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ABSTRACT OF DISSERTATION 
 
 
 

UNCOVERING STRUCTURE-PROPERTY RELATIONSHIPS OF INORGANIC 
NANOMATERIALS VIA TRANSMISSION ELECTRON MICROSCOPY 

 
The rapid increase of research in nanoscale devices and nanotechnology in the past 

few decades has revealed that nanomaterials may possess exceptional properties that are 
significantly different from the bulk counterpart, due to local rearrangements of the atoms 
at surfaces and defects. Transmission electron microscopy (TEM) is an indispensable tool 
when it comes to the characterization of nanomaterials, primarily due to its ability to 
resolve the local-structure of materials at the atomic-scale. To study dynamic processes, 
however, regular TEM experiments are inadequate, as they provide only before and after 
information rather than the real-time data essential to understanding a reaction or phase-
transformation mechanism. This dissertation describes developments and applications of 
high- resolution and in situ TEM techniques to track the atomic rearrangements of 
nanomaterials in real-time, to determine the structure-property relationships of 
nanomaterials as they change during structural-transformations such as chemical reactions. 

The four chapters in this dissertation will focus on the synthesis and 
characterization of nanomaterials with unique properties. The first project concentrates on 
designing a novel synthesis method to control the morphology of iron(II) sulfide (FeS) 
nanoplatelets by varying the starting material (Fe source) or the surfactant employed in the 
hydrothermal synthesis. The following three chapters cover detailed TEM analyses of three 
distinctive nanomaterials: catalytic hetero-atom doped carbon nano-onions, thermoelectric 
La3-xTe4 with Ni nanoparticle inclusions, and dielectric cubic HfO2. The work presented 
here gives insights on a novel morphology-controlled hydrothermal synthesis of FeS 
nanoplatelets and demonstrates the utilization of advanced electron microscopic techniques 
such as aberration-corrected TEM/Scanning TEM (STEM) and in situ TEM, to elucidate 
structure-property relationships of nanomaterials in atomic-resolution and in real-time. 

 
KEYWORDS: transmission electron microscopy, TEM, STEM, in situ, structure-

property relationship  
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CHAPTER 1.  INTRODUCTION 

1.1 Motivation 

The design and synthesis of nanomaterials and nanotechnology itself are exclusively 

determined by the ability of the analytical instrumentation, tools, and approaches to 

synthesize, characterize, and manipulate the material at the nanoscale. Scaling of material 

to the nano regime provides a basis for the emergence of unique and novel properties in 

nanomaterials that are distinctive from the bulk counterpart.1,2 Owing to this size 

confinement, high-temperature metastable and thermodynamic phases with remarkable 

characteristics have become accessible at much lower temperatures than the bulk phase 

transition temperatures. Recent studies on HfO2 reported scaling the material to ultrasmall 

dimensions of ~4 nm, as an approach to trap the high- temperature tetragonal phase of HfO2 

with a high dielectric constant (к=75), which is otherwise accessible only in the 

temperatures above 1720 oC.3,4  Hudak et al. revealed that the size confinement and twin 

boundaries in the HfO2 nanorod contribute towards stabilizing the metastable tetragonal 

phase kinetically.4 Chen et al. showed the coexistence of low-temperature (β-phase) and 

high-temperature (α-phase) in a nanosized wedge-shaped Cu2Se single crystal, which 

according to Landau theory is impossible in bulk. Even though the surface and shape 

effects in an infinite bulk material are neglected in Landau theory, in a Cu2Se single crystal 

with a nanosized thickness, these surface effects aid in driving α to β phase transition. This 

second-order phase transformation initiates at a low temperature of 383 K and is dependent 

on the thickness of the nanocrystal whereas the phase transition temperature of bulk is 400 

K.5 
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Given that the structure often dictates the physical properties of a nanomaterial, a 

careful understanding of the structure is vital to design materials with superior properties 

suitable for desired applications. To fully uncover the structure of a crystalline solid, one 

should pay close attention to the crystal structure, atomic arrangement within the crystal, 

defects or impurities present, and the microstructure (such as grain boundaries, surfaces, 

interfaces, and chemical composition). Diffraction techniques-such as powder X-ray 

diffraction (PXRD) and neutron diffraction- often provide information on the average 

crystal structure or the sample as a whole. To explore the local structural aspects of a 

crystalline nanomaterial whose intrinsic structural details are modified at nanoscale-such 

as the atomic arrangement, defects and impurities in the crystal structure- transmission 

electron microscopy (TEM) is used.6  

TEM is an indispensable and versatile material characterization technique that provides 

a high-resolution analysis of the local structure and the composition of the material at the 

