) surface are 481 kJ mol–1 for the O-adatom, and 192.28 kJ mol–1 for CH3
– 

adsorption) [12,13]. Consequently, the surface is mostly covered by O-adatoms 

making initial NiO formation kinetically as well as thermodynamically favoured. 

Figure 3.9a and 3.9b show the in-situ ETEM images of Ni/SiO2 and 

NiO/SiO2 from the same area in presence of H2 and 2CH4 + O2 at 400oC 

respectively (Condition B). Superposition of figures 3.9a and 3.9b shows that the 

void size is almost equivalent to the initial Ni particle size (Figure 3.9c). This 

suggests a Kirkendall type processes [14] where Ni cations diffuse faster than the 

O-anions through the NiO. After the initial oxidation of the Ni surface, there are 

two possible mechanisms by which complete particle oxidation can take place, 

either by the diffusion of O-anions through NiO to oxidize subsurface Ni or by the 

diffusion of Ni-cations through NiO shell to react with dissociated oxygen on the 

surface. The dominant mechanism depends on the rate of diffusion of Ni or O in 

NiO. Diffusion process can take place via the bulk diffusion or along easy 

diffusion paths like grain boundaries or other extended defects. Figures 3.6 shows 

that the NiO particles are composed of more than one grain and that many grains 

appear to show a high concentration of defects and restricted long-range order. 

These defects may act as easy diffusion paths during the oxidation process. The 

diffusion coefficient of Ni-cations and O-anions along the NiO grain boundaries 
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at 400oC are 10-13 cm2/sec and 10-21 cm2/sec respectively [15-17]. Thus it can be 

seen that the diffusion coefficient of Ni in NiO along the grain boundaries is eight 

orders of magnitude greater than that for O. Diffusion of Ni through the NiO 

creates vacancies inside the metal particle which migrate towards the metal/SiO2 

interface and coalesce to form a void. The void formation process in NiO 

nanoparticles is depicted schematically in figure 3.10. Similar morphologies have 

been observed by Railsback et al., and Nakumara et al., where they studied the 

oxidation behaviour of Ni nanoparticles in the presence of pure oxygen [18,19]. 

Smaller Ni particles (those less than 4 nm) do not seem to undergo 

oxidation via this mechanism. For these particles, the diffusion distances are very 

short and it becomes kinetically possible for the oxide particles to achieve their 

thermodynamic equilibrium shape of a solid particle. (The void morphology is not 

the equilibrium shape because of the larger total surface energy associated with 

the internal surface of the void). In this particular case, these smaller particles 

represent a minor component of the surface area associated with the catalyst. 

From the particle size distributions of figure 3.1, the total fraction of surface area 

associated with Ni particles of different size can be determined simply by 

assuming that each particle is a sphere (a good approximation in this case). This 

analysis is given in figure 3.11 and shows that the percentage of surface area 

associated with particle sizes less than 4 nm is 7% for 2.5wt% Ni/SiO2 catalyst. 

Thus for these particular model catalysts, the oxidations (and reduction) 

mechanisms associated with the larger particles will dominate the overall catalytic 

activity. 
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3.4.3. Final stage of ramp-up: NiO reduction and syngas formation 

NiO is not an active phase for syngas production. For syngas production, Ni metal 

must be present on the surface so the NiO must eventually transform back to Ni 

metal at some later point in the ramp-up process. From the reactor data, as the 

temperature increases, the gas mixture in region II and region III (figure 3.3) of 

the catalyst bed becomes more reducing (as O2 is consumed). Eventually it 

becomes thermodynamically favourable for the oxide to transform back to metal 

and at this point, the surface of the oxide will start to reduce. 

In-situ reduction was performed under different gas environments in order 

to understand the NiO reduction process. Initial reduction experiments were 

performed in a mixture of CO and H2 (in 1: 2 ratio) which is relevant to the 

product gas ratio that forms during the partial oxidation of methane. Figure 3.12, 

shows a selected area electron diffraction pattern recorded during the intermediate 

stage of reduction of NiO to Ni in presence of 0.1 Torr of CO and H2 in 1:2 ratio 

at 400oC (Condition D). The d-spacings of Ni (111) and NiO (200) are 0.203 nm 

and 0.208 nm respectively, and are difficult to resolve in the diffraction pattern 

from nanoparticles. However, formation of Ni metal during reduction may be 

recognized from the appearance of Ni (200) reflections with d-spacing of 0.17 

nm. Figure 3.13, shows an in-situ high resolution ETEM image along with the 

Fast Fourier Transforms (FFT) of Ni/SiO2 during the initial stage of reduction in 

the presence of 0.1 Torr of CO and H2 at 400oC (Condition D). Lattice spacing on 

the surface of the nanoparticle matches with the NiO (200) spacing of 0.21 nm. 

FFT from core region near to the SiO2 interface shows two fundamental 
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reflections from the lattice spacings that are very close to each other. These 

reflections match with the Ni (200) and Ni (111) spacings of 0.21 nm and 0.20 nm 

respectively, suggesting that Ni metal nucleates at the interface between NiO and 

SiO2 during the reduction process giving a Ni-NiO core-shell structure. 

As the O2 partial pressure goes down in the later part of the catalyst bed, 

the main reducing gas exists in the reactor before the syngas formation was CH4. 

Complete reduction of NiO to Ni took place when heated to 700oC in the presence 

of CH4 (Condition G). In-situ experiments were carried out in CH4 at relatively 

low temperatures so that the intermediate morphologies could be determined. 

Figure 3.14 shows high resolution images along with their Fast Fourier 

Transforms (FFT) from particles observed in 0.3 Torr of CH4 at 500oC (Condition 

H) at different stages of the reduction process. During the early stage of reduction, 

some regions in the NiO particles may contain Ni nanodomains. If these domains 

contain crystalline metallic Ni, then a Moiré pattern may show in the HREM 

image due to the superposition of lattice fringes from the oxide and the metal. 

Several of these Moiré patterns are indicated in figure 3.14a. 

The appearance of a Moiré pattern does not prove that Ni metal is present 

because Moiré patterns can also occur due to the superposition of two overlapping 

crystallites of NiO. To correctly interpret the Moiré pattern it is necessary to 

analyze the pattern in terms of the two fundamental periodicities. Full details of 

this procedure can be found in textbooks on TEM and involve expressing the 

reciprocal lattice vector for the Moiré reflection in terms of the reciprocal lattice 

vectors of the two fundamental reflections [20]. By knowing the Moiré reflection 
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and one of the fundamental reflections the other fundamental reflection can be 

obtained. The detailed approach of the Moiré analysis is discussed in Appendix I. 

FFT’s were taken from different positions on the nanoparticle shown in Figure 

3.14a and the local lattice parameter was determined using the Diffpack module 

for Gatan’s Digital Micrograph software. The FFT from position 1 shows only 

one pair of spots with a lattice spacing of 0.24 nm corresponding to the NiO (111) 

plane. The FFT from position 2 shows two pairs of NiO (111) reflections from 

different lattice orientations along with the Moiré spacing of 1.48 nm. The Moiré 

was formed from the interference of two NiO (111) lattices. The FFT from 

position 3 shows only one pair of fundamental reflections corresponding to NiO 

(111) and two pairs of Moiré reflections with a spacing of 1.08 nm and 0.66 nm. 

In this case, the fundamental reflections can be found by expressing the unknown 

reciprocal lattice vector in terms of the Moiré and NiO (111) reciprocal lattice 

vectors. This analysis shows that both Moiré reflections are formed from the 

interference of NiO (111) with two different Ni (111) lattices oriented at different 

angles. The Ni (111) reflections do not appear in this image because of loss of 

resolution due to instabilities associated with the hot stage. 

Figure 3.14b shows an example of a NiO particle with a void structure at a 

later stage of reduction. In this case a particle with dark contrast was observed at 

the interface of NiO and SiO2. From the FFT’s the surface lattice spacing was 

found to be 0.24 nm corresponding to the NiO (111), position 3, and the lattice 

spacing’s in the dark particle are 0.20 nm and 0.17 nm corresponding to Ni (111) 

and Ni (200) respectively. Figure 3.14c, shows the core-shell structure formed at a 
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later stage of the reduction in CH4. The FFT confirms the lattice spacing to be 

0.24 nm corresponding to NiO (111) in the shell region and 0.20 nm 

corresponding to Ni (111) at the core region indicating a Ni core with NiO shell 

during the reduction. As the reduction continues, the NiO shell grows thinner and 

eventually a complete Ni metal particle remains.  

In the CH4 atmosphere, the primary thermodynamic driving force is to 

reduce the entire NiO particle to Ni metal (not just the particle surface). This 

means that oxygen from the NiO must be continually present on the particle 

surface so that it can react with CH4. After the initial surface reduction of NiO, 

there are two possible transformation mechanisms for the oxide particle to 

completely reduce to metal involving either predominant diffusion of O anions 

(mechanism I) or predominant diffusion of metal cations (mechanism II). Figure 

3.15, schematically represents the morphology of the particles that would form 

during the reduction process based on these two mechanisms. 

If O anions are the primary diffusing species (Figure 3.15a), initially the 

top layer of the metal oxide will reduce to a metal-rich shell. O continues to 

diffuse through the metal-rich shell to react on the surface leaving oxygen 

vacancies in the oxide core. The reduction process continues until all the O is 

consumed creating a Kirkendall void at the centre of the metal particle. For 

example low temperature reduction of PdO results in a Pd metal shell with a void 

at the centre implying an O anion diffusion mechanism [21,22]. On the other 

hand, if metal is the primary diffusing species (Figure 3.15b), cations will diffuse 

away from the surface along defects and grain boundaries exposing fresh metal 
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oxide allowing reduction to continue. In this case, metal/metal oxide core-shell 

structures will form during the intermediate stage of reduction and eventually the 

oxide skin will vanish leaving a solid metal particle. For syngas production, the 

mechanism I involving the formation of an intermediate metal shell may be more 

desirable since it would mean that even partially reduced NiO would be active for 

the reaction. 

Our observations collectively suggest that mechanism II is the main 

process for NiO reduction during ramp-up for POM. This interpretation is further 

reinforced by comparing the respective diffusion coefficients. The diffusion 

coefficient of Ni in NiO grain boundaries is ~10–12 cm2 s–1 at 500oC and is much 

greater than the value of 10–16 cm2 s–1 at 500oC [17,23] for O diffusing in Ni 

metal. For the experiments performed in pure CH4, a clear indicator of metallic Ni 

on the surface is the formation of graphite which is easily observed in the HREM 

image. Thus the decomposition of CH4 to graphite is a powerful tool for detecting 

metal species on the surface of the Ni particle at 500oC. Figure 3.16, shows the in-

situ ETEM image in presence of 0.3 Torr of CH4 at 500oC (Condition H) after the 

reduction of NiO showing graphite over layers formation on Ni surface by the 

dissociation of CH4 on Ni surface according the reaction CH4 � C + 2H2 [1]. All 

the above mentioned observations collectively show that, during the intermediate 

stage of reduction, NiO remains on the surface of the nanoparticle and the 

reduction process takes place via the diffusion of Ni cations along the grain 

boundaries in NiO shell (Reduction Mechanism II). 
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3.5. Structure-activity relationship for Ni/SiO2 Catalyst 

The observed particle reduction mechanism can allow us to interpret the sharp 

increase in syngas production observed in our reactor data at 775oC. During the 

transformation of NiO to Ni, Ni cations will rapidly diffuse over the particle 

surface to extended defect sites and then move to subsurface sites exposing fresh 

NiO. The TEM images show that the average distance between grain boundaries 

and extended defects is on the order of 5 nm. At 500oC, the diffusion coefficient 

for Ni diffusing on NiO is about 10–11 cm2 s–1 suggesting that Ni species will 

remain on the surface for only a few hundredths of a second. Ni metal crystallites 

do not form on the surface and the catalyst surface remains predominantly NiO 

during this process and syngas production is suppressed. Only towards the end of 

the particle reduction process is there a significant increase in the Ni metal 

concentration on the surface as growing Ni metal nuclei break through giving a 

concomitant increase in syngas production. 

The inactivity of the catalyst below 775oC is in part caused by the 

difficulty in reducing the metal particle surface as described above. However, 

once the catalyst is activated, Ni remains as metallic during the temperature ramp-

down favoring syngas formation. The lack of activity during most of the ramp-up 

is associated with the undesirable intermediate transformation of Ni metal to NiO. 

However, if the ramp-up is carried out in a reducing atmosphere, the metal to 

oxide transformation can be avoided in the downstream region of the bed and 

thermodynamically limited performance is achieved over an extended temperature 

range. The experimentally measured CH4 conversion and CO selectivity for such 
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an experiment are shown in figure 3.17 on the same catalyst. In this case, the 

reactor was ramped to 600oC in an H2 flow and then the gas switched to the CH4 

and O2 mixture. The catalyst immediately produced syngas with methane 

conversions near the thermodynamic limit of 60%. With continued ramping, the 

methane conversion (and syngas production) continued to rise in accordance with 

thermodynamic predictions approaching 99% at 900oC.[2] The ramp-up 

procedure ensures that the entire catalyst bed contains only metallic Ni during the 

H2 ramp-up to 600oC. When CH4 and O2 are introduced, the Ni metal may 

initially oxidize (at least in region I of the reactor) but at 600oC this oxide will 

rapidly convert the gas phase oxygen to CO2 and H2O via complete combustion of 

methane. Thus the oxygen partial pressure in the system will be dramatically 

lowered across most of the bed under our flow conditions allowing syngas 

formation to occur.  

 

3.6. Effect of particle size on the catalyst performance 

Partial oxidation of methane reaction was performed on higher loadings of Ni 

with 7.3 wt% Ni on SiO2 support. Figure 3.18 shows the comparison between 

CH4 conversion and CO selectivity for 2.5 wt% Ni and 7.3 wt% Ni for partial 

oxidation of methane during temperature ramp-up. Similar trends in the 

conversion and selectivity were observed for both catalysts until the CO 

formation; light-off temperature for both the catalyst is almost the same with 

775oC for 2.5 wt% loading sample and 795oC for 7.3wt% sample. A sharp rise in 

the CH4 conversion and CO selectivity was observed for 2.5 wt% loading at 
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775oC. For 7.3wt% loading, CO selectivity increases gradually and a sharp rise in 

the CH4 conversion took place at 850oC, this sharp rise in the CH4 conversion is 

75oC great for 7.3wt % loading compared to 2.5 wt% loading sample. Figure 3.19 

(a-b) shows the particle size distribution and the total fractional surface area 

associated Ni particles of different sizes for 7.3 wt% sample. The 2.5 wt% sample 

has as average particles size of about 5.5 nm with 80% of the particles lying in the 

range 3 – 10 nm (figure 3.1). For the 7.3 wt% sample, the average particle size 

was also 5.5 nm but with 50% of the particles lying in the range 3 – 10 nm. 

Comparing the figure 3.19b with figure 3.11, it can be seen that the fractional 

surface associated with the big Ni particles is greater for 7.3 wt% sample than the 

2.5 wt% sample.  

The difference in the shift of sharp rise in CH4 conversion to high 

temperatures 7.3 wt % can be explained as follows. During the temperature ramp-

up the Ni metal nanoparticles are oxidized to NiO and the NiO nanoparticles have 

to reduce back to metallic Ni for producing syngas. During the reduction, NiO is 

the phase that exists on the surface of the nanoparticle with Ni in the core region 

(as discussed in section 3.4.3), syngas will form only when NiO completely 

reduces back to metallic Ni. The large NiO particles will take longer times or 

higher temperature for complete reduction compared to small NiO particles. For 

the 7.3 wt% sample, since the fractional surface area associated with the large Ni 

nanoparticles is higher, these large Ni nanoparticles will transform to larger NiO 

nanoparticles during the temperature ramp-up in CH4 and O2. During the 

reduction these large NiO particles will take longer time or higher temperatures 
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for the NiO to reduce back to Ni, which can explain the shift in the temperature 

for the sharp rise in CH4 conversion for 7.3 wt % sample compared to 2.5 wt% 

sample. The 7.3 wt% sample still contains significant amount of small NiO 

nanoparticles which will completely reduce back to metallic Ni at lower 

temperatures, this explains the similar light-off temperature for CO formation for 

7.3 wt% sample to that of 2.5 wt% sample. 

Similar observations were found when two consecutive ramp-ups were 

performed on the same sample. Figure 3.20 shows the catalyst performance of 2.5 

wt% Ni catalyst for the two consecutive runs (Run1 and Run2) showing CH4 

conversion and CO selectivity. Solid curves shows the catalytic data for Run1 and 

dotted curves shows the catalytic data for Run2. From the plot it can be seen that 

for the main rise in CH4 conversion and the CO selectivity is shifted to higher 

temperatures (about 80oC higher) for the Run2 relative to Run1. During Run1, Ni 

nanoparticles will sinter and the average particle size will increase and the 

fractional surface area associated with large Ni particles will also increase. During 

Run2 on the same sample the larger Ni nanoparticles will give large NiO particles 

which will require longer times or higher temperatures for the complete reduction. 

 

3.7. Summary 

In-situ ETEM was employed to develop an atomic level description of the 

structure, composition and morphologies that develop in model Ni/SiO2 catalyst 

during ramp-up for partial oxidation of methane under high conversion 

conditions. The gas composition along the catalyst bed varies in space and time 
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during ramp-up. Essentially there is no single “reactor condition” in this case and 

the variation in the gas composition must be taken into account in the design of 

ETEM experiments so that the correct structure-property relations can be 

determined. 