nanometer or even at the atomic scale. When paired with other complementary 

characterization methods equipped in the instrumentation, such as electron energy-loss 

spectroscopy (EELS), energy-dispersive X-ray spectroscopy (EDS), and selected area 

electron diffraction (SAED), TEM can offer a complete characterization of materials. As 

advancements in this particular field, the state-of-the-art aberration-corrected scanning 

transmission electron microscopes (STEM) allows the imaging of atomically resolved 

columns of a crystalline solid and the high-angle annular dark-field (HAADF) detectors 

provide the opportunity for Z-contrast imaging where the intensities in the STEM HAADF 

micrograph can be directly correlated to the atomic numbers of elements present.6–8 
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Even though the ex situ characterization methods provide an insight into the structure 

of a material  “before” and “after” a chemical reaction or a phase transformation, in situ 

techniques are needed to resolve mechanistic in-between steps to get a complete idea of 

the whole reaction or transformation process. For example, diffraction techniques- such as 

PXRD or SAED- can be used to identify the phase of the material before the experiment 

and after heating to the transition temperature where the phase transformation occurs. The 

use of a technique like in situ PXRD can help to identify the temperature range at which 

the phase transformation initiates, which could be significantly different from its bulk 

phase transition temperature.9 It should be noted that the in situ PXRD studies reveal 

information on the average structure or the whole sample.  

When the necessity arises for the understanding of salient features of mechanistic steps 

of a critical reaction or a phase transformation, in situ TEM provides a way to monitor 

changes in the local structure - such as the movement and rearrangement of atoms, dynamic 

changes in the crystal lattice - as a function of temperature, as they evolve in time. In situ 

TEM techniques allows studying the material behavior from room temperature to elevated 

temperatures as high as 1200 oC in high vacuum conditions, or controlled gas or liquid 

environments. The vital information obtained by in situ TEM studies abets in filling gaps 

in understanding significant reaction and transformation mechanisms in nanocrystals, 

which may otherwise prove inaccessible.1,5,9–12 
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1.2 Synthesis of two-dimensional nanosized transition metal chalcogenides 
 

1.2.1 Introduction 

Nanostructured transition metal chalcogenides have gained significant attention due 

to their enhanced optical, electronic, transport, and magnetic properties. During the past 

decade, metal chalcogenides with varied morphologies and sizes have led to tremendous 

applications in materials science including sensors, solar cells, light-emitting diodes, 

thermoelectric devices, lithium-ion batteries, and memory devices.13–15 When the size of 

these materials are scaled down to the nanometer level, new and enhanced chemical and 

physical properties are observed, compared with its bulk counterpart.16 Iron chalcogenides 

have been extensively studied due to their outstanding magnetic and transport properties, 

which can be tuned readily by defect, size, and shape control in the nanophase. Further, the 

conducting properties of these iron chalcogenides can vary from semiconducting to 

superconducting, opening a broad range of applications from biomedical to electronic.13,16  

The design and choice of the synthesis method are of significant importance to 

obtain better control over the morphology of the resulting nanomaterials with specific 

applications. Among the various synthetic pathways reported in the literature for iron 

chalcogenides synthesis, wet chemical methods such as hydrothermal synthesis have 

drawn much attention due to the many advantages it holds when compared with other 

synthesis methods.17,18 The use of surfactants in hydrothermal synthesis avoids particle 

agglomeration, thus, provides better control over the shape and size of the resulting 

nanomaterial. In addition, surfactants are also able to control the growth direction of the 

nanomaterial by manipulating the surface adsorption of crystal planes preferentially.19,20 
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1.2.2 Hydrothermal synthesis 

Solvothermal/hydrothermal reaction process is defined as a chemical reaction 

occurring at temperatures above room temperature and high-pressure conditions in a 

solvent contained in a closed container. The terms solvothermal and hydrothermal are 

referred to when the solvent being used is a non-aqueous solvent and water, respectively. 

The first reported hydrothermal synthesis was performed by Schafthaul in 1845, to grow 

Quartz nanocrystals. In the 1900s, hydrothermal reactions achieved significant progress 

with the development of high-resolution microscopes and nanomaterial synthesis. Since 

Figure 1.1 Disassembled parts of the hydrothermal reactor and the Teflon liner. 
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then, the hydrothermal process has gained a great interest in synthesizing highly crystalline 

nanomaterials with controlled size and morphology.21,22 

 
In hydrothermal synthesis, supercritical fluids provide outstanding reaction medium, 

allowing variation of equilibrium and reaction rates. Near the critical point, the fluids have 

different properties than those of under ambient conditions. The shift in the dielectric 

constant and solvent densities with pressure and temperature results in increased 

supersaturation, increased rates of nucleation of the particles, leading to reduced particle 

sizes.18,23 Due to the variation of the equilibrium with the temperature, particles formed at 

low temperatures dissolve and recrystallize at elevated temperatures, which are relatively 

insoluble under normal conditions. The advantages of the hydrothermal method over other 

synthetic routes include low process temperatures, low production cost, low energy 

consumption, control of products, large scale production, and environmentally 

benign.18,24The hydrothermal reactor is a pressure vessel which is used to perform 

hydrothermal reactions at high temperature and high pressure. The reactor comprises of 

two parts, the outer metal autoclave and the inner Teflon liner (Figure 1.1). The Teflon 

liner prevents the corrosion of the autoclave by chemicals. Characteristics of an ideal 

hydrothermal reactor include inertness to the chemical being used, easy to assemble and 

disassemble, leak-proof, should withstand high temperature and pressure for a long time.  

When choosing a reactor, the corrosive resistance of the autoclave material, operating 

conditions of the reaction should be taken into consideration.18 
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1.3 Transmission electron microscopy 

1.3.1 Introduction 

The transmission electron microscope (TEM) is a central tool in material science to 

study the atomic-scale structure of materials. It uses high energy electrons to study defects, 

crystal structure, lattice parameters, and chemical composition of the material of interest. 

The instrument comprises three systems. The illumination system located at the top of the 

microscope produces high energy electrons (100-400 keV) and directs them towards the 

sample stage and the objective lens, with a set of condenser lenses and apertures. There are 

two types of electron sources, thermionic guns, and field emission guns. Thermionic guns 

are less expensive than field emission guns and more commonly used in TEMs. Field 

emission guns are used when high-resolution imaging is needed. 

At the sample stage, electrons interact with the sample, and the resulting electrons 

form an image that is magnified on to the screen by the projection system (Figure 1.2). The 

Figure 1.2 The interaction of the electron beam with the 
sample. 
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phosphorescent screen, which is located at the bottom of the microscope illuminates when 

electrons hit. The image is displayed on the screen and viewed through a glass screen.  

 
In TEM, there are two principal modes of operation (Figure 1.3). In image mode, 

the objective lens gathers electrons resulting from sample-electron beam interactions and 

forms an image of the sample at the image plane. While in diffraction mode, the objective 

lens creates a diffraction pattern at the back focal panel of the lens. It is always possible to 

switch between these modes by focusing the intermediate lens on to the image plane or the 

back focal plane of the lens. The resolution of a TEM can be interpreted as the smallest 

distance that can be resolved (𝛿𝛿) and is given by the following equation (1.1): 

Figure 1.3 Two principle imaging modes of TEM operation (a) diffraction mode (b) 
imaging mode (reproduced with permission from Williams and Carter (1996)).64 
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𝛿𝛿 = 0.61𝜆𝜆
𝜇𝜇 sin𝛽𝛽

      (1.1) 

Where 𝜆𝜆 is the wavelength of radiation, 𝜇𝜇 is the refractive index of the sample, and β is the 

semi angle of the collection of the magnifying lens. The cutting-edge aberration correctors 

equipped in TEMs - spherical (Cs) and chromatic (Cc) - together with high accelerating 

voltages (200-400 kV) have contributed towards increasing the resolution below 1 Å.25 

The scanning transmission electron microscope (STEM) is an invaluable and highly 

versatile instrument used in atomic resolution imaging and characterization of 

nanomaterials. It is a combination of the scanning electron microscope (SEM) and TEM. 

The STEM performs in the same principle as SEM, where the lenses are adjusted to 

produce a focused convergent electron beam, which is raster-scanned over the sample, and 

resulting signals are collected to form an image. The main advantage of STEM over SEM 

is the enhanced spatial resolution. It requires very thin (electron-transparent) samples so 

that transmission imaging mode can be occupied. Therefore, most STEM detectors are 

placed after the sample to detect transmitted electrons. One of the main advantages of 

STEM is the availability of multiple detectors that can operate simultaneously to collect 

the maximum amount of information from a sample scan. The bright-field (BF) detector 

uses the transmitted beam while the annular dark-field (ADF) detector excludes the 

transmitted beam when collecting signals for image formation. Z- contrast or high-angle 

annular dark-field (HAADF) images are formed by the intensity of the signals from high-

angle scattered electrons where image contrast can be correlated to the atomic number (Z). 
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1.3.2 Z-contrast imaging 