During the temperature ramp-up, the Ni metal particles transform to NiO 

at about 300oC in the CH4 and O2 reacting gas mixture before any significant 

catalysis takes place. The void-like morphology present in NiO nanoparticle 5 nm 

is due to a Kirkendall process in which Ni cations preferentially diffuse along 

grain boundaries and extended defects presented in the initial oxide shell. The 

front of the catalyst bed always sees the reacting gases and the NiO particles 

present at temperatures above 300oC favour complete oxidation of CH4. As the 

temperature continues to increase, oxygen partial pressure in the later part (region 

II and III) of the catalyst bed goes down and the NiO in the later region of the bed 

transforms back to metallic Ni leading to syngas formation.  

ETEM experiments were carried out in a variety of relevant reducing 

atmospheres and temperatures to investigate the NiO to Ni metal phase 

transformation. CH4 is the main reducing gas that exists in the reactor before the 

syngas formation. In the CH4 reducing atmosphere, the NiO reduction mechanism 

also involved diffusion of Ni cations along grain boundaries and extended defects 

giving rise to an intermediate catalyst state corresponding to Ni-NiO core-shell 

structures. NiO is the phase that exists on the surface of the nanoparticle until 

complete reduction takes place. Syngas formation will only take place during the 

later stages of NiO reduction when Ni metal nanoparticles break through the NiO 
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shell. This explains the sharp increase in CH4 conversion and CO selectivity that 

is observed at 775oC. Increasing the particle size of the Ni nanoparticles shifts the 

sharp rise in the CH4 conversion to higher temperatures. Ramping of the catalyst 

in a reducing atmosphere avoids the syngas delay associated with NiO formation 

in the latter part of the bed and yields thermodynamically limited conversion over 

a wide temperature range.  
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Table 3.1. Experimental conditions showing the gas environments, reaction 
temperatures and reaction times used during the in-situ ETEM studies 
 

Experiment Gas Temperature 

Ramp (oC) 

Time 

(hr) 

Comments 

A H2 25-400 2 Initial Reduction 

B CH4+0.5O2 25-500 0.5-1 Ni Oxidation 

C CH4+0.5O2 25-800 2 Ni Oxidation 

D CO+2H2 400 1-3 NiO Reduction 

E 3CH4+CO2+2H2O 400-700 1-3 NiO Reduction 

F CO+2H2 400-800 1-3 NiO Reduction 

G CH4 25-700 0.5-1 NiO Reduction 

H CH4 25-500 1-3 NiO Reduction 
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Figure 3.1. Ni particle size distribution for 2.5 wt% Ni/SiO2 metal loading. 
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Figure 3.2. Plot showing conversion of CH4 and O2 and their selectivity towards 
CO2 and CO during partial oxidation of methane over a model 2.5wt% Ni/SiO2 
catalyst. 

 

 

Figure 3.3. Variations in the gas composition along the catalyst bed (regions I, II 
and III) over different temperature ranges for 2.5 wt% Ni/SiO2 catalyst. 
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Figure 3.4. In-situ ETEM images and electron diffraction patterns of Ni/SiO2 (a) 
in presence of 0.8 Torr of H2 at 400oC (Condition A) and (b) from the same 
region in presence of 0.8 Torr of mixture of CH4 and O2 in 2:1 ratio at 400oC 
(Condition B). 
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Figure 3.5. Sequential images of void formation in NiO in presence of CH4 and 
O2 (in 2:1 ratio). 
 

 
 
Figure 3.6. In-situ high resolution TEM image of void structured NiO/SiO2 in 
presence of 0.8 Torr of CH4 and O2 in 2:1 ratio at 400oC (Condition B). 
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Figure 3.7. Background subtracted energy-loss spectrum from a mixture of 2.6 
Torr CH4 and O2 in 2:1 ratio showing C and O K-edges. 
 

 
 
Figure 3.8. Ex-situ TEM image and electron diffraction of Ni/SiO2 after ramping 
to 400oC in CH4 and O2 and then cooling to room temperature in flowing He. 
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Figure 3.9. In-situ ETEM images of Ni/SiO2 (a) in presence of 0.8 Torr of H2 at 
400oC (Condition A) (b) from the same region in presence of 0.8 Torr of mixture 
of CH4 and O2 in 2:1 ratio at 400oC (Condition B) (c) superposition of colorized 
images shown in a and b. 
 
 
 

 
 
Figure 3.10. Schematic representation of NiO void formation by Kirkendall 
effect. 
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Figure 3.11. Fractional surface area associated with Ni particles of different sizes 
2.5wt% Ni loading. 
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Figure 3.12. Electron diffraction pattern of Ni/SiO2 during the reduction in 
presence of CO and H2 (in 1:2 ratio) at 400oC (Condition D).  
 
 

 
 
Figure 3.13. In-situ high resolution ETEM image along with the FFT’s of Ni/SiO2 
during the reduction in presence of 0.1 Torr of CO and H2 (in 1:2 ratio) at 400oC 
(Condition D). 
 
 
 
 
 
 
 



  83 

 
 
Figure 3.14. In-situ high resolution ETEM images along with FFT’s of Ni/SiO2 in 
presence of 0.3 Torr of CH4 at 500oC at different reduction times (Condition H). 
(a) and (b) shows the initial stage of reduction and c) intermediate stage of 
reduction. 
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Figure 3.15. Schematic representation of NiO to Ni transformation under two 
different mechanisms (a) Mechanism I: O is the dominant diffusing species (b) 
Mechanism II: Ni is the dominant diffusing species. 
 
 
 

 
 
Figure 3.16. In-situ high resolution ETEM image of Ni/SiO2 showing graphite 
formation of Ni after the complete reduction of NiO in presence of 0.3 Torr of 
CH4 at 500oC (Condition H). 
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Figure 3.17. CH4 conversion and CO selectivity of 2.5 wt% Ni/SiO2 on showing 
the comparison between two consecutive runs on the same catalyst. 
 
 

 

Figure 3.18. Plot showing CH4 conversion and CO selectivity for partial oxidation 
of methane over a 2.5 wt% Ni/SiO2 (solid curves) catalyst and 7.3wt% Ni/SiO2 
catalyst (dotted curves). 
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Figure 3.19. a) Ni particle size distribution and b) Fractional surface area 
associated with Ni particles of different sizes for 7.3. wt% Ni metal loading on 
SiO2. 
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Figure 3.20. Plot showing CH4 conversion and CO selectivity for partial oxidation 
of methane over a 2.5 wt% Ni/SiO2 for the two consecutive runs Run1 (solid 
curves) and Run2 (dotted curves). 
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Chapter 4 

IN-SITU ENVIRONMENTAL TEM STUDIES OF RU/SIO2 FOR PARTIAL 

OXIDATION OF METHANE  

4.1. Introduction 

Goal of this chapter is to understand structure-activity relationship in Ru/SiO2 

catalyst for partial oxidation of methane (POM) reaction. Catalytic performance 

for the POM reaction was performed on Ru/SiO2 catalyst and in-situ ETEM 

experiments were performed to follow the nanostructural changes. In-situ ETEM 

experiments under oxidizing and reducing gas environments that are relevant to 

partial oxidation of methane were performed to follow the oxidation and 

reduction process in supported Ru nanoparticles and the observations are 

correlated with the catalytic performance. Ru is one of the most active catalysts 

for POM reaction [1,2], Ru is more expensive than Ni but reaches thermodynamic 

equilibrium conversions very fast and has higher resistance to poisoning from 

coke formation than Ni [3]. Experiments similar to Ni/SiO2 were performed and 

the performance of Ru/SiO2 is compared to Ni/SiO2. The oxidation and reduction 

behaviors in Ru nanoparticles are compared with that of Ni and the differences in 

catalytic behavior is discussed. 

 

4.2. Ru/SiO2 catalyst preparation 

2.5 wt% Ru/SiO2 catalyst was prepared by impregnating SiO2 spheres with 

ruthenium chloride hydrate (RuCl3.xH2O) solution using incipient wetness 

techniques. Ruthenium chloride hydrate solution was prepared by dissolving a 
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known amount of 99.98% RuCl3.xH2O (obtained from Sigma Aldrich) using 

ethanol as a solvent. Incipient wetness impregnation was carried out in a mortar 

by drop wise addition of ruthenium chloride solution equivalent to the pore 

volume of the SiO2 in a saturated ethanol atmosphere while mixing for 10 min. 

After impregnation, the sample was dried at 120oC followed by reduction in 

5%H2/Ar atmosphere at 400oC for 3 hours. Figure 4.1 shows a typical TEM 

image of Ru/SiO2 catalyst after reduction. 

 

4.3. Ru/SiO2 catalyst performance 

Catalytic measurements were performed in an In-situ Research Instruments RIG 

150 reactor. For a typical reaction, 10 mg of catalyst was loaded into the reactor 

and initially reduced at 400oC in 5% H2/Ar. Reaction conditions for partial 

oxidation of methane on Ru/SiO2 were the same as that of for Ni/SiO2 catalyst. 

The effluent gas from the reactor outlet was analyzed with a Varian 3900 gas 

chromatography.  

Figures 4.2, shows the measured catalytic conversion of CH4 and O2 and 

their selectivity towards CO2 and CO on Ru/SiO2 during partial oxidation of 

methane. During the temperature ramp up, no catalytic conversion of CH4 took 

place at temperatures below 250oC. Similar to the Ni catalyst, CO2 is the initial 

product that was formed on Ru by complete combustion of CH4, the light-off 

temperature for CO2 formation is about 50oC less in case of Ru compare to Ni. 

Complete combustion takes place in the temperature regime of 250oC to 400oC 

giving CO2 and H2O in 1:2 ratio. At 400oC about 10% of CH4 and 40% of O2 is 
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converted giving CO2 and H2O, similar conversions happen on Ni catalyst at 

about 525oC. A further increase in temperature to 425oC results in a sharp rise in 

CH4 conversion from 10% to 28% and also a sharp rise in O2 conversion from 

40% to almost 100%. CO also starts to form at this temperature. The light-off 

temperature for CO formation on Ru catalyst is about 350oC lower than that of Ni 

catalyst under the same ramp-up conditions. With a further increase in 

temperature both CH4 conversion and CO selectivity increases, following the 

thermodynamic limits of partial oxidation of methane [3]. A decrease in the O2 

conversion from 100% at 425oC to 95% at 900oC was observed.  

Figure 4.3 schematically illustrates the possible variation in gas 

composition along the catalyst bed for three different temperature regimes. At 

temperatures below 250oC, all regions of the bed are exposed to a mixture of CH4 

and O2 (2:1). In the temperature range of 250oC to 400oC, region I at the front of 

the bed sees a reactant mixture of mostly CH4 and O2 whereas regions II and III 

are exposed to gas mixture containing CH4, O2, CO2 and H2O. The amount of O2 

in regions II and III of the catalyst bed decreases rapidly from 100 % to 0 % in a 

span of 150oC. Above 400oC, where CO formation starts to take place, region I is 

still exposed to the reactant gases CH4 and O2. Region II is exposed mostly to a 

mixture of CH4, CO2, H2O, and very small concentrations of unreacted O2. 

Reforming of methane with CO2 and H2O takes place in region II and region III is 

exposed to a mixture of unreacted gases CH4, O2, CO2 and H2O from region II 

and the product gases CO and H2 (in 1:2 ratio). With increase in temperature, 
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more reforming of CH4 takes place in region II, and the concentration of product 

gases CO and H2 increases in region III. 

 

4.4. Nanostructural characterization 

Both ex-situ and in-situ nanoscale characterization was performed on the Ru/SiO2 

catalyst. For in-situ experiments, a series of ETEM experiments were performed 

under the reactant gases that are relevant to partial oxidation of methane and are 

listed in table 4.1.  

Figure 4.4(a-b) shows the TEM image and electron diffraction of Ru/SiO2 

in the presence of 1 Torr of H2 at 400oC (condition A). Electron diffraction 

patterns confirm that the nanoparticles are metallic HCP Ru. A high resolution 

image from one of the nanoparticles in the presence of H2 at 400oC is shown in 

figure 4.5 with a lattice spacing of 0.235 +/- 0.014 nm corresponding to Ru (100). 

Figure 4.6a shows the TEM image from the same nanoparticle (as in figure 4.4a) 

in the presence of 1 Torr CH4 and O2 gas mixture in 2:1 ratio at 300oC showing a 

formation of thin layer on the surface of the nanoparticle. Electron diffraction 

shows reflection of 0.318 nm corresponding to tetragonal RuO2 (110) along with 

the Ru metal reflections, as shown in figure 4.6b. No change in the surface layer 

was observed even with the increase in temperature to 400oC. Figure 4.7 shows 

the high resolution TEM image along with Fast Fourier Transforms (FFT) of 

Ru/SiO2 in the presence of 1 Torr of CH4 and O2 gas mixture in 2:1 ratio at 

400oC. Lattice spacing from the core region (region I) measured from FFT gives a 

value of 0.217 +/- 0.016 nm corresponding to the HCP Ru (002). Lattice spacing 
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from the surface (region II and III) of the nanoparticle is 0.257 +/- 0.016 nm 

corresponding to RuO2 (101).  

In-situ electron energy-loss spectroscopy was also performed on these 

particles. Energy-loss from the surface of the nanoparticle shows O K-edge along 

with the Ru edges confirming that the surface of the nanoparticle is RuO2 (figure 

4.8a). Figure 4.8b shows the energy-loss spectra from the core region of the 

nanoparticle showing Ru M23 and M45 edges and small O K-edge is seen since the 

particle is surrounded by an oxide shell. Ru-RuO2 core-shell structures were 

formed in the presence of CH4 and O2 gas mixture. 

Ex-situ experiments were also performed to validate the in-situ 

observations. After the initial reduction step in H2, the catalyst was heated to 

400oC in the ex-situ reactor in the presence of CH4 and O2 in a 2:1 ratio with He 

as a carrier gas. The sample was then cooled to room temperature and 

immediately transferred into a TEM for observation. TEM characterization was 

performed on JEOL JEM 2010 microscope. Figure 4.9 shows the STEM image of 

Ru/SiO2 after the reaction in CH4 and O2 at 400oC. Blow ups are shown from 

different areas from the image showing the presence of core-shell structure 

nanoparticles with a brighter core. Energy-loss spectra were collected from the 

surface and the core regions and are shown in figure 4.10 (a-b), clearly indicating 

that surface of the nanoparticle is RuO2 and the core region is Ru metal. Ex-situ 

results are consistent with that of the in-situ data, validating the in-situ 

observations.  
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The formation of the oxide layer is due to the presence of high partial 

pressure of O2 in the gas stream. The formation of the oxide layer even in the 

presence of reducing gas CH4 is due to the higher chemisorption energies of O2 on 

to the Ru surface compared to CH4 (dissociative chemisorption energies of O2 and 

CH4 on the Ru (211) surface are -4.62 eV/molecule and -0.88 eV/molecule 

respectively) [4], which is the similar case observed in Ni. Complete oxidation of 

the Ni nanoparticle to NiO was observed for Ni, whereas in Ru only the surface of 

the nanoparticle is oxidized. This may be due to the kinetic limitations for O 

atoms to diffuse inwards and oxidize the Ru or for the Ru atoms to diffuse onto 

the surface of the nanoparticle and react with the O2 gas. Mott et al., [5] proposed 

a theory for the formation of protective oxide films. Oxidation takes place by the 

ionic and electronic diffusion. An initial oxide layer will form when the metal 

surface is exposed to oxygen and the oxide layer grows as long as electrons from 

metal can diffuse through the oxide layer and reach the surface. Electrons can 

move through the oxide layer by tunneling or by thermionic emission. As the 

oxide layer grows, the film become too thick for the electron tunneling and if 

electron cannot move freely by thermionic emission the oxide layer stops 

growing. However RuO2 can conduct electrons [6], and the Mott theory on 

protective oxide formation fails in this case. At this moment, the oxidation 

mechanism of Ru is not clearly understood. RuO2 is the structure that exists on 

the nanoparticle surface up to 400oC during the POM reaction and favors 

complete oxidation of methane to CO2 and H2O. 
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With increase in temperature, the partial pressure of O2 goes down and the 

gas environment in the later part of the catalyst bed becomes reducing with CH4 

as the reducing gas. Figure 4.11 (a-b) shows the in-situ TEM images in the 

presence of 1 Torr of CH4 and O2 mixture (2:1 ratio) and in the presence of pure 

CH4 at 400oC from the same areas. From the images it is clear that the surface 

oxide layer present in the CH4 and O2 atmosphere is no longer present in the CH4 

atmosphere, Figure 4.12 shows the high resolution TEM image of Ru/SiO2 in the 

presence of CH4 at 400oC with a lattice spacing of 0.235 +/- 0.011 nm 

corresponding to Ru (100). The reduction of RuO2 to Ru metal was very fast and 

intermediate reduction steps were difficult to obtain. Once the RuO2 surface layer 

reduces back to metallic Ru, reforming of CH4 takes place with CO2 and H2O 

forming syngas and the CO selectivity increases with increasing temperature 

following the thermodynamic trends for partial oxidation of methane. Unlike Ni, 

there is no evidence for formation of graphite layers on the surface of the Ru 

metal. It is well known that Ni gets poisoned by the formation of coke on the 

surface, (one of the ways for coke formation on surface is due to the dissociation 

of methane) whereas Ru is much more resistant to the poisoning by coke [3]. Our 

observations also suggest that Ru has higher resistance for C poisoning than Ni. 

In-situ reduction of RuO2/SiO2 in the presence of CH4 was also performed 

to follow the reduction process in RuO2 nanoparticles. RuO2/SiO2 samples were 

prepared by calcination of RuCl3.H2O/SiO2 at 600oC for 2 hours. RuCl3.xH2O 

heated in the presence of air decomposes and forms RuO2 [7]. Figure 4.13 (a-b) 

shows the in-situ TEM images of RuO2/SiO2 in the presence of vacuum at 200oC 
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and the corresponding electron diffraction pattern confirming the nanoparticles 

are tetragonal RuO2. Figure 4.13 (c-d) shows the in-situ TEM images from the 

same area in presence of 1 Torr of CH4 at 400oC and the corresponding electron 

diffraction pattern matches with the HCP Ru metal confirming the reduction. 