Five decades ago, STEMs equipped with ADF detectors showed the ability to identify 

heavy elements in low atomic mass substrates by collecting elastically scattered electrons 

in the low angle regions. This technique, however, suffered from issues with the 

interference from inelastically scattered electrons. As a solution, HAADF detectors were 

introduced in the STEM, where the Bragg electrons can be avoided by collecting the 

scattered electrons at angles above 50 mrad. The signals detected by the HAADF detectors 

are converted to a STEM micrograph in which the image intensity strongly depends on the 

atomic numbers of the elements present in the sample and, thus, the name Z- contrast 

imaging.7,26  

Z-contrast imaging provides a compositional perspective of the sample. The 

relationship between the intensity of the signal in a HAADF micrograph and corresponding 

atomic number of the element present in the sample can be expressed as 𝐼𝐼 𝛼𝛼 𝑍𝑍𝑥𝑥, where I is 

the intensity of the HAADF signal,  Z is the atomic number of the element, and x is a value 

in the 1.6-1.9 region.7,27 The HAADF technique forms an incoherent image, and thus, is 

free from the phase problem, unlike in phase-contrast microscopy.8 HAADF or Z-contrast 

imaging has the added advantage of obtaining EELS and EDS spectral maps along with 

the HAADF image, simultaneously, such that every pixel of the HAADF micrograph has 

a corresponding EDS or EELS spectrum. These techniques combined can provide vital 

information on the structure, composition, and bonding of the material.26–30 
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1.3.3 Aberration correction   

In the mid-1930s, Otto Scherzer demonstrated that any electron lens system would 

suffer from spherical and chromatic aberrations, which will limit the resolution of an 

electron microscope in considerable ways. A major breakthrough in the field of 

transmission electron microscopy was made with the introduction of aberration correctors, 

Figure 1.4 A comparison of a perfect lens (a) with lenses with spherical (b) and chromatic 
(c) aberrations. Copyright permission from Bleloch et al. (2004) and Williams and Carter 
(1996).31,32 
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which significantly improved the resolution of TEMs below 1 Å.31  In contrast to a perfect 

lens without any aberrations or imperfections (Figure 1.4a), a lens with spherical 

aberrations will cause off-axial rays to be focused at a different point than the paraxial rays 

leading to a premature focus (Figure 1.4b). As a consequence, a point specimen will be 

displayed as a finite-sized disk, and the ability to magnify details of the specimen would 

be compromised. A lens with chromatic aberration tends to deflect electrons with lower 

energies more than those with high energies. As a result, electrons with different energies 

will be focused in different planes, and therefore, a point object would be imaged with a 

blur (Figure 1.4c).32,33 

Aberration correctors are based on the principle of introducing negative aberrations 

to negate the positive aberrations created by the lens. In a conventional TEM, the aberration 

corrector is placed after the objective lens, whereas in a dedicated STEM, the multipole 

aberration corrector is located in between the condenser lens system and the probe-forming 

(“objective”) lens. This key development has enabled sub-angstrom resolution in TEMs, 

especially in STEM, where the newly achieved improved resolution with sub-angstrom 

probes, allows the ability to perform atomic-resolution imaging paired with spectroscopy 

and direct interpretation of Z-contrast imaging, which is of crucial significance in the field 

of material science.31,34–38 

1.3.4 Fourier filtering 

Fourier transform is a mathematical algorithm that transforms a function to 

components of its frequencies. The Fourier filtering process eliminates noise from high-

resolution TEM/STEM (HRTEM/HRSTEM) micrographs while retaining and enhancing 

other information such as lattice fringes and dopant atoms. In the fast Fourier transform 
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(FFT) process, the HRTEM/HRSTEM (HAADF) image (in the real-space) is Fourier 

transformed to get the bright spots in the reciprocal space such that the FFT is an effective 

means to calculate the form of the electron diffraction pattern. This process is equivalent 

to the formation of an image by the lenses of a TEM, meaning that the electron diffraction 

pattern is obtained by Fourier transforming the electron waves of which the image is 

formed.39–41  

For a particular TEM/STEM micrograph obtained, an FFT can be acquired using 

Gatan Digital Micrograph® software. In the FFT, rings/spots corresponding to the 

interlayer spacings of the region of interest (ROI) in the sample are masked, and an inverse 

FFT (IFFT) operation is performed to regenerate the parts of the image containing selected 

masked spatial frequencies.4,42 The size, shape, and edge sharpness of the aperture (i.e., the 

mask) can be chosen according to the information that might need to be retained or 

eliminated. These simulated masks or apertures in the program are analogous to the 

objective aperture in TEM.40  

 



14 
 

1.3.5 Energy-dispersive X-ray spectroscopy 

Energy-dispersive X-ray spectroscopy (EDS) technique in TEM and SEM is used 

to analyze the chemical composition by analyzing the characteristic X-rays emitted by 

elements in the sample. When the electron beam hits the sample, electrons in the incident 

beam interacts and ejects atomic electrons in low energy levels, creating vacancies. 