Figure 4.14 shows the in-situ high resolution TEM image of RuO2/SiO2 in the 

presence of 1 Torr of CH4 at 400oC. The nanoparticle consists of void like 

structures with several voids distributed within each the nanoparticle; this 

nanoparticle has lattice spacing of 0.23 nm corresponding to Ru (100). The 

presence of these void structures suggests that the reduction mechanism of RuO2 

is by the diffusion O-anions. The reduction process in RuO2 is different from that 

of NiO. In the case of NiO, Ni cations are the faster diffusing species for the 

reduction process giving solid Ni particles after reduction (figure 3.15b)., whereas 

in RuO2, O-anion is the main diffusing species which will give void like 

structures in the nanoparticle (figure 3.15a). Crozier et al., also observed void like 

structures during the reduction of PdO to Pd metal resulting in Pd metal shell. 

[8,9].  

 

4.5. Summary 

Both in-situ and ex-situ TEM experiments were performed on Ru/SiO2 catalyst 

for partial oxidation of methane reaction. During the temperature ramp-up, the Ru 

metal particles transform to Ru-RuO2 core-shell structures in the CH4 and O2 

reacting gas mixture at 300oC. RuO2 is the species that exists on the surface of the 

nanoparticle when complete oxidation of methane takes place giving CO2 and 
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H2O as the main products. As the temperature increased to 425oC almost all the 

O2 is consumed in the region I of the catalyst bed and oxygen partial pressure in 

the later part (region II and III) of the catalyst bed goes down and the gas 

environment becomes reducing with CH4 as the main reducing gas. From the in-

situ data, RuO2 surface layer back to metallic Ru in presence of CH4 at 400oC 

favoring reforming reactions to take place and produce syngas.  

Both oxidation and reduction processes are different for Ru nanoparticles 

compared to Ni. In the case of Ni, complete oxidation of Ni nanoparticles was 

observed in presence of CH4 and O2 gas mixture (in 2:1 ratio) at 400oC whereas 

for Ru only the surface of the nanoparticle is oxidized to RuO2 forming Ru-RuO2 

core-shell structures. The kinetic limitation of diffusion of charged species 

through the oxide layer prevents the complete oxidation of Ru metal. During the 

reduction in CH4, the NiO reduction mechanism involved diffusion of Ni cations 

along grain boundaries and extended defects giving raise Ni-NiO core-shell 

structures. NiO is the phase that is always exists on the surface of the nanoparticle 

until the complete reduction. In case of RuO2, O-anion is the main diffusing 

species leaving void like structures in the nanoparticle after the complete 

reduction to Ru metal. 
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Table 4.1. Experimental conditions showing the gas environments, reaction 
temperatures during the in-situ ETEM studies. 
 

Experiment Gas Temperature 
Ramp (oC) 

Comments 

A H2 25-400 Initial Reduction 

B CH4+0.5O2 35-400 Oxidizing 
Condition 

C CH4 25-450 Reducing 
Condition 

D CH4  25-400 RuO2 Reduction 
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Figure 4.1. TEM image of 2.5wt% Ru/SiO2 catalyst. 
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Figure 4.2. Plot showing the catalytic performance during partial oxidation of 
methane on 2.5 wt% Ru/SiO2. 
 
 
 

 
 
Figure 4.3. Variations in the gas composition along the catalyst bed (regions I, II 
and III) over different temperature ranges for 2.5 wt% Ru/SiO2 catalyst. 
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Figure 4.4. a) In-situ ETEM images in presence of Ru/SiO2 1 Torr of H2 at 400oC 
and b) corresponding diffraction pattern. 
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Figure 4.5. In-situ high resolution ETEM image of Ru/SiO2 in presence of 1 Torr 
of H2 at 400oC. 
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Figure 4.6. a) In-situ ETEM images from the same area in presence of 1 Torr of 
CH4 and O2 in 2:1 ratio at 300oC and b) corresponding diffraction pattern. 
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Figure 4.7. In-situ high-resolution ETEM image of Ru/SiO2 in presence of 1 Torr 
of CH4 and O2 in 2:1 ratio at 400oC. 
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Figure 4.8. Background subtracted energy-loss spectrum in the presence of 1 Torr 
of CH4 and O2 at 300oC a) from the core region of the nanoparticle b) from the 
surface of the nanoparticle. 
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Figure 4.9. Ex-situ STEM image of Ru/SiO2 after ramping to 400oC in presence 
of CH4 and O2 in 2:1 ratio and cooling to room temperature in flowing He. 
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Figure 4.10. Background subtracted energy-loss spectrum from Ru/SiO2 after 
ramping to 400oC in presence of CH4 and O2 in 2:1 ratio and cooling to room 
temperature in flowing He. a) from the core region of the nanoparticle b) from the 
surface of the nanoparticle. 
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Figure 4.11. In-situ TEM images of Ru/SiO2: a) In presence of 1 Torr of CH2 and 
O2 in 2:1 ratio at 400oC and b) from the same region in presence of 1 Torr of 
mixture of CH4 at 400oC. 
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Figure 4.12. In-situ high-resolution ETEM image of Ru/SiO2 in presence of 1 
Torr of CH4 at 400oC. 
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Figure 4.13. In-situ ETEM image and the electron diffraction pattern of 
RuO2/SiO2 a) in vacuum at 200oC b) in presence of 1 Torr of CH4 at 400oC. 



  111 

 
 
Figure 4.14. In-situ high-resolution ETEM image of RuO2/SiO2 in presence of 1 
Torr of CH4 at 400oC. 
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Chapter 5 

UNDERSTANDING THE EVOLUTION OF NI-RU BIMETALLIC 

NANOPARTICLES UNDER REACTING GAS CONDITIONS USING IN-SITU 

ENVIRONMENTAL TEM 

5.1. Introduction 

In the last two chapters, nanostructural changes in supported monometallic 

nanoparticles (Ni and Ru) and their effect on the catalytic performance was 

presented for partial oxidation (POM) of methane reaction. This chapter focuses 

on bimetallic nanoparticles (NiRu) for the POM reaction. Bimetallic catalysts 

sometimes exhibit superior activity, selectivity and resistance to deactivation [1]. 

In general noble metals are highly active for most of the chemical reactions, but 

are very expensive. A combination of a noble metal with an inexpensive metal is 

ideal for improving the catalyst performance and at the same time keeping 

material costs low. Ni and Ru were chosen to make bimetallic catalyst, where Ni 

is an inexpensive metal and Ru is a noble metal. 

A major challenge in bimetallic catalysts lies in the synthesis of these 

particles, where the goal is to create a close interaction between the two metal 

species [2]. There are several possible interactions that can take place between the 

two metals during the preparation of these bimetallic nanoparticles as described in 

Figure 5.1 (a-e). There may be a possibility that the two metal species do not 

interact with each other (figure 5.1a) in which case the catalyst behaves as two 

individual monometallic catalysts with no synergetic effect of the two metals. 

Figure 5.1b and 5.1c shows the core-shell type structures that can form, and there 
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may be a possibility of phase separation in individual nanoparticles with non 

uniform metal distributions (figure 5.1d) or they can from complete solid solution 

with a uniform distribution (figure 5.1e). Moreover these nanostructures can 

undergo significant changes when they are exposed to reacting gas conditions at 

elevated temperatures.  

In this chapter nanostructural changes in supported NiRu nanoparticles 

were studied under reacting gas conditions that are relevant to POM using in-situ 

environmental transmission electron microscopy (ETEM) and the effect of these 

nanostructural changes is correlated with the performance of the catalyst. 

 

5.2. Ni-Ru/SiO2 catalyst preparation 

Supported NiRu bimetallic nanoparticles were prepared by co-impregnating SiO2 

spheres with the precursor solution of nickel nitrate hexahydrate 

(Ni(NO3)2.6H2O) and ruthenium chloride (RuCl3.xH2O). Precursor solution was 

obtained by dissolving a known amount of 99.99% Ni[NO3]2.6H2O and 99.98% 

(RuCl3.xH2O) (obtained from Sigma Aldrich) together in a alcohol solvent. 

Incipient wetness impregnation was carried out in a mortar by drop wise addition 

of precursor solution equivalent to the pore volume of the SiO2 in a saturated 

ethanol atmosphere while mixing for 10 min. The overall metal content in the 

catalyst is 2.5 wt% with 50 at% Ni and 50 at% Ru. After impregnation, the 

sample was dried at 120oC followed by reduction in 5%H2/Ar atmosphere at 

400oC for 3 hours.  
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5.3. EDX composition analysis of NiRu bimetallic nanoparticles 

For determining the composition of the SiO2 supported bimetallic NiRu 

nanoparticles, energy dispersive x-ray spectroscopy (EDX) was performed in a 

JEOL JEM 2010F transmission electron microscope with the microscope in 

STEM mode. Figure 5.2a shows the STEM image of 50Ni50Ru/SiO2 and a 

typical EDX spectrum is shown in figure 5.2b. EDX spectra from individual 

nanoparticles was obtained in raster mode, where the beam is scanned across the 

entire particle this gives the average Ni and Ru composition in the individual 

nanoparticle. Spectra were collected for 60 to 120 seconds depending on the x-ray 

counts generated by the particle.  

The Cliff-Lorimer method can be used to determine the composition of 

bimetallic nanoparticles by using the following equation [3]: 

CNi/CRu = kNi-Ru * INi/IRu     (1) 

where CNi and CRu are the atomic composition fractions of the elements Ni and 

Ru, INi and IRu are the background subtracted intensities of Ni Kα and Ru Kα 

peaks respectively, kNi-Ru is the sensitivity factor. For determining the k-factor, 

EDX spectra were collected from a standard sample. The standard sample was 

prepared as follows, a known amount of nickel nitrate hexahydrate and ruthenium 

chloride hydrate were mixed together to get a 50at% Ni and 50at% Ru metal 

concentrations and was dissolved in an ethanol solvent. The solution was 

ultrasonicated for 5 min to obtain a uniform mixing; a drop of this solution was 

placed onto a holy carbon TEM grid for EDX analysis. EDX spectra were 

collected from several areas and the ratio of intensities under the Ni Kα and Ru 
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Kα peaks was determined. Figure 5.3 shows the INi and IRu ratio obtained from 

several regions, the ratio varies by only 7% from the average value, suggesting 

that a reasonably uniform composition of Ni, Ru is present in the standard sample. 

By knowing the initial composition ratio and the intensity ratios for the Ni and 

Ru, the k-factor can be determined by using equation 1. The kNi-Ru obtained from 

the standard is 0.33 with a standard deviation of 0.02. By knowing the k factor 

and the intensity ratio of Ni Kα and Ru Kα peaks, the composition in individual 

nanoparticles can be obtained. Figure 5.4 shows the composition distribution for 

50Ni50Ru sample from several nanoparticles. The average composition obtained 

from the EDX analysis for 50Ni50Ru sample is 53.7 at% Ni and 46.3 at% with a 

standard deviation of 15 at%, which is close to the nominal bulk composition used 

for preparing this sample. From the plot it is clear that almost all the nanoparticles 

contain both Ni and Ru. EDX analysis shows that bimetallic nanoparticles of 

NiRu were successfully obtained by performing co-impregnation preparation 

technique.  

 

5.4. Ni-Ru/SiO2 catalyst performance 

The catalytic reaction for partial oxidation of methane was performed in an In-situ 

Research Instruments RIG 150 reactor. Conditions for performing catalytic 

reactions are similar to that used for Ni/SiO2 and Ru/SiO2 catalysts. The effluent 

gas from the reactor outlet was analyzed with a Varian 3900 gas chromatography.  

Figures 5.5 shows the measured catalytic conversion of CH4 and O2 and 

their selectivity towards CO2 and CO on 50Ni50Ru/SiO2 during partial oxidation 
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of methane. During the temperature ramp up, no catalytic conversion of CH4 took 

place at temperatures below 300oC. CO2 is the initial product that was formed on 

NiRu bimetallic catalyst by complete combustion of CH4, the light-off 

temperature for CO2 formation (300oC) was the same as that for the pure Ni 

catalyst and about 50oC higher than that of pure Ru catalyst. Complete 

combustion takes place in the temperature range of 300oC to 500oC giving CO2 

and H2O in 1:2 ratio. At 500oC about 15% of CH4 and 60% of O2 is converted to 

CO2 and H2O, similar conversions happen on the Ni catalyst at about 575oC. A 

further increase in temperature to 525oC resulted in a sharp rise in CH4 conversion 

from 15% to 50% and also a sharp rise in O2 conversion from 60% to almost 

100%. CO also started to form at this temperature. Under the same ramp-up 

conditions, the light-off temperature for CO formation on NiRu bimetallic catalyst 

is about 250oC lower than that of pure Ni catalyst (775oC) and about 100oC higher 

than that of pure Ru catalyst (425oC). With a further increase in temperature both 

CH4 conversion and CO selectivity increased and reached the thermodynamic 

limits of partial oxidation of methane [4].  

The performance of 50Ni50Ru catalyst has some similarities with that of 

pure Ru and pure Ni catalytic data. The conversion plots are more similar to Ru 

performance (chapter 4, figure 4.2), except there is a shift in the temperature to 

higher values. Sharp rise in the CO formation for 50Ni50Ru catalyst is similar to 

that observed in pure Ni (chapter 3, figure 3.2). The possible variation in gas 

composition along the catalyst bed for 50Ni50Ru catalyst was similar to that of 
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Ru (chapter 4, figure 4.3), however in case of 50Ni50Ru catalyst the temperature 

regimes are shifted to higher values.  

 

5.5. Dynamic evolution of Ni-Ru bimetallic nanoparticles 

5.5.1. Initial stage of ramp-up: NiO surface segregation 

Figure 5.6a shows the in-situ TEM image of 50Ni50Ru bimetallic nanoparticle on 

SiO2 support in the presence of 1 Torr of H2 at 400oC. A typical energy-loss 

spectrum from one of the nanoparticle in the presence of H2 at 400oC is shown in 

figure 5.6b confirming that both Ni and Ru are present in the nanoparticle. Figure 

5.7a shows the same nanoparticle as that in figure 5.6a in the presence of CH4 and 

O2 (in 2:1 ratio) at 400oC. The nanoparticle contains a dark core with a thin shell 

on the surface. Energy-loss spectrum from the surface of the nanoparticle (figure 

5.7b) shows that the shell contains predominantly NiO with a slight hint of Ru. It 

is not clear at this moment whether Ru exists as metal or oxide because of the 

weak signal from Ru and the O edges of metals overlap. However based on the 

studies on pure Ru in chapter 4, Ru will form a layer of RuO2 on the surface in the 

presence of CH4 and O2 (in 2:1 ratio). Hence it is reasonable to assume that any 

Ru that is present on the surface would exist as RuO2. For all the energy-loss 

spectra discussed in this chapter, the background was removed from the Ru, O 

and Ni by fitting the power law to 60-80 eV pre-edge fitting windows before the 

Ru ionization edge.  

Figure 5.8a shows the in-situ high resolution ETEM image of the 

50Ni50Ru bimetallic nanoparticle in the presence of 1 Torr of H2 at 400oC. The 
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lattice spacing in the nanoparticle measures to be about 0.229 +/- 0.011 nm which 

does not belong to pure Ni or pure Ru within the error. According to the JCPDS 

data (PDF file number: 04-001-2915) this lattice spacing matches to the 

hexagonal NiRu (100) plane of 0.225 nm [5], with Ni to Ru atomic ratio of 1. 

Table 5.1 shows the lattice spacings of different planes for Ni, Ru and 50Ni50Ru 

obtained from JCPDS files.  

Figure 5.8b shows the in-situ high resolution ETEM image of the same 

nanoparticle as in figure 5.8a in the presence of 1 Torr of CH4 and O2 (in 2:1 

ratio) at 400oC. A core-shell structure can clearly be seen in the nanoparticle. A 

Fast Fourier Transform (FFT) from the core region is shown in the figure, the 

lattice spacing measurement from the FFT is about 0.231 +/- 0.011 nm which 

matches with the lattice spacing of the HCP Ru (100). Coarse fringes were seen at 

the interface between the surface oxide layer and the core Ru particle. The lattice 

spacing of the coarse fringes measured from the FFT is about 0.322 +/- 0.009 nm 

which matches with the RuO2 (110).  

To further evaluate the compositional distribution along the nanoparticles, 

in-situ electron energy-loss spectroscopy (EELS) line scans in STEM mode were 

performed. A typical EELS line scan contains 20 spectra with a collection time of 

about 500 ms each. The gas pressure in the environmental cell was lowered to 0.3 

Torr while collecting the EELS spectra to avoid the energy-loss signal from the 

gases. The EELS line scans in STEM mode under in-situ ETEM conditions is 

very difficult to perform due to drift associated with the sample holder at high 

temperatures. Figure 5.9 schematically illustrates the difficulty associated with 
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performing the EELS line scans in in-situ ETEM. Suppose an EELS line scan was 

performed along a nanoparticle; figure 5.9a represents the state of the supported 

nanoparticle image and a line profile was drawn for collecting the EELS spectra 

along this nanoparticle as shown. It takes about 10 seconds for all the spectra to 

be collected along the line profile. Within this time, the sample will drift away 

from the line profile as represented in figure 5.9b. This gives EELS spectra from 

the regions that are not of interest (i.e. not along the nanoparticle).  

To overcome this issue, EELS line scans are carefully performed 

according to the following procedure. Initially an estimate of the sample drift was 

made by looking at a sequence of STEM images. Line scans are always started 

from the vacuum or from the SiO2 surface. This will give two reference points, 

one from the vacuum with no signal in the EELS spectra and the other from the 

SiO2 which gives an O K-edge in the EELS spectra. A complete scan along the 

nanoparticle is considered only if both the boundary points are seen while 

collecting the spectra. That is if the scan is performed from the vacuum, the first 

spectrum in the EELS line scan will have no peaks and the final spectrum will 

have an O-K edge signal from SiO2. Similarly if the scan was performed from the 

SiO2 surface, the first spectra in the EELS line scan will have an O-K edge signal 

from SiO2 and the final spectra will have no peaks when the electron beam 

reaches the vacuum. The term “vacuum” in in-situ ETEM case is loosely used 

since the sample is surrounded by the reactant gas environment. Low gas 

pressures (0.3 Torr in this case) will not give enough signal in the STEM mode to 

be detectable by EELS. 
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Figure 5.10 (a-b) shows the STEM image and EELS line scan on the Ni-

Ru bimetallic nanoparticle in the presence of 0.3 Torr H2 at 400oC. According to 

the bulk phase diagram (shown in figure 5.11) on Ni-Ru a complete phase 

separation of almost pure Ni and pure Ru regions should exist at this temperature 

(400oC), this means the nanoparticle should contain regions with 100% Ni and 

100% Ru. From the line scan in figure 5.10b some evidence for phase separation 

can be observed, however it is not as dramatic as the phase diagram prediction. 

From the composition profile in figure 5.10b, it can be observed that, the 

nanoparticle is more uniform towards the surface and rich in Ni towards the 

support-particle interface. These bulk phase diagram may not represent the actual 

Ni-Ru interaction for nanoparticles, moreover the presence of gas can also have 

effect on the composition distribution.  

Figure 5.10 (c-d) shows the STEM image and EELS line scan from the 

same nanoparticle as that of figure 5.10a in the presence of 0.3 Torr CH4 and O2 

(in 2:1 ratio) at 400oC. The STEM image shows a bright core with a lighter shell 

on the nanoparticle, and EELS line scan shows preferential surface segregation of 

Ni onto the surface with Ru in the core region.  

 For obtaining the oxygen distribution along the nanoparticle, EELS line 

scans were taken across the nanoparticle parallel to the silica surface as shown in 

figure 5.12a. This geometry makes it is possible to avoid the O-K edge signal 

from the SiO2. Figure 12b is the composition profile obtained from the EELS 

signal and shows a typical core-shell structure with Ni on both sides of the surface 

of the nanoparticle and Ru in the core. The oxygen profile almost matches the Ni 
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profile confirming that the nanoparticle is surrounded predominantly by the NiO 

shell. A dip in the oxygen profile in the core region suggests that Ru exist as 

metallic Ru. Oxygen is always seen because the Ru core is surrounded by an 

oxide shell, this oxide shell contributes oxygen signal in the EELS spectra even 

from the core region. Ru signal is always seen from the oxide shell (which is 

shown in figure 5.8, suggesting that the oxide shell consists of both Ni and Ru as 

oxides; however the shell predominantly consists of NiO.  

  The oxidation process in alloy nanoparticles can significantly vary 

depending on the metals that are forming the bimetallic system [6-10]. Figure 

5.13 schematically shows the three possible mechanisms of oxidation behavior in 

two-phase alloys, adopted from Gesmundo et al. 1995 [6]. In the first case 

(mechanism I) (figure 5.12a), both the metals can undergo an oxidation process 

independently forming AO and BO. In the second case (mechanism II), the two 

metals can undergo oxidation process cooperatively forming a uniform oxide 

layer of (AB)O. In the third case (mechanism III), one metal undergoes an 

oxidation process and the other does not. From the in-situ ETEM observations, 

the oxidation process in Ni-Ru bimetallic nanoparticles is more close to 

mechanism III; however there is some presence of Ru oxide in the oxide shell. 

 Figure 5.14 schematically explains classic oxidation behavior of an alloy 

with a combination of a noble metal (Ru) and the metal that tends to undergo 

complete oxidation (Ni). To start it is assumed that the nanoparticle contains an 

almost uniform distribution of Ni and Ru (figure 5.14a). During the oxidation 

process, both Ni and Ru on the surface of the nanoparticle will get oxidized and 
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form a combination of NiO and RuO or (NiRu)O (figure 5.14b). From the 

previous observations on pure Ni (chapter 4) and pure Ru (chapter 5), both metal 

surfaces get oxidized when they are exposed to a gas mixture of CH4 and O2 in 

2:1 ratio. Hence it is reasonable to assume that the initial oxidation process takes 

place by the formation of oxide scale formed by both Ni and Ru. The diffusion of 

Ni takes place from the alloy-oxide interface onto the surface of the nanoparticle 

and undergoes further oxidation. This will leave a Ni depletion region between 

the alloy and the oxide which is rich in Ru, as shown in figure 5.14c. This 

concentration gradient in the metallic core will lead to an inward diffusion of the 

Ru from the depletion region and outward diffusion of Ni from the core towards 

the interface. The driving force for Ni to form NiO in the presence of O2 will lead 

to further diffusion of Ni from the depletion region onto the surface and 

undergoes oxidation. This process will continue eventually giving a nanoparticle 

with an oxide shell rich in Ni with Ru metal core and the interface contains aa 

mixed oxide layer (figure 5.14d). When metal species diffuses onto the surface 

this will leave a vacancy and can lead to the formation of voids at the interface 

between the oxide and the Ru metal core, these voids may not be stable and can 

collapse. The void structures are occasionally observed in the nanoparticles, an 

example is shown in figure 5.15. 

The oxidation behavior does not exactly follow the mechanism as 

described above, since there is always some presence of Ru in the oxide layer as 

shown by EELS spectra in figure 5.7b. The surface oxide shell is a combination of 

Ni and Ru oxides with predominantly rich in NiO. This suggests that there may be 
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some diffusion of Ru is taking place on to the surface during the oxidation 

process. The oxidation mechanism described in figure 5.14 assumes that the 

bimetallic nanoparticles have a uniform composition to start with. However, the 

composition is not perfectly uniform for NiRu nanoparticles (as seen in figure 

5.10 (a-b)) which can effect the composition distribution in the oxide scale during 

the oxidation. 

 

5.5.2. Final stage ramp-up: NiRu formation 

From the reactor data, as the temperature increases, the gas mixture in region II 

and region III of the catalyst bed becomes more reducing (as O2 is consumed) 

with CH4 as the main reducing gas. Eventually it becomes thermodynamically 

favourable for the oxide to transform back to metal at this point. 

 In-situ reduction was performed in the presence of CH4. Figure 5.16 

compares the STEM image and the EELS line scan profiles from the same 

nanoparticle in the presence of 0.3 Torr CH4 and O2 (in 1:2 ratio) at 400oC and in 

the presence of 0.3 Torr CH4 at 600oC. Figure 5.16a in CH4 and O2 again shows 

the similar behaviour as before, with Ni rich on the surface (which is in the form 

of NiO) and Ru rich in the core. In the presence of CH4 (figure5.16b), the oxide 

reduced back to metal and intermixing of Ni and Ru takes place. The EELS line 

scan profiles of Ni and Ru from several nanoparticles in the presence of 0.3 Torr 

CH4 at 600oC were shown in Appendix III. From these line scans it can be 

observed that there is a variation in the distribution of Ni and Ru from one 

nanoparticle to the other. Some nanoparticles show more or less uniform 
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distribution of Ni and Ru and some show an inhomogeneous distribution. Some 

nanoparticles contain Ru rich surface, which is in contrast with that of in the 

presence of CH4 and O2 gas mixture. A nanoparticle with Ni rich surface in the 

presence of CH4 and O2 mixture transforms into a Ru rich when the gas 

environment was switched to pure CH4. (The apparent enrichment of Ru at the 

particle-silica interface is an artifact of the EELS background fitting caused by the 

presence of the silicon L23 edge).  From chapter 3, it has been observed that Ni is 

the main diffusing species during the reduction of NiO. Since the oxide shell 

contains predominantly NiO, it is reasonable to assume that the dominant 

mechanism for the reduction to take place is by the diffusion of Ni cations to the 

subsurface during the reduction process. As the NiO reduces back to Ni metal, it 

will diffuse into the subsurface and the surface of the nanoparticle gets richer in 

Ru. 

  

5.6. Low Ru composition sample 

The above data is shown for a bimetallic catalyst containing 50% Ni and 50% Ru, 

high Ru content is used in this case to facilitate the easy detection of Ru while 

performing spectroscopic studies. However if the cost of the catalyst has to be 

lowered the use of noble metal (in this case Ru) should be much less. A very low 

Ru content NiRu bimetallic sample was prepared and tested for the catalytic 

performance for partial oxidation of methane. NiRu bimetallic catalyst was 

prepared with 95 at% Ni and 5 at% Ru on SiO2 using the co-impregnation 

technique as described in section 5.2; the catalyst is labeled as 95Ni5Ru. 
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Figures 5.17, shows the measured catalytic conversion of CH4 and O2 and 

their selectivity towards CO2 and CO on 95Ni5Ru/SiO2 during partial oxidation 

of methane. During the temperature ramp up, no catalytic conversion of CH4 take 

place at temperatures below 300oC. CO2 is the initial product that was formed on 

95Ni5Ru bimetallic catalyst by complete combustion of CH4. Complete 

combustion takes place in the temperature regime of 300oC to 560oC giving CO2 

and H2O in 1:2 ratio. A further increase in temperature to 585oC results in a sharp 

rise in CH4 conversion from 19% to 62%, CO also starts to form at this 

temperature. Under the same ramp-up conditions, the light-off temperature for CO 

formation on 95Ni5Ru bimetallic catalyst is about 50oC higher than that of 

50Ni50Ru catalyst. However it is about 200oC below the light-off temperature of 

pure Ni. Just by addition of 5 at% Ru to Ni there is dramatic decrease in the light-

off temperature for CO production. With a further increase in temperature both 

CH4 conversion and CO selectivity increases, following the thermodynamic limits 

of partial oxidation of methane [4].  

Some preliminary in-situ ETEM experiments were performed on this 

sample. Figure 5.18a shows the in-situ ETEM image of 95Ni5Ru/SiO2 catalyst in 

the presence of 1 Torr of H2 at 400oC. Figure 5.18b shows the in-situ ETEM 

image of 95Ni5Ru/SiO2 catalyst in the presence of 1 Torr of CH4 and O2 in 2:1 

ratio at 400oC. A solid nanoparticle in the presence of H2 has transformed to a 

void like structure when the gas composition is changed to CH4 and O2. This void 

structure formation is similar to that of the oxidation process in pure Ni, where the 

Ni cations can diffuse faster onto the surface than of the O anions and undergoes 
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oxidation process eventually leaving a void structure [11,12]. Figure 5.19 shows 

the ex-situ TEM image of the 95Ni5Ru/SiO2 catalyst after the reaction in CH4 and 

O2 in a 2:1 ratio in an ex-situ reactor. Void structures are clearly seen in the low 

magnification image, a high resolution image from one of this particle shows the 

presence of NiO (111) and (200) lattice fringes confirming that the nanoparticles 

are NiO. More in-situ ETEM studies have to be performed under different 

reacting gas in order to understand the Ni and Ru distribution in this sample. 

 

5.7. Structure-activity relationship 

During the temperature ramp-up in CH4 and O2 for 50Ni50Ru catalyst, an oxide 

shell was formed on the surface of the nanoparticle containing predominantly NiO 

with some RuO2. The surface oxide is an active phase for complete oxidation of 

methane given CO2 and H2O as the main product but not for syngas formation. 

On the NiO surface almost all the O2 is converted at 775oC, whereas on RuO2 

surface all the O2 is converted at 425oC. On the mixed oxide surface the O2 

conversion is 100% at 525oC. Since the oxide layer contains both Ni and Ru 

oxides, this gives a synergetic effect and the temperature at which 100% O2 

conversion takes place lies in between that of the pure metals. Similar observation 

can be correlated to the 95Ni5Ru catalyst. The surface of the catalyst must contain 

a mixed oxide layer which can give a 100% conversion observed at 585oC which 

is about 200oC lower than that of on NiO. 

Once the O2 conversion is 100%, oxygen partial pressure goes down in the 

later part of the catalyst bed, with CH4 as the main reducing gas. From the in-situ 
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ETEM data the oxide layer reduces back to metal which are active sites for CH4 

reforming reactions and favors the syngas formation.  

 

5.8. Summary 

SiO2 supported Ni-Ru bimetallic nanoparticles were prepared by using co-

impregnation technique. EDX data from 50Ni50Ru catalyst confirms that most of 

the nanoparticles contain both Ni and Ru and the composition variation among the 

nanoparticles is with the 15% of the nominal value used for preparing this sample  

. The performance of bimetallic 50Ni50Ru for partial oxidation of methane 

is better than that of pure Ni and slightly worse than the pure Ru. The light-off 

temperature for CO formation is lowered by about 250oC for 50Ni50Ru bimetallic 

catalyst compared to pure Ni. The performance of 50Ni50Ru catalyst has some 

similarities with that of pure Ru and pure Ni catalytic performance. The 

conversion plots are more similar to Ru performance, except there is a shift in the 

temperature to higher values. Sharp rise in the CO formation for 50Ni50Ru 

catalyst is similar to that of observed in pure Ni. 

 In-situ environmental (TEM) experiments were performed under different 

gas environments that are relevant to partial oxidation of methane. In the presence 

of H2 at 400oC, in-situ EELS line scans shows that both Ni and Ru were present 

along the nanoparticle, with the uniform distribution of Ni and Ru towards the 

surface and Ni rich region from the core to the support-particle interface. During 

the temperature ramp-up in CH4 and O2, core-shell structures were observed from 

the in-situ data at 400oC. EELS line scan along the nanoparticle suggest that the 



  128 

surface of the nanoparticle is predominantly NiO with some RuO2 in it and the 

core region is metallic Ru. The presence of mixed oxide layer on the surface of 

the nanoparticle gives 100% O2 conversion at temperature lower than that of pure 

NiO and higher than that or RuO2. 

As the O2 is consumed completely in the region I of the catalyst bed the 

oxygen partial pressure in the later part (region II and III) of the catalyst bed goes 

down and the gas environment becomes reducing with CH4 as the main reducing 

gas. From the in-situ data, in the presence of CH4 at 600oC oxide layer reduces 

back to metal and intermixing of Ni and Ru takes place. The presence of NiRu 

metal on the surface is active for CH4 reforming reactions giving syngas. 

A low Ru (95 at%Ni and 5 at%Ru) composition bimetallic sample was 

also prepared and tested for the activity for partial oxidation of methane. A small 

addition of Ru lowered the light-off temperature for syngas production by about 

200oC. Preliminary TEM data on this sample suggest that void structures are 

formed in the bimetallic nanoparticles similar to that of the pure Ni. Further 

studies have to be performed on this sample in order to understand the 

compositional distribution of Ni and Ru in the nanoparticles under different 

reacting gas conditions. 
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Table 5.1. d-spacings of Ni, Ru, 50Ni50Ru and RuO2 obtained from JCPDS files. 

Ni 

 

Ru 

 

50Ni50Ru 

 

RuO2 

a 3.523 Å a 2.706 Å a 2.607 Å a 4.499 Å 

b 3.523 Å b 2.706 Å b 2.607 Å b 4.499 Å 

c 3.523 Å c 4.282 Å c 4.198 Å c 3.107 Å 

Sp.gr Fm3m Sp.gr P63/mmc Sp.gr P63/mmc Sp. gr P42/mnm 

hkl 
d (nm) 

hkl 
d (nm) 

hkl 
d (nm) 

hkl 
d (nm) 

111 0.2034 100 0.2343 100 0.2257 110 0.3183 

200 0.1762 002 0.2142 002 0.2099 101 0.2558 

220 0.1246 101 0.2056 101 0.1988 200 0.2251 

311 0.1062 102 0.1580 102 0.1537 111 0.2223 

222 0.1017 110 0.1253 110 0.1303 210 0.2013 

400 0.0881 103 0.1218 103 0.1189 211 0.1689 
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Figure 5.1. Schematic showing the different forms of interactions in bimetallic 
nanoparticles. 
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Figure 5.2. a) STEM image of NiRu/SiO2, b) typical EDX spectra from one of the 
NiRu nanoparticle. 
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Figure 5.3. Compositional analysis from a NiRu standard showing the intensity 
ratio of Ni Kα to Ru Kα. 
 

 

Figure 5.4. EDX composition analysis for 50Ni50Ru sample. 
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Figure 5.5. Plot showing the catalytic performance during partial oxidation of 
methane on 2.5 wt% 50Ni50Ru/SiO2. 
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Figure 5.6. In-situ ETEM images and the corresponding EELS spectra from a 
50Ni50Ru/SiO2 catalyst in the presence of 1 Torr of H2 at 400oC. 
 

 

Figure 5.7. In-situ ETEM images and the corresponding EELS spectra from a 
50Ni50Ru/SiO2 catalyst in the presence of 1 Torr of mixture of CH4 and O2 in 2:1 
ratio at 400oC. 
 

 

 

 

 

 

 



  136 

 

 

Figure 5.8. In-situ high-resolution ETEM images of 50Ni50Ru/SiO2 a) In 
presence of 1 Torr of H2 at 400oC and b) from the same nanoparticle in presence 
of 1 Torr of mixture of CH4 and O2 in 2:1 ratio at 400oC. 
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Figure 5.9. Schematic illustration of difficulties associated with sample drift 
during the collection of STEM EELS line scans. 
 

 

Figure 5.10. In-situ environmental STEM images and EELS line scans from 
50NiRu50/SiO2 a) In presence of 0.3 Torr of H2 at 400oC and b) from the same 
nanoparticle in presence of 0.3 Torr of mixture of CH4 and O2 in 2:1 ratio at 
400oC. 
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Figure 5.11. Ni-Ru phase diagram. 
 