Consequently, the electrons in high energy levels move to the low energy level to fill the 

generated vacancies. The movement of electrons from high to low energy levels leads to 

the emission of X-rays, which are characteristic of the energy level differences of each 

element present in the sample (Figure 1.5). The detector produces voltage pulses that 

correspond to these X-rays and is translated into signals using a computer system. The 

signal counts are then displayed as a spectrum, line scan, or an elemental spectral map 

allowing elemental analysis of the sample quantitatively and qualitatively. Each pixel of 

an EDS spectral map holds compositional information that can be extracted to an EDS 

spectrum, which provides the opportunity to monitor the subtle changes in the sample 

Figure 1.5 Generation of characteristic X-rays 
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composition by analyzing the EDS spectral image pixel by pixel. The quantitative 

elemental analysis can be performed after calibrating the detector using a proper 

standard.6,43 

 

1.3.6 Electron energy loss spectroscopy 

Electron energy loss spectroscopy (EELS) is a technique that characterizes the 

energy distribution profiles of electrons after they interact with the solid specimen/sample. 

When a beam of electrons passes through the solid sample, it may undergo elastic and 

inelastic scattering processes. The elastic scattering of an electron occurs due to the 

Coulombic interactions with the nuclei; when the electron beam moves closer to the nuclei 

Figure 1.6 An EELS spectrum illustrating the zero-loss peak, the low-loss, and the 
high-loss regions. (Copyright permission @ Williams and Carter (1996))48  
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of an atom, electrons lose a negligible amount of energy to the nuclei, and thus, get 

deflected from its course. In contrast, in the inelastic scattering process, the beam of 

electrons interacts with the atomic electrons and loses energy, which will be isolated to 

generate an energy distribution spectrum. In the sample, the path of the electron gets 

deflected due to Coulombic interactions, and these inelastically scattered electrons can 

reveal useful information about the local chemical and electronic environments of the 

sample, such as the valence/oxidation states, atomic structures of the surrounding atoms, 

and sample thickness.44–47  

The EELS spectrum can be divided into two regions: a low-loss region with energies 

ranging up to ~50 eV and a high loss region with energy values higher than ~50 eV (Figure 

1.6). The low-loss region reveals information about the band structure of the specimen. At 

the same time, the high-loss (also known as core-loss) region contains information on core 

electrons, which can be attributed to the distribution and bonding of atoms. The high-

intensity peak at 0 eV represents the electrons that transmit without a significant energy 

loss, which corresponds to the elastically scattered electrons and, thus, called the zero-loss 

peak. In elemental composition analyses, EELS is often the preferred technique due to its 

ability to detect light elements and oxidation states, higher spatial resolution, and atomic 

level sensitivity, which is superior to the capabilities of EDS.44,45,48–50 

 

1.3.7 In situ TEM 

In situ TEM uses the conventional TEM as the base instrument and combines it with 

a specific sample holder that has the capability of exerting external stimuli to the sample 

to observe and understand dynamic reactions in real-time. The use of varied external 
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stimuli – such as heat, mechanical strain, electrical biasing, and the introduction of liquid 

or gas environments with different holder systems opens up the ability to observe phase 

transformations, defects, deformations, and heating and cooling of nanostructures, 

directly.51–53 In situ TEM techniques offer the opportunity to observe the dynamics of a 

reaction as they take place, rather than performing the reaction elsewhere (ex situ) and 

observing the starting material and end product using a TEM, and thus, not missing 

information on in-between mechanistic steps.51 

In situ heating in the TEM, in particular, provides the ability to directly observe 

temporally-resolved reactions and transformations at the atomic-scale, with the use of a 

dedicated in situ heating TEM holder, which is capable of operating in the temperature 

region of 25-1200 oC. Breakthroughs have made in designing in situ heating holders to 

overcome a couple of critical issues such as high degree drift observed in the specimen and 

emission of high-intensity infrared (IR) radiation with increasing temperatures. The new 

semiconductor microelectromechanical systems (MEMS) based in situ heating systems 

have been able to resolve these issues to a significant extent.1,10,12,51,54–58  

Many advancements have seen in this field in improving the performances of in 

situ heating systems. Of particular interest, the Protochips® fusion system is capable in 

performing experiments up to 1200 oC with minimal thermal vibrations at high-resolution. 