 

 
Figure 5.12. a) In-situ environmental STEM image and b) compositional profile 
obtained from EELS spectra from a 50Ni50Ru/SiO2 in the presence of 0.3 Torr of 
mixture of CH4 and O2 in 2:1 ratio at 400oC. 
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Figure 5.13. Schematic showing the various oxidation behaviors observed in two-
phase alloys (a) the two metals oxidize independently to form a nonuniform scale 
(mechanism I) (b) the two metals oxidize cooperatively to form a uniform scale 
(mechanism II). (c) one metal oxidizes rapidly and protects the other metal from 
oxidation (mechanism III) [6]. 
 

 

Figure 5.14. Schematic representation of possible oxidation behavior in 
50Ni50Ru nanoparticles. a) showing a uniform NiRu alloy, b) initial oxidation of 
the ally surface forming both metal oxides, c) formation of depletion layer at the 
interface due to the preferential diffusion of Ni onto the surface d) after complete 
oxidation. 
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Figure 5.15. In-situ ETEM image of 50Ni50Ru/SiO2 in the presence of 1 Torr of 
mixture of CH4 and O2 in 2:1 ratio at 400oC, showing the formation of voids at 
the interface.  
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Figure 5.16. In-situ environmental STEM images and EELS line scans from 
50Ni50Ru/SiO2 a) in the presence of 0.3 Torr of CH4 and O2 in 2:1 ratio at 400oC 
b) corresponding composition profile obtained from EELS c) from the same 
nanoparticle in the presence of 0.3 Torr of mixture of CH4 at 600oC d) 
corresponding composition profile obtained from EELS. 
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Figure 5.17. Plot showing the catalytic performance during partial oxidation of 
methane on 2.5 wt% 95Ni5Ru/SiO2. 
 

 

Figure 5.18. In-situ ETEM images of 95Ni5Ru/SiO2: a) In presence of 1 Torr of 
H2 at 400oC and b) from the same region in presence of 1 Torr of mixture of CH4 
and O2 in 2:1 ratio at 400oC. 
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Figure 5.19. Ex-situ TEM image of 95Ni5Ru/SiO2 sample after ramping to 400oC 
in CH4 and O2 and then cooling to room temperature in flowing He. 
 

 



  144 

Chapter 6 

ELECTRON ENERGY LOSS SPECTROSCOPY OF GASES 

6.1. Introduction 

The goal of this chapter is to demonstrate the application of electron energy-loss 

spectroscopy (EELS) for determining the gas composition inside the 

environmental cell in a transmission electron microscope (TEM). In previous 

chapters, the importance of in-situ environmental TEM studies in understanding 

the structure-activity relationship in supported metal catalysts for heterogeneous 

catalysis application was presented. It has been shown that, the phase and 

structure of the catalyst can significantly vary based on the gas environment 

around the catalyst. The gas composition around the sample can also vary during 

an experiment due to the catalytic reactions that can take place on the surface of 

the catalysts. It is important to determine the dynamic gas composition changes 

near the sample region during an experiment for complete fundamental 

understanding of the gas-solid interactions. The composition of the gas in the 

environmental cell can be determined with residual gas analyzers and mass 

spectrometers. However, these gas analyzers are usually placed some distance 

away from the TEM because of space limitation and possible interference with 

electron optical performance. Use of EELS is a simple and efficient way to 

determine the gas composition directly in the environmental cell where the TEM 

sample is located.  

Both inner-shell and valence-loss part of the EELS spectra can be used to 

determine the gas composition. The first part of the chapter is focused on using 
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inner-shell spectra for determining the gas composition. Inner-shell spectroscopy 

was initially performed on the reference gases, where the elemental composition 

is already known. This will help in identifying the potential artifacts and to 

develop suitable acquisition procedures. Once the technique is successfully 

developed for reference gases, inner-shell EELS quantification was performed on 

the gas mixtures. The later part of the chapter is focused on using the low-loss 

region of the EELS spectra for determining gas composition. One advantage of 

low-loss quantification is that it can be employed with gas mixtures containing 

hydrogen. Finally in-situ EELS gas analysis was used to identify and investigate 

the mass transport issues associated with the gas flow system. This is the first 

time that a detailed analysis of gas composition inside the environmental cell in a 

TEM is performed using EELS. 

 

6.2. Experimental Approach 

Electron energy-loss spectra from various gases were acquired on an FEI Tecnai 

F20 ETEM under gas pressures of about 1–3 Torr at room temperature. Energy-

loss spectra were recorded with a typical energy resolution of about 1.2 eV and an 

acquisition time of between 0.1 and 4 s. Both inner-shell and low-loss spectra 

were collected from individual gases and gas mixtures. Conditions for recording 

the spectra for both inner-shell and low-loss are listed in table 6.1. Convergence 

and collection semi-angles were determined by taking the diffraction pattern from 

a known material at a given camera length and the details are discussed in 

Appendix II. Conditions A and C were chosen to get large signal intensities into 
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the spectrometer, and condition B was chosen to collect the inelastic signal close 

to the optic axis.  

All gases (except lab air) were 99.999% pure and were admitted to the 

microscope via an external mixing tank as discussed in chapter 2. All the spectra 

are collected in a pressure range of 0.5 to 3 Torr. This pressure is large enough to 

give enough signal in the core-loss region of the spectrum and is also low enough 

to avoid plural scattering effects. At a few Torr of pressure, the ratio of the 

effective thickness of the gas column, t, to the inelastic mean free path, λ, is a 

measure of the importance of plural scattering (the so-called t/λ value or 

scattering parameter) [1]. The scattering parameters for different gases at a certain 

pressure were determined from the low loss spectra and are listed in table 6.2. 

Scattering parameter values are determined by taking the ratio of intensities under 

the inelastic part of the spectrum to the intensity under the zero-loss peak [2]. 

Since the intensity in the EELS spectrum falls rapidly with increasing energy loss, 

only the low loss portion of the spectrum (up to 50 eV) can be considered to 

calculate the inelastic intensity. EELS can be used to detect gases at pressures as 

low as 0.01 Torr.  

 

6.3. Inner-shell spectroscopy  

Inner-shell spectroscopy is a well established technique to determine the 

elemental composition in the solids [2,3]. The ratio of two elements A and B is 

given by: 

NA/NB = IA * σB/IB * σA 
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where, IA and IB are the intensity under the peaks A and B, σA and σB are the 

ionization cross-sections for the elements A and B. Similar approach can be used 

for determining the gas composition inside the environmental cell. This equation 

assumes that the sample is very thin neglecting the backscattering and adsorption 

effects, and electrons contributing to the edge have undergone a single ionization 

event. 

Initial quantification was done on CO and CO2 reference gases to 

determine O/C concentration; the advantage of using these gases is O/C ratio is 

already known. Condition A in table 6.1 was used initially to collect the inner-

shell spectra. Figure 6.1 shows the background subtracted inner-shell spectra from 

CO and at 3 Torr pressure recorder using condition A. The spectrum demonstrates 

the presence of large π* peaks in front of the carbon K-edges in agreement with 

previously published data from Hitchcock et al. [4–6]. The background was 

removed from the C and O edges by fitting the form AE-r (with E the energy loss 

and A and r constants) to 50–60 eV pre-edge fitting windows [2] before the C and 

O ionization edges. The background was extrapolated beyond the edges and the 

K-edge intensities were integrated over a 100 eV range, the large integration 

window averages out chemical bonding effects and maximizes the signal 

reference. Hartree Slater cross sections in Gatan’s DigitalMicrograph software 

were used to convert the signal ratio to elemental ratio [7,8]. Several spectra (4 to 

6) were collected with the same conditions and the average elemental composition 

was calculated. The resulting O/C ratio obtained for CO was 0.68+/-0.05, which 

is about 30% less than the actual value of 1. CO2 was considered as another 
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reference gas to test the procedure; the O/C ratio should be 2 in this case. Figure 

6.2 shows the inner-shell energy-loss spectra for CO2 at 3.8 Torr pressure 

acquired using condition A. Similar quantification procedures to that of CO were 

used to calculate the O/C ratio. The O/C ratio for CO2 was roughly twice the 

value obtained for CO but was still systematically low by at least 25%. 

The systematic error in the elemental ratio obtained from these spectra 

suggests that there be may be an error with the quantification procedure or the 

acquisition conditions used to collect the spectra. The 1s ionization cross sections 

for light element are reasonably accurate [9-11] and should yield quantifications 

of 5% or better. Using Hydrogenic cross-sections in DigitalMicrograph did not 

make any difference in the result. The t/λ values for the gases are small (see table 

6.2.) hence contribution from the plural scattering can be excluded. 

The error may be from the acquisition procedures used for collecting the 

spectra for gases. To check the effect of acquisition conditions spectra were 

recorded from a hexagonal BN standard, where the B/N elemental ratio should be 

1. Hexagonal BN sample was dispersed onto a holey C grid and energy-loss 

spectra were collected using the conditions A. Figure 6.3 is a typical spectrum 

from the BN sample and shows the classic near edge features found in this 

material at the B and N edges [12]. Similar quantification procedures to those of 

CO and CO2 were employed and obtained a B/N ratio of 0.98+/-0.01, which is in 

good agreement with the nominal value, suggesting that EELS acquisition 

conditions are reasonably well defined for thin films analysis.  
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The convergence semi-angle, collection semi-angle and inelastic scattering 

angles are well defined for thin films but not for gases. Figure 6.4 schematically 

shows the difference in the scattering behavior between the solid and gases. The 

difference between these two is, for thin films signal is coming from a sample 

thickness of 5 nm which is at eucentric height, but for gases the signal is mostly 

coming from a gas path of about 5.4 mm (the distance between the objective pole 

pieces). The electrons that undergo similar inelastic scattering at the top and 

bottom of the gas cell may follow very different trajectories through the objective 

lens and the lower section of the TEM column. This will give rise to significant 

differences in the fraction of inelastically scattered electrons entering the 

spectrometer. To check this hypothesis, CO gas was admitted into the 

environmental cell by keeping the BN sample and the spectra were collected 

simultaneously for the BN sample and the gas. Similar quantification procedures 

as before gave a perfect match for B/N ratio but an error of about 30% low for 

O/C ratio. This confirms that there is no simple relationship between inelastic 

scattering angle and the convergence and collection semi-angle.  

This difference in the collection efficiencies can be reduced by collecting 

signal scattering at low angles i.e. very near to the optic axes. This can be 

accomplished by using a lower convergence semi-angle and collection semi-

angle. Condition B was used to collect the inner-loss spectra from CO and CO2 

and the quantification of O/C ratios of 0.94+/-0.02 and 1.95+/-0.05, respectively, 

which lie within 5% of the correct values for CO and CO2. This suggests that the 

collection efficiency is different for different elements which can give errors in 
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the quantification. By going to lower convergence and collection angles the 

acquisition conditions are reasonably defined for the gases.  

As a next step, spectra were collected from the gas mixtures and the gas 

composition was calculated from the spectra. Similar procedures were used to 

determine the gas composition from the gas mixture. First inner-shell analysis was 

tested on a gas samples from lab air where the O to N concentration ratio should 

be close to 0.268. Spectra were collected with convergence and collection semi-

angles of 2.3 and 1.9 mrad, respectively (condition B). Figure 6.5 is a background 

subtracted spectrum from air showing prominent peaks at the front of the N K-

edge at 400 eV and O K edge at 530 eV arising from transitions from the 1s state 

to the unoccupied π* states. Similar quantification procedures were used as 

before. The results from quantification of 8 spectra gave a mean O/N ratio value 

of 0.25+/-0.01 which lies within 7% of the correct O/N ratio for air. No 

significant difference in the O/N ratio was observed in the spectra collected by 

using condition A and condition B. This suggests that there is not much difference 

in the collection efficiencies of the signal coming from O and N as they lie closer 

together in energy and have similar average scattering angles. 

Once the procedure is well established to quantify the gas compositions 

inside the environmental cell in the TEM, composition analysis was performed on 

a gas mixture from mixing tank where they are manually premixed. Inner-shell 

analysis was performed on a gas mixture containing a mixture of CH4 and O2, 

mixed in 2:1 pressure ratio. Figure 6.6 shows the inner-shell spectrum from a gas 

mixture of CH4 and O2 at 2.6 Torr acquired using condition B. Similar 
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quantification procedures as that of air gave O/C ratio of 1.14+/-0.01 which is 

within 15% of the expected value of 1. Part of the discrepancy in this case may be 

associated with differential diffusion effects which will be discussed later in this 

chapter (section 6.5). 

 

6.4. Low-loss spectroscopy 

This section demonstrates the application of the low-loss part of the EELS 

spectrum to measure the gas compositions inside the environmental cell in a 

TEM. The advantage of the low-loss spectra is that H2 can be detected, which has 

its first ionization at 12.5 eV. Figure 6.7 shows the valence loss spectra from 

different individual gas species. Molar concentrations of the gas mixture can be 

obtained by expressing valence loss spectra of gas mixtures as a linear 

combination of individual component valence loss spectra. Weighting coefficients 

can then be obtained from which gas compositions can be obtained. A linear 

fitting procedure is appropriate for gases because the intensity under the inelastic 

scattering spectrum is the sum of contributions from individual gases depending 

on the composition. There are no bonding effects between the gaseous species in 

the gas mixtures as in the case of solids. This procedure should be straightforward 

as the low-loss spectra from different gases in figure 6.7 have peak positions and 

shapes that are significantly different. The positions of gas peaks for different gas 

species are listed in table 6.3. The energy calibrations for peak positions were 

determined very carefully, first low-loss spectra from different gases are acquired 

including the zero-loss peak. Longer acquisition times cannot be used because of 
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the saturation of zero-loss peak; this will limit the intensity in the inelastic part of 

the spectra. Four of such spectra are added together to improve the signal intensity 

in the inelastic part. The positions for the strongest peaks were identified with 

respect to zero loss. The remaining peaks were identified from the spectra that 

were collected at longer acquisition times by excluding the zero-loss peak with 

respect to the calibrated peak. The collection efficiency problem associated with 

the inner-shell approach should be negligible for valence-loss spectroscopy 

because the energy losses and scattering angles are small. 

 To determine the relation between the valence loss spectra and the gas 

composition, let us consider a gas mixture composed of a homogeneous gas 

composition of two gases A and B. The gas in the environmental cell will have an 

effective thickness of t in the beam direction and a mean free path λ which 

depends on the pressure.  

The intensity of the spectra undergoing inelastic scattering from gas A can 

be written as 

JA(E) = IANAσA(E)    (1) 

where, IA is the number of incident electrons which can be approximated to the 

number of electrons entering the spectrometer [13]. NA is the number of gas 

molecules per unit area, which is related to partial pressure of gas (NA = kPA, k = 

constant). σA is the inelastic scattering cross section. 

Similarly for gas B, 

JB(E) = IBNBσB(E)     (2) 
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Now consider a homogeneous gas mixture of A and B with a fractional 

molar concentration of ‘a’ and ‘b’ and at a pressure of PAB. Intensity of the spectra 

from the gas mixture will be the sum of the contributions from individual gases A 

and B which is given by 

JAB(E) = IABMAσA(E) + IABMBσB(E)   (3) 

where MA and MB are the number of gas molecules per unit area for gases A and 

B respectively, and 

a = MA/(MA+MB) and b = MB/(MA+MB) (4) 

Considering that the inelastic scattering intensity is a linear combination of 

intensities from individual gas components, it can be written as 

JAB(E) = αJA(E) + βJB(E)   (5) 

where ‘α’ and ‘β’ are the weighting coefficients of gases A and B to fit the signal 

from the gas mixture. 

Substituting equations (1) (2) and (3) in (5) gives 

IABMAσA(E) + IABMBσB(E) = αIANAσA(E) + βIBNBσB(E)  (6) 

For the above equation, the coefficients of σA(E) and σB(E) are equal, hence 

IABMA = αIANA     (7) 

IABMB = βIBNB     (8) 

Taking the ratio of equations (7) and (8) gives, 

MA/MB = αIANA/βIBNB   (9) 

Substituting equation (4) in equation (9) and NA = kPA and NB = kPB, equation 9 

becomes, 
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a/b = αIAPA/βIBPB    (10) 

In the above equation, IA and IB are the total intensities of the spectra 

including zero loss peak and inelastic part. In practice, to achieve the best fit 

between the spectrum from the gas mixture and the pure gas components it is 

desirable to measure the low-loss part of the spectrum with high counting 

statistics. The zero loss peak is often saturated when a spectra with high counts in 

the inelastic part is acquired because of the weak scattering parameters of the 

gases. To get a spectrum with high counts it is desirable to avoid the zero loss 

peak so that larger times can be used to get a better signal. Hence it is convenient 

to develop an equation in terms of inelastic scattering intensities. 

From Poisson statistics [2], 

Itot/Io = et/λ 

where Io is the zero-loss peak intensity and Itot (= IA, IB) is the sum of intensities 

from zero-loss and inelastic-part of the spectrum. Expanding the exponential to 

first order and putting Itot = Io allows us to write 

Itot = (λ/t)Iin 

Therefore, 

IA = (λ/t)AIin
A and 

IB = (λ/t)BIin
B 

Equation (10) can be written as 

a/b = α(λ/t)BIin
APA/β(λ/t)BIin

BPB   (11) 

The molar concentration ratio from a gas mixture can be determined by 

linear coefficients by knowing the individual gas pressures and there scattering 
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parameters. The equation is independent of the pressure of the gas mixture in the 

environmental cell. The above equation can be simplified by normalizing the 

inelastic area under individual spectra to unity before determining the linear 

coefficients. Therefore the simplified equation will be 

a/b = α(λ/t)BPA/β(λ/t)BPB   (12) 

This equation is valid provided the scattering parameters are small and plural 

scattering is similar in all the spectra employed for the analysis. 