The unique double-tilt holder permits both alpha (rotation about the axis of the sample 

holder) and beta ( rotation about the axis normal to the sample holder) tilting during the 

heating experiment, which is crucial in tracking atomic rearrangements and structural 

phase transformations at atomic-resolution down the zone-axis. The latest Axon software 

platform designed by Protochips® linked with in situ heating systems is capable of 
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correcting the drift, enables auto-focus with synchronizing all in situ TEM datapoints 

automatically even at very high magnifications and allows the user to overlay metadata- 

such as temperature, pressure, scale - on to the TEM micrographs and videos recorded.59 
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CHAPTER 2. METHODS 

Parts of this chapter are taken from “M. P. Thomas, N. Wanninayake, M. De Alwis 

Goonatilleke, D. Y. Kim and B. S. Guiton, Nanoscale, 2020, 12, 6144 DOI: 

10.1039/D0NR00335B” Reproduced by permission of The Royal Society of Chemistry. 

 

Parts of this chapter are taken from “N. A. Fleer, M. P. Thomas, J. L. Andrews, G. R. 

Waetzig, O. Gonzalez, G. Liu, B. S. Guiton and S. Banerjee, Nanoscale, 2019, 11, 21354 

DOI: 10.1039/C9NR07316G” Reproduced by permission of The Royal Society of 

Chemistry. 

 

Parts of this chapter are taken from “M. P. Thomas, A. Ullah, R. H. Pham, H. Djieutedjeu, 

and B. S. Guiton; Morphology controlled hydrothermal synthesis of FeS nanoplatelets” 

Reproduced with permission from ACS Crystal Growth & Design, submitted for 

publication. Unpublished work copyright [2020] American Chemical Society. 

 

2.1 Sample synthesis 

 

2.1.1 Hydrothermal synthesis of FeS nanoplatelets 

First, 0.3695 g Na2S.xH2O was stirred in Diethylenetriamine (DETA) (10 ml) at 

150 
o
C for 15 minutes, followed by addition of 0.6324 g FeCl3.6H2O. After 15 minutes of 

stirring, deionized water (5 ml) was added to the above solution and stirred for another 15 

minutes. The reaction mixture was transferred to a Teflon liner and sealed in a stainless-
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steel autoclave (45 ml). The reaction mixture was maintained at 200 
o
C for 12 hours under 

hydrothermal treatment. After heating, it was allowed to cool to room temperature, and the 

resulting product was collected, washed with centrifugation with deionized water, ethanol 

and chloroform, respectively. The product was collected using a Büchner funnel, and 

annealed in a tube furnace at 200 
o
C for 12 hours with a 50 sccm Ar flow rate. After 

annealing, the product was collected and stored in a glove box under an N2 atmosphere. 

The above procedure was repeated by replacing DETA with Triethylenetetramine (TETA) 

and Tetraethylenepentamine (TEPA). 

To study the effect of starting material on morphology, the above procedure was 

carried out using 0.3695 g Na2S.xH2O powder and 0.3387 g FeCl2.xH2O in the presence 

of DETA, TEPA and TETA separately.  

The six reaction starting material – surfactant combinations were: FeCl2 DETA, 

FeCl2 TEPA, FeCl2 TETA, FeCl3 DETA, FeCl3 TEPA, and FeCl3 TETA (hereafter denoted 

as D2, P2, T2, D3, P3, and T3, respectively). 

 

2.1.2 S-, N-, and, NS-CNO 

The following syntheses of CNOs, S-, N-, and, NS-CNO were performed by a Kim 

group student, Namal Wanninayake. 

 

2.1.2.1 Synthesis of CNOs.  

CNOs were prepared by thermally annealing nanodiamond powder ∼5 nm 

(Dynalene NB50, purchased from Nanostructured & Amorphous Materials, Inc.) at 1700 
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°C for 1 hour under the flow of Helium using a graphitization furnace. Then, the CNOs 

were further annealed using the same furnace under air at 400 °C for 4 hours to remove 

any adventitious impurities.  

2.1.2.2 Synthesis of Ox-CNO (oxidized carbon nano onions)  

First, 500 mg of previously prepared CNOs were mixed with 36 ml of concentrated 

HNO3 (Fisher Scientific, Assay-69.5%) and 64 ml of deionized (DI) water (18.2 MΩ) in a 

100 ml three-neck flask. Then, the solution was subjected to ultrasonic agitation for 15 

minutes to form a homogeneous solution. Next, a magnetic stir bar was added, and the 

solution was refluxed at 105 °C for 4 hours under 400 rpm. After cooling down, the solution 

was centrifuged and washed with DI water several times until the solution pH was neutral. 

Finally, the product was vacuum dried at 60 °C to obtain Ox-CNO. 

  

2.1.2.3 Synthesis of N-CNO.  

First, 200 mg of Ox-CNO and 1 g of urea (Sigma Aldrich, ACS reagent, 99.0–

100.5%) were added into a 10 ml methanol solution (Sigma Aldrich, anhydrous, 99.8%). 