In order to test this method, low-loss spectra were acquired from lab air 

for which O/N molar ratio should be 0.268. Figure 6.8 (solid curve) shows the 

typical low-loss spectra from lab air at 2.8 Torr. Reference spectra from 

individual gases N2 and O2 are acquired at 3.2 Torr and 2 Torr respectively. For 

quantifying the gas composition, first the energy calibration was done for the 

reference spectra and the spectra from the gas mixture according to their peak 

positions (by using the values mention in table 6.3). All the spectra were 

normalized to unity. The weighting coefficients α and β are obtained by fitting a 

composite spectrum from individual gases to the experimental air spectrum. The 

dotted curve in figure 6.8 shows the fitted composite spectrum from reference 

gases. The air spectrum and the composite spectrum are almost indistinguishable 

indicating that a good fit has been achieved over the range 5–50 eV. The quality 

of the fit between the air spectrum and the component spectrum suggests that 

plural scattering effects are negligible. The average O/N molar concentration ratio 

from several measurements combining different spectra was 0.28+/-0.01 which is 



  156 

within 4% of the expected value of 0.268. The integration to determine Iin was 

performed over the range of 6.5–50 eV. 

This method was also tested for a gas mixture of CH4 and O2 mixed in 2:1 

pressure ratio in the mixing tank. Figure 6.9 shows the low-loss spectra from the 

mixture of CH4 and O2 (solid curve). The dotted curve shows the composite 

spectrum obtained by adding the reference spectra CH4 and O2; again the fit is 

indistinguishable from the experimental spectrum suggesting a good fit has been 

obtained. The molar O2/CH4 ratio was determined to be about 0.6+/-0.02 and a 

corresponding O/C ratio of 1.2. This is with 5% of the O/C elemental ratio of 1.14 

determined with the K-shell approach. These quantification procedures can be 

employed for spectra containing more than two gases. 

 

6.5. Gas diffusion issues  

During our initial experiments inconsistencies in the gas compositions in the 

environmental cell were observed using the same acquisition and quantification 

procedures. Later it was found that the difference in gas composition observed 

was due to the mixing procedures employed in combining the gases in the mixing 

tank. From the figure 2.11 (chapter 2), the gas handling system, gas enters into the 

microscope from the mixing tank through a stainless tube of about 1 m in length 

with an internal diameter of about 10 mm. In our initial experiments, if two gases 

A and B have to mixed, first all the gases were pumped out from the mixing tank 

and fill with gas A first and later with gas B. By using this procedure it has been 

found that, the stainless steel pipe is first filled with gas A and acts as a diffusion 
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barrier for the gas B. This will create an inhomogeneous gas distribution along the 

stainless steel pipe and the mixing tank. The gas that enters initially into the 

environmental cell will be rich in gas A, with time there will be an increase in the 

concentration of gas B.  

EELS was used to monitor the change in the gas composition in the 

environmental cell with time. Figure 6.10 illustrates the effect of the gas diffusion 

barrier in the stainless steel pipe for a gas mixture of O2 and H2 in 2:1 ratio. 

Initially the tank was filled with O2 gas of about 500 Torr followed by adding 250 

Torr of H2. Gas was leaked into the microscope and the gas composition was 

monitored at different times using low-loss spectroscopy. Figure 6.10 shows the 

spectra collected at different times. Figure 6.10a, immediately after sending the 

gases into the column, figure 6.10b after 30 min and figure 6.11c after 60 min. 

Figure 6.10a looks similar to the low-loss spectra taken from pure oxygen. After 

30 min there is a small increase in the peak at 12.5 eV which corresponds to the 

H2 signal and it continues to increase with time. At about 60 min the peak remains 

the same implying that the equilibrium gas composition was reached. Similar 

observations were observed for other gas mixtures. 

The gas that was added first will act as a diffusion barrier for the second 

gas which gives inconsistencies in the gas compositions in the environmental cell, 

which is essentially referred to as a “plug flow regime”. Under plug flow 

conditions, the gas flowing in the line can be visualized as cylindrical slices of 

mass moving along the line with relatively little mixing occurs between adjacent 

slices [14]. To get around this problem, a valve was installed in between the 
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mixing tank and the stainless steel tubing. This valve is closed while adding to the 

mixing tank, which stops the gas to flow into the stainless steel during gas mixing. 

The way of adding gases into the mixing tank was also modified; instead of 

adding full quantities of gas A followed by gas B, gases were added alternatively 

in small quantities to get homogeneous gas mixture in the mixing tank. The valve 

between the mixing tank and the stainless steel tube is opened after mixing the 

gases in the mixing tank. By these modifications, gas composition changes in the 

environmental cell were no longer observed. This apparently simple example 

illustrates the power of being able to measure the gas composition in the 

immediate vicinity of the TEM sample. 

 

6.6. H2 quantification 

Even with the modified gas handling system, still some diffusion related issues 

were observed during the quantification of gas mixtures containing H2. Figure 

6.11 shows the low-loss spectra acquired from a gas mixture of CO and H2 in 1:2 

pressure ratio (solid curve). Individual gas spectra for CO and H2 were collected 

at 1.8 and 2.8 Torr respectively. The dotted curve in figure 6.11 is the composite 

spectra obtained from the linear combination of reference spectra of CO and H2. 

The composite spectrum is indistinguishable from the experimental spectrum 

suggesting a good fit. The CO/H2 ratio obtained from this spectrum was about 0.9 

which is much higher than the nominal molar ratio of 0.5. Several spectra were 

acquired from this composition with different mixing procedures, but still a large 

discrepancy in the calculated value with that of the expected value was observed. 
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To explore the error associated with H2, several spectra were collected from a 

mixture of CO and H2 with varying CO to H2 ratio. Table 6.4 shows the nominal 

compositions used and the quantification results along with the systematic 

percentage error. In all cases, the fit between the gas mixture and the composite 

spectra was similar to that of figure 6.11 demonstrating that fitting artifacts and 

plural scattering effects were not the source of the observed discrepancy. From 

the table 6.4 it is clear that the systematic percentage error increases with increase 

in the H2 content in the gas mixture. The error is smallest for the higher CO/H2 

ratio and increase with decrease in the CO/H2 ratio. 

The systematic discrepancy between the EELS measurement and the 

mixing tank composition is associated with the differential diffusion rate of H2 

relative to CO. From the kinetic theory of gases the average speeds of the H2 and 

CO molecules are 1900 and 500 m/s respectively at room temperature. Hence, the 

diffusion rate for H2 is faster than that of for CO. Consideration of the mass 

transport through the external gas handling system and ETEM is useful to 

interpret the EELS observations. Consider that the gas is flowing in two steps, in 

the first step it flows from the external gas handling system into the 

environmental cell and in the second step it is pumped out from the environmental 

cell to the external pumping system. Let’s consider the first case and assume that 

a uniform gas composition of CO to H2 ratio of 1 was filled in the mixing tank 

pressurized to 1 atmosphere. When the leak valve is opened gas enters into the 

environmental cell. Graham’s law states that the rate of effusion of a gas is 

inversely proportional to the square root of its molecular weight. Hence the rate at 



  160 

which H2 entering into the environmental cell is 4 times faster than that of the CO 

this gives a CO rich gas at the entrance of the leak valve. As discussed earlier, 

now the CO rich mixture at the entrance of the leak valve will act as a diffusion 

barrier for the H2 that is the stainless steel line and the mixing tank. With time 

there will a uniform gas composition in the gas line equivalent to the mixing tank. 

Similar arguments can be made for the second case, for gas pumping from 

the environmental cell. The environmental cell is equipped with a differential 

pumping system with the differential pumping apertures size of 100 µm. With the 

same Graham’s law argument, as the gas enters into the environmental cell, H2 

escapes faster into the pumping system than that of CO. This means that the 

amount of time spent for H2 is less than that of CO, which will decrease the 

probability of inelastic scattering from H2 giving lower H2 EELS signal. This 

explains the large error in composition determination for H2 gas. In the case of a 

higher CO/H2 ratio, the CO acts as a diffusion barrier for the H2 while pumping 

from the environmental cell which lowers the systematic percentage error 

observed in table 6.4. 

Quantification of the O2/H2 ratio from figure 6.10c also showed a similar 

result. Even after reaching equilibrium, the O2/H2 ratio obtained was about 2.8 

which is 40% low in H2 to the actual value of 2. Similar evidence were observed 

with CH4 and O2 mixtures (figures 6.6 and 6.9), however the effect is smaller in 

this case. This may be due to the fact of this faster diffusion rate of one gas 

relative to the other. CH4 is a lighter molecule than O2. According to Graham’s 

law, CH4 would diffuse 40% faster than that of O2 giving enrichment in O2. From 
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the results also a higher value in O2 was obtained suggesting that CH4 does 

diffuse faster through the environmental cell.  

The above observations show the importance of EELS in determining the 

gas composition in the environmental cell near the sample region. Use of gas 

analyzers or mass spectrometers, which are usually far away from the 

environmental cell, may not provide accurate gas compositions near the sample 

region.  

 

6.7. Summary 

Electron energy-loss spectroscopy was used to determine the gas composition in 

the environmental cell in a TEM for in-situ applications. The approach was 

developed for quantification in a differential pumping environmental TEM, 

however the same approach can also be used to determine gas composition in 

windowed cells. Techniques were developed to identify the gas composition using 

both inner-shell and low-loss spectroscopy of EELS. The advantage of using low-

loss spectroscopy is to detect the H2 which has first ionization at 12.5 eV. A 

systematic error in inner-shell quantifications was observed which are associated 

with the inelastic scattering of the electron along the entire gas path of 5.4 mm 

(gap between the two pole pieces). Convergence semi-angle, collection semi-

angle and inelastic scattering angles are well-defined for thin films but not for 

gases. These systematic errors can be minimized by using small convergence 

semi-angle and collection semi-angle. The inner-shell approach requires only 
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knowledge of the ionization cross sections and provided compositional analysis 

with an accuracy of better than 15% for the cases investigated here. 

Molar concentrations of the gas mixture can be determined from low-loss 

spectra by expressing valence loss spectra of gas mixtures as a linear combination 

of individual component valance loss spectra. The molar fraction of the gas 

compositions can be obtained by knowing the gas pressures from the individual 

reference gases, scattering parameters and the linear coefficients of the composite 

spectra. The method gives results that agree with the inner-shell method and also 

appears to have an accuracy of better than 15%. In-situ EELS will give the 

accurate gas composition in the environmental cell and can follow real time 

changes in the gas composition. It helped in improving the gas handling system to 

get accurate gas compositions into the environmental cell. It also helped in 

revealing the mass transport issues and diffusion barrier effects.  
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Table 6.1. List of conditions used of EELS spectra acquisitions 

Condition TEM Mode Dispersion 
(eV) 

Convergence 
semi-angle 

(mrad) 

Collection 
semi-angle 

(mrad) 
A Diffraction 0.5 1 8 

B Diffraction 0.5 2.3 1.9 

C EFTEM-
Image 

0.05 1 50 
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Table 6.2. Scattering parameter (t/λ) values for different gases at a given pressure 

Gas Pressure (Torr) Scattering Parameter (t/λλλλ) 

N2 2.1 0.115 +/- 0.003  

O2 2 0.092 +/- 0.003 

CH4 2 0.082 +/- 0.002 

CO2 2.2 0.192 +/- 0.004 

CO 4 0.184 +/- 0.007 

H2 3.8 0.049 +/- 0.001 

H2O 2.4 0.078 +/- 0.002 
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Table 6.3. Low-loss peak positions for different gas species 

Gas Peak 1 Peak 2 Peak 3 Peak 4 Peak 5 Peak 6 

H2 12.5      

N2 12.8 15.8     

O2 18.45 13 15.35 17.05 19.75 21.8 

CO 8.4 11.4 13.4 16.95   

CO2 11.2 13.25 16.05    

CH4 9.7 12.90     

H2O 7.25 9.8 10.9 13.2 16.8  
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Table 6.4. Nominal and measured CO/H2 molar concentrations in a variety of 
different CO/H2 mixtures 
 

Gas Mixture Nominal CO/H2 

ratio 

Measured CO/H2 

ratio 

Percentage 

systematic error 

2CO + 8H2 0.25 0.51+/-0.05 100 

CO + 2H2 0.5 0.82+/-0.05 64 

CO + H2 1 1.52+/-0.07 52 

2CO + H2 2 2.4+/-0.1 19 

8CO + 2H2 4 3.6+/-0.2 -10 
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Figure 6.1. Energy loss spectrum from CO at 3 Torr pressure showing K-edges 
from C and O (condition A). The background before the carbon edge has been 
extrapolated and removed from each spectrum for clarity. 
 

 

Figure 6.2. Energy loss spectrum CO2 at 3.8 Torr pressure showing K-edges from 
C and O (condition A). The background before the carbon edge has been 
extrapolated and removed from the spectrum. 
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Figure 6.3. Background subtracted energy loss spectrum from BN showing K-
edges from B and N (condition A). The background before the boron edge has 
been extrapolated and removed from the spectrum. 
 
 

 

 

Figure 6.4. Schematic showing the differences in the inelastic scattering behavior 
from a solid and the gas. 
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Figure 6.5. Background subtracted energy loss spectrum from 2.6 Torr of air 
showing K-edges from N2 and O2 (condition B). 
 

 

Figure 6.6. Background subtracted energy loss spectrum from 2.6 Torr of mixture 
of 2CH4 and O2 showing C and O K-edges (condition B). 
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Figure 6.7. Low-loss spectra from a variety of gases recorded at a few Torr.  
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Figure 6.8. Normalized low-loss spectra from air at about 2.8 Torr pressure (solid 
curve). The dotted curve is the linear combination of the individual spectra from 
O2 and N2 recorded at 2 Torr and 2.1 Torr, respectively. The t/λ values for these 
three spectra were 0.13, 0.115 and 0.09 for air, N2 and O2 , respectively. 
 

 

Figure 6.9. Normalized low-loss spectra from mixture of 2CH4 +O2 at about 2.6 
Torr pressure (solid curve). The dotted curve is the linear combination of the 
individual spectra from CH4 and O2 both recorded at 2 Torr. The t/λ values for 
these three spectra were 0.11, 0.08, 0.09 for (2CH4 + O2 ), CH4 and O2 , 
respectively. 
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Figure 6.10. Evolution of energy loss spectrum in reaction cell with time after 
charging the mixing tank with 2O2 + H2 , adding O2 to the mixing tank first. (a) 
Immediately after changing gas mixture, (b) after 30 m and (c) after 1 h (cell 
pressure = 2.5 Torr). 
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Figure 6.11. Normalized low-loss spectra from a nominal mixture of 2H2 +CO at 
about 2.9 Torr pressure (solid curve). The dotted curve is the linear combination 
of the individual spectra from H2 and CO recorded at 3.8 and 1.8 Torr, 
respectively. The t/λ values for these three spectra were 0.06, 0.05, 0.08 for (2H4 
+CO), H2 and CO, respectively. 
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Chapter 7 

OPERANDO TEM - DETECTION OF GAS PHASE CATALYSIS IN AN 

ENVIRONMENTAL TEM WITH EELS 

7.1. Introduction 

The surface structure of catalyst depends on several factors, such as temperature, 

pressure, reactant gases, product gases, and concentration of different gas species 

on the surface of the catalyst. Thus, in order to obtain information on the active 

state of a catalyst, it is important to apply techniques that allow a study of catalyst 

structure while catalytic reactions are taking place i.e. under the working 

conditions of the catalyst. Chapters 3, 4 and 5 have shown the significance of in-

situ environmental transmission electron microscopy (ETEM) studies in 

developing the structure-activity relationship in supported metal catalysts for 

heterogeneous catalysis application. However in this case, the catalytic 

measurements were performed in an ex-situ reactor and the nanostructural 

information is obtained from in-situ ETEM studies. For determining the direct 

structure-activity relationship, a measure of the catalyst performance should 

preferably be obtained simultaneously with the structural information. An 

“Operando TEM” technique was developed for the first time that combines the 

nanostructural characterization of the catalyst material during the reaction with 

the simultaneously measurement of the catalyst performance.  

In Latin, operando means “working” or “operating”, since structural 

studies are performed simultaneously with the catalytic measurements the 

technique was called as “Operando TEM”. The composition of the gas in the 
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environmental cell of the TEM can be determined with residual gas analyzers and 

mass spectrometers; however this will require an extra cost for the 

instrumentation. In chapter 6 it was demonstrated that electron energy-loss 

spectroscopy (EELS) can be used to measure gas composition around the sample 

in the environmental cell. In this chapter, EELS has been used to detect the 

product gases that are formed during the catalytic reactions. In general, most of 

the microscopes are equipped with EELS detectors and do not require any 

additional cost. It may seem trivial to measure the product gas formation in the 

environmental cell, but there are several challenges in approaching this technique. 

This thesis chapter demonstrates the considerations for developing the operando 

TEM methodology and will show the first attempts of this technique in 

performing catalytic activity measurements in the environmental cell in the TEM 

using EELS. 

 

7.2. ISRI RIG-150 reactor vs. ETEM reactor 

Figure 7.1 (a-b) shows the schematics of the in-situ research instruments (ISRI) 

RIG-150 reactor bed and the Tecnai F20 ETEM reactor. In RIG-150 reactor gas 

flows from the top of the reactor tube along the catalyst bed and the product gas 

coming out of the reactor is analyzed by the gas chromatography. The flow rate of 

the gases is controlled by the mass flow controllers. In ETEM reactor, gas 

mixtures for the reaction are premixed in mixing tank and were introduced into 

the environmental cell through the leak valve. Gas that has been admitted into the 

environmental cell diffuses through the differential pumping apertures and was 
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pumped by molecular pumps [1]. The gas composition in the environmental cell 

is detected by EELS. In RIG-150 reactor, most of the gas molecules will be in 

contact with the catalyst surface before exiting the bed, whereas in ETEM it is not 

the case. The gas that is admitted into the environmental cell can escape through 

the differential pumping apertures before interacting with the catalyst surface. 

The RIG-150 reactor works at 1 atmosphere with reactant gas partial 

pressures typically ranging from 50 to 200 Torr and the rest is He carrier gas. The 

ETEM reactor experiments are typically performed at reactant gas pressures of 

about 1 Torr and no carrier gas is used. In the RIG-150 reactor almost all the 

length of the reactor tube is heated. The gas that is coming from the top of the 

reactor tube will be at the reaction temperature by the time it contacts with the 

catalyst surface. A small volume of the furnace, attached to the holder, is heated 

in the ETEM reactor. The gas admitted into the environmental cell is at room 

temperature and will reach the reaction temperature only when it is in contact 

with the sample.  

One of the challenges in developing an operando TEM technique is 

associated with the TEM sample preparation. In RIG-150 reactor, the amount of 

catalyst used will be in milligrams, which gives reasonable amounts of product 

gases that can be detectable by gas chromatography. Whereas the amount of 

sample present on a TEM sample is typically less than a microgram, this may give 

some product gases but they cannot be detected by EELS. The challenge here is to 

prepare a TEM sample with a large amount of catalyst sample, so that high 
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catalytic conversions can take place giving significant amount of product gases 

that can be detectable by EELS. 

 

7.3. CO oxidation on Pt mesh 

To solve the issues related to TEM sample preparation to get high catalytic 

loadings, initial proof of concept experiments were performed on a Pt mesh. CO 

oxidation (given by equation 1) on Pt mesh was chosen as a test reaction for 

performing operando TEM experiments. Pt is one of the active catalysts for this 

reaction [2]. 

CO + ½O2 � CO2    (1) 

CO oxidation is an easy reaction in terms of detecting the gas phase 

catalysis by using EELS. Figure 7.2a and 7.2b, shows the background subtracted 

inner-shell spectra from pure CO and pure CO2 respectively at 1 Torr pressure 

showing the presence of large π* peaks in front of the carbon K-edges [3-5]. All 

the inner shell energy-loss spectra were recorded with the microscope in 

diffraction mode with an energy dispersion of 0.1 eV. 

The π* peak positions are calibrated with the C K-edge from an 

amorphous carbon film (284 eV). The C π* peaks are at 286.4 eV for CO and 

289.7 eV for CO2. The difference of 3.3 eV between the two C π* peaks is useful 

for differentiating CO2 from CO using EELS in an in-situ ETEM. During CO 

oxidation, if there is any formation of CO2, a peak will be seen at 289.7 eV 

corresponding to C π* peak from CO2. Energy-loss spectra were acquired from a 

mixture of CO and CO2 in 1:1 ratio and the background subtracted spectra is 
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shown in figure 7.2c. From the figure it is clearly seen that the C π* peaks of CO 

and CO2 are very sharp and easily resolved.  

The CO oxidation reaction was initially performed on a Pt mesh (a typical 

TEM grid of 3mm diameter) in an RIG-150 reactor to test its activity. Pt mesh 

was initially reduced at 400oC in the presence of 5%H2/Ar for 3 hours. CO 

oxidation reaction was performed by flowing He:CO:O2 in 50:8:4 ratio. Figure 

7.3 shows the catalytic performance on Pt mesh for CO oxidation reaction. CO 

conversions to CO2 start to take place at about 200oC. CO conversion reaches 

about 7% at 305oC, above 305oC CO conversion increases rapidly with increase 

in the temperature with almost all the CO converted to CO2 by 465oC. 

  For performing operando TEM experiments, Pt mesh was loaded onto a 

heating holder and the gas mixture containing CO and O2 (in 2:1 ratio) was 

admitted to the environmental cell of the TEM while gradually increasing the 

temperature. Figure 7.4, shows the background subtracted energy-loss spectra of 

C π* peaks obtained while heating the Pt mesh inside the environmental cell in 

the presence of CO and O2 (2:1) mixture at 1 Torr pressure. No catalytic 

conversion of CO was observed below 400oC. A small peak started to appear at 

289.7 eV at 400oC corresponding to C π* peak from CO2, indicating the 

formation of CO2 by the CO oxidation reaction. This observation confirms that 

catalysis has been detected inside the TEM. The π* peak at 289.7 eV gradually 

increases with increasing temperature. In order to exclude a possible catalytic 

effect from the inconel furnace, similar experiments were performed on the holder 

without the presence of Pt mesh. Figure 7.5 shows the background subtracted 
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energy-loss spectrum of C K-edge from CO and O2 (2:1) mixture at 500oC 

performed on inconel holder. The absence of C π* peak at 289.7 eV suggests that 

no CO2 has formed even at 500oC on the inconel furnace indicating that the 

product gas measured is due to the catalytic activity of Pt for CO oxidation to 

CO2.  

Quantification of the catalytic conversions was performed by fitting the 

energy loss spectra as a linear combination of individual component reference 

spectra from CO and CO2. All the spectra are normalized to unity before 

performing the fitting. Weighting coefficients were determined by fitting the 

composite spectrum with the experimental spectrum from which catalytic 

conversions can be obtained. Initially an EELS spectrum was collected from a 

known mixture of CO and CO2 and the ratio of fitting coefficients were obtained 

by performing fitting with the composite spectrum of CO and CO2. Figure 7.6, 

shows the normalized reference spectrum from a mixture of CO and CO2 in 1:1 

ratio (solid curve). The dotted curve shows the fitted composite spectra from the 

linear combination of CO and CO2 reference spectra. The spectra from the gas 

mixture and the composite spectra are almost indistinguishable indicating that a 

good fit has been achieved. The ratio of linear coefficients for CO2 to CO from 

the curve fitting was obtained to be about 0.95. Since a 1:1 ratio of CO to CO2 

was used, this ratio corresponds to a CO conversion of 50%. This ratio is taken as 

a calibration for calculating the CO conversion on Pt mesh in an in-situ ETEM. 

 Figure 7.7 shows the corresponding plot of CO conversion during 

catalysis at different temperatures, obtained from quantification procedures as 
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described above. This demonstrates that EELS can be used to detect and measure 

the gas phase catalysis inside the environmental TEM. The difference in the 

catalytic CO conversions obtained from the RIG-150 reactor and the ETEM 

reactor are due to the difference in the design of these reactors as discussed in 

section 7.2. In the RIG-150 reactor, the reactant gases are forced to go through the 

catalyst bed and almost all the reactant gas is in contact with the catalyst during 

the reaction. In the ETEM reactor, not all the reactant gases will be in contact 

with the catalyst surface, hence conversion values are lower in this case compared 

to RIG-150 reactor. To perform similar experiments on a metal supported 

catalyst, TEM sample preparation techniques were developed for getting high 

catalyst loadings which is discussed in the next section. 

 

7.4. TEM sample preparation for operando TEM 

A 2.5 wt% Ru/SiO2 sample was used a catalyst. The catalyst sample was prepared 

using the impregnation techniques in the same way as described in chapter 5. Two 

different techniques were tested for getting a high catalyst loading onto a TEM 

sample. In the first technique (Method A), quartz wool was used as a support to 

hold the catalyst sample. A large quantity of catalyst sample was dispersed onto 

the quartz wool and a 3mm diameter sample was made out of the wool. The 

quartz wool with the catalyst sample on it was placed onto an inconel heating 

holder by placing it between the inconel washers and secured with the hexring. A 

small hole was made at the center of the sample with the help of tweezers; the 

hole allowed electrons to pass through and it left some dangling quartz fibers with 
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catalyst sample on them for TEM characterization. Figure 7.8 shows the low 

magnification TEM image of Ru/SiO2 sticking on to the surface of the quartz 

fiber. 

In the second technique (Method B), catalyst was dispersed onto glass 

wool and was heated to 600oC in air for about 30 minutes. Glass wool was chosen 

over quartz wool because of its lower softening temperature. At 600oC, the glass 

fibers will just start to flow and fuse at the contacts forming a network of fibers. 

From this a 3 mm disk was cut using a razor blade and used as a TEM sample. 

Both procedures were quite successful in getting high loadings of catalyst onto a 

TEM sample. However the sample prepared by method B was mechanically more 

rigid than the sample prepared by method A. 

 

7.5. CO oxidation on Ru/SiO2 

CO oxidation was performed on a Ru/SiO2 catalyst. Ru is an active catalysts for 

this reaction. There is an extensive debate in the catalysis community to 

understand whether metallic ruthenium or ruthenium oxide that is responsible for 

the activity for CO oxidation reaction [6-11]. “Operando TEM” is ideal to 

understand the surface structure under reacting gas conditions since structural 

changes and catalytic measurements are determined together.  

Catalytic activity of Ru/SiO2 catalyst for CO oxidation was tested initially 

in a RIG-150 reactor. Figure 7.9 shows the performance of the Ru/SiO2 catalyst 

for the CO oxidation reaction performed in a RIG-150 reactor. CO conversion to 

CO2 starts to take place 60oC, however the amount of conversions are very low at 
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temperatures below 150oC. Above 150oC, CO conversion increases rapidly with 

increase in temperature with almost all the CO converted to CO2 at 280oC.  

In-situ catalytic activity measurements in an environmental TEM were 

performed on a Ru/SiO2 catalyst by preparing a TEM sample made of quartz wool 

(Method A). Ru/SiO2 was initially reduced in 1 Torr of H2 at 400oC for 3 hours. 

After the reduction step, the reactant gas mixture for CO oxidation (CO and O2 in 

2:1 ratio) was admitted to the environmental cell and the pressure was maintained 

at 1 Torr. Inner-shell energy-loss spectra were collected at different temperatures 

by slowly ramping up. Figure 7.10 shows the background subtracted energy-loss 

spectra of C π* peaks obtained while heating the Ru/SiO2 catalyst inside the 

environmental cell in the presence of CO and O2 (2:1) mixture at 1 Torr pressure. 

No catalytic conversion of CO was observed until 150oC. A very small peak 

started to appear at 289.7 eV at 150oC corresponding to C π* peak from CO2, this 

temperature is 250oC less than that observed on the Pt mesh. As the temperature 

increases, the C π* peak from CO2 also increases. Figure 7.11 shows the 

corresponding CO conversion to CO2 on Ru/SiO2 during catalysis at different 

temperatures using a spectral quantification method identical to that described in 

the previous section. Catalytic conversions of about 1% can be detected with this 

approach. 

 

7.6. Carbonyl contamination issues 

Figure 7.12 (a-b) shows TEM images of Ru/SiO2 catalyst at 80oC and 300oC 

respectively. A dark layer was formed around the SiO2 sphere at 300oC (figure 
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7.12b), these dark layers started to appear at about 200oC. An energy loss 

spectrum from these regions showed the presence of Fe and Ni (figure 7.13). 

There can be several possible sources from which the contamination can occur. 

To determine the source of contamination, several heating experiments were 

performed on pure SiO2 spheres with no metal loading.  

The inconel heating holder can be a potential contamination source which 

contains significant amount of Fe and Ni. A Gatan holder with a furnace made of 

tantalum was used instead of inconel. Fe and Ni contamination was still seen 

within 10 minutes when the sample temperature reached 200oC in the presence of 

CO and O2 in 2:1 ratio. To test the effect of gas, samples were heated to 200oC in 

pure O2; no contamination was seen in this case. When the gas was switched to 

pure CO, contamination started to appear again. Fe and Ni contamination was 

always seen in the presence of CO. Figure 7.14 shows the TEM image of SiO2 

sphere in the presence of CO at 200oC clearly showing the contamination as a 

dark layer around the sphere. EELS confirm that the contamination seen is of Fe 

and Ni.  

 The other source of contamination could be the stainless steel tubing used 

for gas handling system that connects the mixing tank and the environmental cell 

(chapter 2, figure 2.11). CO when contacted with stainless steel can react to form 

Fe and Ni carbonyls; however the concentration of carbonyls will be very low at 

room temperature [12]. These carbonyls can interact with the sample at 200oC and 

decompose on the surface of the sample, decomposition temperatures for Fe and 

Ni carbonyls is about 180oC [13, 14]. The CO gas tank was directly connected to 
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the environmental cell to reduce contact of CO gas with the stainless steel tubing. 

Fe and Ni contamination is still seen in this case, suggesting that the stainless 

steel may not be the source of contamination. The only other source of 

contamination is the CO gas cylinder itself which is made of steel. CO reacts with 

the cylinder forming Fe and Ni carbonyls. The presence of Fe and Ni carbonyls in 

the gas mixture is the source of contamination which is always seen in the 

presence of CO.  

The contamination issues in the presence of CO gas limits the surface 

characterization of Ru catalyst. The catalysis that has been observed can be from 

Ru/SiO2 or from the Fe and Ni contamination that has formed all over the sample. 

If the catalytic activity is due to the Fe and Ni contamination, CO2 would have 

been detected while performing EELS measurement on the bare inconel holder. 

No CO2 was detected on inconel holder even at 500oC (figure 6.5), suggest that 

the gas phase catalysis detected in the environmental cell was from the Ru 

catalyst. 

It has been observed that some of the quartz fibers fell into the TEM 

column and blocked the electron beam when the TEM sample was prepared by 

method A. This was not good for the microscope, so as an alternative TEM 

sample prepared by method B was used for further experiments. 

 

7.7. CO2 methanation on Ru/SiO2 

To avoid contamination problems associated with the use of CO, a reaction has to 

be chosen that does not involve CO as one of the reactant gas. CO2 methanation 
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(given by equation 2) was chosen for performing operando TEM experiments on 

Ru/SiO2 catalyst. Several catalysts were tested for this reaction [15, 16]; Ru is one 

of the most efficient catalysts [17, 22]. 

CO2 + 4H2 � CH4 + 2H2O   (2) 

Before performing the operando TEM, the Ru/SiO2 catalyst was tested for 

CO2 methanation. Figure 7.15 shows the catalyst performance of 2.5 wt% 

Ru/SiO2 for CO2 methanation. CO2 conversion starts to take place about 290oC 

and increases gradually with increase in temperature and reaches to 47% at 

430oC. The increase in conversion with temperature was not much in the 

temperature range of 430oC to 550oC. Above 550oC the CO2 conversion increased 

slowly and reached 75% at 800oC. CH4 is the initial product that formed at 290oC 

during CO2 methanation; above 290oC small quantities of CO was started to from 

along with the CH4. Up to 490oC the main product gas formed is CH4 with small 

quantities of CO. Above 490oC, CO selectivity started to increase gradually with 

decrease in CH4 selectivity, and almost all the CO2 that has been converted 

produced CO at 800oC. Two different products, CH4 and CO, can form during 

CO2 methanation reaction depending on the reaction temperature. From a 

fundamental point of view, it is interesting to follow the evolution of catalyst 

surface structure under different product gas formation.  

In-situ catalytic measurements were performed on Ru/SiO2 catalyst for 

CO2 methanation by preparing the sample using Method B and loading onto the 

Gatan heating holder. TEM sample prepared by method B has a network of glass 

fibers that are fused at the contacts; this will help the fibers to hold with each 
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other and not to fall in the TEM column. A CO2 and H2 gas mixture was admitted 

to the environmental cell of the TEM in 1:4 pressure ratio and EELS spectra were 

collected at different temperatures. In-situ ETEM experiments were performed up 

to a temperature of 500oC; from the reactor data CH4 is the main product gases 

that is formed up to this temperature (Figure 7.15). Inner-shell energy loss peaks 

positions of C K-edge from CO2, CO and CH4 are 289.7 eV, 286.4 eV and 287.9 

eV and this difference in peak position can be used to detect and differentiate 

between different gas products.  

Figure 7.16 shows the background subtracted C K-edge spectra in the 

presence of CO2 and H2 (in 1:4 ratio) at different temperatures. No change in the 

spectra was observed below 400oC. A shoulder peak started to appear at 400oC at 

about 286.4 eV corresponding to the CO formation. The shoulder peak increases 

with increase in temperature as shown in figure 7.16. It was surprising to see the 

formation of CO instead of CH4 which was the main product gas that formed at 

this temperature from the ex-situ reactor data. The difference between the reactor 

experiments and the in-situ experiments is the pressures of the reactant gases. In 

the reactor, experiments were performed at 1 atmosphere by flowing He:CO2:H2 

in 50:4:16 (partial pressure of CO2 and H2 in the gas feed 43 Torr and 172 Torr 

respectively). In the in-situ ETEM, experiments were performed at 1 Torr of gas 

pressure with partial of CO2 and H2 at 0.25 Torr and 0.75 Torr respectively. This 

pressure differences can have effect on the product gas formation.  

To check the effect of pressure, thermodynamic calculations were 

performed for this reaction using FACTSAGE program [19]. Figure 7.17a and 
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7.17b shows the plots for CO2 conversion to CH4 and CO obtained from the 

FACTSAGE program for CO2 methanation reaction at 1 atmosphere and 1 Torr 

respectively. From this thermodynamic data, the main product gas in the 

temperature range of 400oC to 500oC at 1 atmosphere is CH4 which is similar to 

the reactor data and at 1 Torr it is CO which is consistent with the in-situ ETEM 

data. These experimental observations demonstrate the importance of operando 

TEM studies. In order to develop direct structure-activity relationships, structural 

characterization of the catalyst must be performed while simultaneously 

measuring the catalytic performance. Quantification of CO2 conversion to CO 

during the catalysis can be obtained using the similar procedures used for 

calculating CO conversions for CO oxidation reaction in sections 7.3 and 7.4. 

Figure 7.18 shows the plot of CO2 conversion to CO in the presence of 1 Torr of 

CO2 and H2 mixture (in 1:4 ratio) at different temperatures performed in an in-situ 

ETEM. 