Then the solution was ultrasonically agitated for 10 minutes. Then, the methanol was 

allowed to evaporate slowly, and the resulting solid was crushed into a powder using a 

mortar and pestle. Subsequently, the solid was placed in a quartz boat and placed inside of 

a tubular furnace (LINDBERG/BLUE M, Mini-Mite Tube Furnace). The tube was then 

heated to 700 °C for 3 hours under an argon protected environment (Scott-Gross, 99.999%) 

with a heating ramp rate of 5 °C min−1. The resulting solid was washed with DI water 

several times to remove any soluble byproducts. Finally, N-CNO was isolated by removing 

the water at 60 °C in a vacuum oven.  
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2.1.2.4 Synthesis of S-CNO.  

First, 60 mg of Ox-CNO, 18 ml of dimethyl sulfoxide (Sigma Aldrich, 99.9%), and 

2 ml of DI water were added into a Teflon lined container. Then, the Teflon container was 

closed and ultrasonically agitated for several minutes before placing inside a stainless-steel 

autoclave. After that, the autoclave reactor was heated to 180 °C for 18 hours in an oven. 

The resulting solid was washed with ethanol (Sigma Aldrich, Reagent Alcohol 95%) and 

DI water several times. The solid was then dried by removing the solvents at 60 °C under 

vacuum and placed in a tubular furnace. Finally, the tube was heated at 700 °C for 1 h 

under 5% hydrogen in argon to obtain S-CNO. 

  

2.1.2.5 Synthesis of NS-CNO.  

NS-CNOs were prepared following the same procedure used to synthesize N-CNO. 

In this synthesis, instead of urea, thiourea (Sigma Aldrich, ≥99.999% (metals basis)) was 

used as the nitrogen and sulfur donor. 

 

2.1.3 Synthesis of cubic HfO2 and HfV2O7 

The following syntheses of VO2, HfO2, and HfV2O7 were performed by a Banerjee 

group student, Nathan Fleer. 

 

2.1.3.1 Synthesis of VO2 nanocrystals 
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VO2 nanowires with lateral dimensions of 180 ± 70 nm and lengths of 1.6 ± 0.9 μm 

have been prepared by the hydrothermal reduction of V2O5 with acetone as reported in 

previous work. Briefly, 1.60 mg V2O5, 42.0 mL acetone, and 33.0 mL of deionized water 

(ρ = 18.2 MΩ cm, Barnstead Water Purification System) were placed in a 125 mL 

polytetrafluoroethylene vessel, which in turn was placed within a sealed hydrothermal 

reactor and maintained at 210 °C for 72 h. The recovered solid was filtered and washed 

three times with water and subsequently three times with acetone. The recovered powder 

was then dried and annealed within a tube furnace under a flow of Ar gas (50 sccm); the 

furnace was heated to 550 °C at a heating rate of ca. 43 °C min−1 and held at this 

temperature for 5 h. The annealed solid, VO2 nanowires crystallized in the M1 phase, was 

then removed and used as prepared in further reactions. Quasi-spherical VO2 nanocrystals 

with a diameter of 44 ± 30 nm have been prepared by an alternative sol-gel condensation 

and hydrothermal treatment route. Briefly, VO(OH)2 was precipitated from the reaction 

between NH4VO3 and N2H4 in deionized water at a temperature of 80 °C. The solid 

precipitate was then heated at 210 °C for 24 h within the hydrothermal apparatus described 

above with the addition of 16 mL of water. The recovered powder was washed with copious 

amounts of water and acetone across three cycles of resuspension and centrifugation.  

 

2.1.3.2 Deposition of HfO2 onto VO2 nanocrystals  

Amorphous HfO2 shells were deposited onto nanowires and quasi-spherical 

nanocrystals of VO2 through a hydrolysis approach analogous to the Stöber method for the 

preparation of SiO2 shells. In the first step, 30 mg of nanowires or quasi-spherical 

nanocrystals of VO2 crystallized in the M1 phase were dispersed in 80 mL dry ethanol 
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(dried over molecular sieves with 4 Å pore size and Na2SO4) via ultrasonication (Branson 

5510) for ca. 10 min. The colloidal dispersion was then placed within a three-neck round-

bottom flask, which was attached to an Ar Schlenk line and cooled using an ice bath. 

Hf(OtBu)4 was added dropwise to the ethanol dispersion at a molar ratio of VO2:Hf(OtBu)4 

of 1:0.5 under an Ar  ambient; the reaction mixture was then allowed to stir for 20 min. 