The low-loss region of the energy-loss spectrum can also be used to detect 

product gas formation. Figure 7.19 shows the low-loss reference spectra from 

individual gases CO2, H2, CO, CH4 and H2O that are relevant to CO2 methanation 

reaction. The formation of CO and H2O can be identified by the presence of peaks 

at 8.4 eV for CO and 7.25 eV for H2O, as pointed in the figure 7.19. Figure 7.20 

shows the low-loss spectra in the presence of CO2 and H2 (in 1:4 ratio) at 500oC 

and clearly shows the presence of peak at about 8.4 eV corresponding to 

formation of CO. No peak was observed at 7.25 eV for H2O. From the 

thermodynamic data there should be an almost equal amount of H2O and CO 
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formation at 500oC at 1 Torr of pressure during the CO2 methanation. It is not 

clear why there is no peak at 7.25 eV corresponding to the formation of H2O. 

Further studies are required to clarify this issue. Figure 7.21 shows the TEM 

image of Ru/SiO2 catalyst in the presence of CO2 and H2 in 1:4 ratio at 500oC 

taken in parallel while measuring the catalytic performance. High resolution 

microscopy studies were difficult to perform on this sample because of the 

instabilities caused by the dangling fibers.  

 

7.8. Summary 

“Operando TEM” methodology was successfully developed for heterogeneous 

catalysis by applying EELS to detect the product gases inside the environmental 

TEM. One of the challenges in developing an operando TEM technique is 

associated with the TEM sample preparation. In RIG-150 reactor, the amount of 

catalyst used will be in milligrams, which gives reasonable amount of product 

gases that can be detectable by gas chromatography. Whereas the amount of 

catalyst sample used for TEM studies is much less (less than micrograms) 

compared to the catalyst used in the RIG-150 reactor.  

As a proof of concept initial experiment were performed on a Pt mesh 

(usual TEM sample) for CO oxidation reaction, and it has been successfully 

demonstrated that it is possible to detect product gases using EELS in the in-situ 

environmental TEM. To perform similar experiments on supported metal 

catalysts, two different techniques were developed for preparing a TEM sample 

with high catalyst loadings. A TEM sample was prepared from quartz/glass wool 
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by dispersing catalyst sample onto the wool. Product gas analysis was 

successfully detected by EELS for CO oxidation and CO2 methanation reactions 

on Ru/SiO2 catalyst. The amount of catalytic conversions in the ETEM reactor as 

a function of temperature was also calculated with the help of reference spectra 

from standard gas mixture. The catalytic conversions obtained in the ETEM 

reactor are less compared to the RIG-150 reactor due to the differences in the 

reactor design. 

During CO oxidation, Fe and Ni contamination was observed due to the 

presence of metal carbonyls in the CO cylinder. The contamination issues in the 

presence of CO gas limits the surface characterization of Ru catalyst. For the CO2 

methanation reaction, a difference in the product gas formation was observed the 

ETEM reactor compared to RIG-150 reactor. CH4 was the main product formed 

in the RIG-150 reactor up to 500oC, whereas CO is the main product observed in 

the ETEM reactor. This difference in the product gas formation is attributed to the 

pressure gap that exists between the RIG-150 reactor and ETEM reactor. The CO2 

methanation reaction further emphasized the importance of “operando TEM” 

studies. In order to develop direct structure-activity relationships, structural 

characterization of the catalyst must be performed while simultaneously 

measuring the catalytic performance.  
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Figure 7.1. Schematic representation of the ISRI RIG-150 reactor bed and the 
ETEM reactor. 
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Figure 7.2. Background subtracted energy-loss spectra from a) 1 Torr of CO and 
b) 1 Torr of CO2 and c) normalized EELS spectra from a mixture of CO and CO2 
in 1:1 ratio at 1 Torr pressure. 
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Figure 7.3. Plot showing the CO oxidation reaction on a Pt mesh performed in an 
RIG-150 reactor. 
 

 

Figure 7.4. Background subtracted energy-loss spectra acquired at different 
temperatures during CO oxidation on Pt mesh in an ETEM reactor. 
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Figure 7.5. Background subtracted energy-loss spectra acquired at 500oC during 
CO oxidation on inconel heating holder. 
 

 

Figure 7.6. Normalized EELS spectra from a mixture of CO and CO2 in 1:1 ratio 
at 1 Torr pressure (solid curve). The dotted curve is the linear combination of the 
individual spectra from both CO and CO2. 
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Figure 7.7. Plot showing the CO conversion with increase in temperature on Pt 
mesh measured from in-situ energy-loss spectroscopy. 
 

 

Figure 7.8. TEM image of glass fiber with Ru/SiO2 sample loaded. 
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Figure 7.9. Plot showing the CO oxidation reaction on a Pt mesh performed in an 
RIG-150 reactor.  
 

 

Figure 7.10. Background subtracted energy-loss spectra acquired at different 
temperatures during CO oxidation on Ru/SiO2 catalyst in a ETEM reactor. 
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Figure 7.11. Plot showing the CO conversion with increase in temperature on 
Ru/SiO2 catalyst measured from in-situ energy-loss spectroscopy. 
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Figure 7.12. In-situ TEM images of Ru/SiO2 in the presence of CO and O2 gas 
mixture in 2:1 ratio at a) 80oC, b) 300oC. 
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Figure 7.13. Background subtracted energy loss spectrum from Ru/SiO2 catalyst 
at 300oC, showing the presence of Fe and Ni contamination along with O K-edge 
from the SiO2 substrate. 
 

 

Figure 7.14. TEM image of SiO2 sphere in the presence of CO at 200oC. 
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Figure 7.15. Plot showing the CO2 conversion and its selectivity to CH4 and CO 
with increase in temperature during CO2 methanation on 2.5Wt% Ru/SiO2 
catalyst in RIG-150 reactor. 
 

 
 

Figure 7.16. Background subtracted energy-loss spectra of C K-edge acquired at 
different temperatures during CO2 methanation on Ru/SiO2 catalyst in a ETEM 
reactor. 
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Figure 7.17. Plot showing the thermodynamic equilibrium calculations of CO2 
conversion to CH4 and CO at a) 1 atmosphere and b) 1 Torr [19].  
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Figure 7.18. Plot showing the amount of CO2 conversion to CO with increase in 
temperature during CO2 methanation on Ru/SiO2 catalyst measured from in-situ 
energy-loss spectroscopy. 
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Figure 7.19. Background subtracted low-loss reference spectra from individual 
gases a) CO2, b) H2, C) CH4, d) CO and e) H2O. 
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Figure 7.20. Background subtracted low-loss spectra acquired at 500oC during 
CO2 methanation on Ru/SiO2 catalyst. 
 

 

Figure 7.21. TEM image of Ru/SiO2 during CO2 methanation in an in-situ ETEM. 
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Chapter 8 

SUMMARY AND FUTURE WORK 

8.1. Summary 

The research described in this thesis can be divided into two parts. The first part 

of the thesis (chapter 3, 4 and 5) covers the application of in-situ environmental 

TEM (ETEM) to understanding the structure-activity relationship in supported 

metal catalysts. And the second part (chapter 6 and 7) involves the development 

of the electron energy-loss spectroscopy (EELS) technique for determining the 

gas composition and detecting the gas phase catalysis inside environmental cell in 

the ETEM. 

 

8.1.1. Structure-activity relationship 

In-situ ETEM studies on nanostructures in parallel with ex-situ reactor studies of 

conversions and selectivities were performed on monometallic Ni, Ru and 

bimetallic NiRu supported catalysts for partial oxidation of methane (POM) in 

order to develop structure-activity relationships. SiO2 spheres were chosen as a 

model support; the advantage of the SiO2 spheres is that they have a well-defined 

morphology which is very helpful in following the nanoparticles evolution under 

dynamic gas reacting conditions in the in-situ ETEM. Supported metal 

nanoparticles were synthesized using incipient impregnation techniques. Co-

impregnation technique were used form preparing NiRu bimetallic catalyst. EDX 

analysis confirms that almost all the nanoparticles contain both Ni and Ru. 
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From the catalytic data, during the temperature ramp-up in CH4 and O2, 

CO2 is the main product that forms initially at low temperatures for all the three 

(Ni, Ru, NiRu) catalysts. The light-off temperature for CO formation was 

different for different catalysts. Ru has the lowest light-off temperature of 425oC 

for CO formation and Ni as the highest light-off temperature of 775oC. NiRu 

(50Ni50Ru) has an intermediate light-off temperature of 525oC. A sharp rise in 

the CH4 conversion and CO selectivity was observed for Ni and NiRu catalyst at 

the light-off temperature. For Ru, there was also a sharp rise in CH4 conversion at 

CO formation temperature, however this sharp rise is relatively small compared 

that of observed for Ni and NiRu catalytic data. 

From the catalytic data it can be observed that the gas composition along 

the catalyst bed varies in space and time during the temperature ramp-up. 

Essentially there is no single “reactor condition” in this case and the variation in 

the gas composition must be taken into account in the design of ETEM 

experiments so that the correct structure-property relations can be determined. In-

situ ETEM experiments were performed mainly under two different gas 

environments, one was in the presence of CH4 and O2 gas in 2:1 ratio (which is 

reactant gas composition ratio for POM reaction) and the other gas is pure CH4 

(reducing gas component before the syngas formation). 

During the temperature ramp-up in CH4 and O2 (in 2:1 ratio), both 

monometallic and bimetallic nanoparticles undergo oxidation processes and the 

oxidation behaviors are quite different for Ni and Ru. In case of Ni, the Ni metal 

nanoparticles transform completely to NiO forming void-like structures at 
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temperatures above 300oC in the presence of CH4 and O2. The void-like structures 

are formed due to the preferential migration of Ni cations along grain boundaries 

and extended defects. For Ru metal nanoparticles, a thin layer of RuO2 shell was 

formed on the surface at 300oC in the presence of CH4 and O2 with Ru metal at 

the core region. The RuO2 layer acts as a barrier for the diffusion of electrons onto 

the surface and protects the metal core from further oxidation. These metal oxides 

are active for complete combustion of methane giving CO2 and H2O (in 1:2 ratio) 

as the main product gases. RuO2 is more active for CH4 and O2 conversions that 

NiO. Almost all the O2 is consumed during complete oxidation of CH4 on RuO2 

surface at about 425oC, whereas on NiO surface it was below 10%. 100% O2 

conversion on NiO took place only at 775oC. 

In 50Ni50Ru bimetallic nanoparticle case, a fairly uniform NiRu 

nanoparticle in the presence of H2 at 400oC was transformed to core-shell 

structures, forming a mixed oxide shell with a Ru metal core when the gas 

composition is switched to CH4 and O2 (in 2:1 ratio). The oxide shell 

predominantly contained NiO along with some RuO2. The presence of mixed 

oxide layers on the surface of the nanoparticle has a synergetic effect for the 

complete oxidation of CH4 reaction. Almost all the O2 is converted on 50Ni50Ru 

catalyst at 525oC. 

With increase in temperature, the oxygen partial pressure in the later part 

(region II and III) of the catalyst bed goes down and the oxide transforms back to 

metal leading to syngas formation. During the reduction in CH4, the NiO 

reduction mechanism involved diffusion of Ni cations along grain boundaries and 
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extended defects giving raise Ni-NiO core-shell structures. NiO is the phase that 

always exists on the surface of the nanoparticle until reduction completes. As the 

last layer of NiO reduces back to metallic Ni, the gas environment is suddenly 

exposed to metallic Ni and reforming reactions take place on metalic Ni giving a 

sharp increase in CH4 conversion and CO selectivity at 775oC observed in the 

catalytic performance data. In case of RuO2, the RuO2 surface layer reduces back 

to metallic Ru in presence of CH4 at 400oC favoring reforming reactions to take 

place and produce syngas at lower temperatures. In case of Ni, formation of NiO 

at intermediate temperatures inhibits syngas formation at lower temperatures. It 

has been proven that if Ni exists in metallic form during the temperature ramp-up, 

syngas formation can take place at lower temperatures. 

In case of 50Ni50Ru bimetallic nanoparticle, the reduction process is more 

complex. From the in-situ data, in the presence of CH4 at 600oC, the surface oxide 

layer reduces back to metal and intermixing of Ni and Ru takes place. As the 

oxide layer reduces back to metal, syngas formation starts to take place.  

 

8.1.2. Electron energy-loss spectroscopy of gases 

Electron energy-loss spectroscopy was used for the first time to determine the gas 

composition in the environmental cell in a TEM for in-situ applications. The 

approach was developed for quantification in a differential pumping 

environmental TEM, however the same approach can also be used to determine 

gas composition in windowed cells. Techniques were developed to identify the 

gas composition using both the inner-shell and low-loss regions of the spectrum. 
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The inelastic scattering for the gases is different compared to that of thin films. In 

the case of thin films, the inelastic scattering of the electron beam is coming from 

a thin (about 50 nm) region and the relations between convergence semi-angle, 

collection-semi angle and scattering angles are well defined. For gases, inelastic 

scattering of electrons takes place along the entire gas path of 5.4 mm (gap 

between the two pole pieces), and there is not a straight forward relationship 

between the convergence semi-angle, collection semi-angle and the scattering 

angle. This difference in the inelastic scattering gave a systematic error in inner-

shell quantifications. These systematic errors can be minimized by using small 

convergence semi-angle and collection semi-angle. Molar concentrations of the 

gas mixture can be determined from low-loss spectra by expressing valence loss 

spectra of gas mixtures as a linear combination of individual component valance 

loss spectra. 

 An “Operando TEM” technique was demonstrated for the first time, 

where the catalyst nanostructres can be studied while simultaneously measuring 

the catalytic performance. EELS was used to determine the gas products in the 

environmental cell formed due to the catalytic reactions that take place on the 

surface of the catalyst. One of the challenges in developing an operando TEM 

technique is associated with the TEM sample preparation. In the RIG-150 reactor, 

the amount of catalyst used will be in milligrams, which gives reasonable 

quantities of product gases that can be detectable by gas chromatography. 

However, the amount of catalyst sample used for TEM studies is much less (less 

than micrograms) compared to the catalyst used in the RIG-150 reactor. A sample 
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preparation technique was developed to get high catalytic loadings onto a TEM 

sample and product gases from this catalyst was succesfully detected using EELS. 

Catalytic conversions as low as 1% were detected for CO oxidation to CO2 on a 

Ru/SiO2 catalyst using EELS. 

  

8.2. Future work 

8.2.1. Effect of catalyst support 

In this thesis, model amorphous SiO2 spheres were used as a support, which are 

not the usual catalyst supports used for heterogeneous catalysis application. Most 

supports have very high surface area and are crystalline with multiple facets. The 

use of model SiO2 spheres demonstrates the application of in-situ ETEM studies 

in understanding the structure-activity relationship in supported metal catalysts. 

Similar experiments can be performed on high surface area SiO2 and other oxide 

supports such as CeO2, TiO2, and Al2O3 which are the usual oxide supports used 

in heterogeneous catalysis. 

 

8.2.2. NiRu bimetallic catalysts 

During the oxidation process of 50Ni50Ru catalyst an oxide layer contains both 

NiO and RuO2. Further studies on this sample can give more information on how 

the Ni and Ru were distributed along the oxide scale, from which oxidation 

mechanisms in nanoparticles can be obtained. Similarly, following the 

intermediate reduction stages of this catalyst is useful in understanding the 

reaction mechanism. More studies have to be performed on low Ru content 
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bimetallic catalyst (95Ni5Ru) to understand the distribution of Ni and Ru along 

the nanoparticles. 

 

8.2.3. Operando TEM 

This thesis successfully demonstrated the detection of gas phase catalysis using 

EELS. However the surface structure of the catalyst was not determined while 

measuring the catalytic performance. A better sample preparation technique has to 

be developed to obtain stable imaging conditions in the in-situ environmental 

TEM. Two reactions (CO oxidation and CO2 methanation) were used to 

demonstrate the application of EELS in detecting gas phase catalysis. By careful 

studies this technique can be used for any gas phase catalytic reaction.  
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APPENDIX I  

MOIRE ANALYSIS  
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Figure 1 explains the determination of the unknown reflection by knowing Moiré 

reflection and a known reflection in terms of the reciprocal lattice vectors. 

Consider a vector OA representing the Moiré reflection (gm) and vector 

OB representing the known fundamental reflection (g1) and θ is the angle between 

them. Unknown reflection (g2) can be determined by drawing a vector from A to 

B, and β is the angle between g1 and g2. 

 

g2 can be determined from the following equations: 
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APPENDIX II  

DETERMINATION OF CONVERGENCE AND COLLECTION SEMI-

ANGLES FOR EELS 
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Determination of convergence semi-angle: 

 

Above schematic explains the determination of collection semi-angle and 

convergence semi-angle for electron energy-loss spectroscopy. An electron 

diffraction pattern was initially obtained from a BN sample, which gives a first 

reflection of (100) with a d-spacing of 2.173 Å. 

 

The distance between the (000) and (100) is equivalent to 2θB = λ/d 

 

where, λ is the wavelength of the electron beam, for a 200kV electron beam λ = 

0.0251 Ao and d is the lattice spacing of hexagonal BN (100) which is equal to 

2.173 Ao. By measuring the distance between the (000) and (100) reflection and 

the disk diameter of the (100), convergence semi-angle can be obtained. 
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Determination of collection semi-angle: 

Again a diffraction pattern from a BN sample was obtained initially on a Gatan 

camera and the entrance aperture of the energy-loss spectrometer was placed on to 

the diffraction pattern to cover both (000) beam and at least one of the (100) 

reflection of BN, as shown in the following schematic. 

 

 

 

The distance between the (000) and (100) is equivalent to 2θB = λ/d 

By knowing the diameter of the entrance aperture (de) and the distance between 

the 000 and (100), collection semi-angle can be obtained. 
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APPENDIX III  

EELS LINE SCAN PROFILES FROM 50NI50RU BIMETTALIC 

NANOAPRTICLES IN THE PRESENCE OF CH4 
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