This dispersion was then removed from the ice bath, placed on a heating mantle, and heated 

to 80 °C while maintaining an Ar ambient. Next, 20 mL of a 1:20 (v/v) H2O:EtOH mixture 

was added dropwise to initiate hydrolysis of the hafnium alkoxide. The low water content 

precludes homogeneous nucleation of HfO2 nanocrystals in solution and constrains HfO2 

deposition to the surfaces of the VO2 nanocrystals. The reaction mixture was maintained 

at 80 °C for 15 min and subsequently removed from heat and allowed to cool to ca. 50 °C 

before moving to centrifugation. The solid precipitate was then recovered by centrifugation 

at 8700 rpm using a Heraeus Megafuge 8. The recovered solid was resuspended in ethanol 

and recovered by centrifugation at 8700 rpm. Two such cycles were performed. Dry 

samples were annealed in a quartz tube placed within a tube furnace under 50 sccm of 

flowing Ar at 650 °C for 25 min. The annealed powder was then allowed to cool to room 

temperature before further analysis. 

 

2.1.3.3 Stabilization of cubic HfO2 by dissolution of the V2O3 
core of V2O3@HfO2 core-shell nanocrystals 

After annealing to obtain V2O3@HfO2 core–shell nanocrystals, the vanadium oxide 

shell was etched in acid solution to stabilize cubic HfO2. Specifically, V2O3@HfO2 core–

shell nanocrystals were placed in a 5.67 M aqueous solution of HCl at a concentration of 1 

mg solid per mL of solution. The prepared dispersion had a pH < 1, which results in the 
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dissolution of V2O3 and remnant VO2 from the core.60 The acid-treated sample was 

sonicated vigorously for ca. 1 h to ensure dissolution of the core. The supernatant turned 

light blue in color indicating the stabilization of vanadium oxide clusters.61 The solid was 

then recovered by centrifugation at 8700 rpm. The recovered solid was subsequently re-

dispersed in ethanol and collected by centrifugation at 8700 rpm two times before being 

allowed to dry at room temperature. 

 

2.1.3.4 Synthesis of HfV2O7 

VO2@HfO2 core–shell nanocrystals were prepared as discussed above and the 

recovered powders were placed in a quartz tube and annealed under a static air ambient 

within a tube furnace ramping at a rate of 20 °C min−1 to 650 °C. The furnace was 

maintained at 650 °C for 25 min. The recovered solid was light orange in appearance and 

was analyzed upon cooling to room temperature. 

 

2.2   TEM/STEM sample preparation 

 

2.2.1 Sample preparation on a 300 mesh TEM Cu grid 

A small amount of the as-synthesized powder sample was dispersed in high purity 

chloroform/isopropanol (Sigma-Aldrich) and sonicated for 30 minutes. Then, 10 μL of the 

diluted solution mixture was drop-cast onto a 300 mesh Cu grid with a holey-/lacey-carbon 

film.  
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2.2.2 Sample preparation on a Protochips® heating e-chip 

A small amount of the as-synthesized powder sample was dispersed in high purity 

chloroform/isopropanol (Sigma-Aldrich) and sonicated for 30 minutes. Then, 10 μL of the 

diluted solution mixture was drop-cast onto a Protochips® heating e-chip in a way that the 

sample does not short-circuit the e-chip. 

 

2.2.3 Nion UltraSTEM 100 (U100) 

The drop-cast grids/e-chips were annealed at 80/160 °C for 8 hours in vacuum (~10-

5 Torr) prior to the STEM characterization.  

 

2.2.4 Air sensitive La3-xTe4-Ni sample pellets 
 

2.2.4.1 Inserting the sample into the focused ion beam scanning 
electron microscope (FIB-SEM) 

The La3-xTe4-Ni (x=0.26) pellet (12.7 mm in diameter and about 1 mm thick) was 

stored in a vacuum desiccator until TEM sample preparation (sample synthesis was 

performed by the Bux group at NASA JPL). The surface of the pellet was polished with 

600-grit sandpaper using 1-Propanol (Alfa Aesar, 99+%) as the lubricant. Then, the sample 

was inserted into an FEI Helios Nanolab 660 FIB-SEM for TEM sample preparation. The 

in situ carbon source was used for the sample surface protection and welding processes, 

and the gallium (Ga) ion beam was used for the milling and cleaning processes. 
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2.2.4.2 FIB lift-out process and attaching to the lift-out TEM 
grid 

A lamella of 12*8*2 µm was cut-free from the bulk pellet using a micromanipulator 

(Figure 2.1c). Then, the lamella was welded onto a FIB lift-out TEM grid (copper (Cu) 

grid) for thinning (Figure 1d). Thinning of the sample was continued until the desired 

thickness (to achieve electron transparency) was obtained (less than 100 nm) (Figure 2.1e). 

The final milling was done at 2 keV, 24 pA to clean the surface. 

 

2.2.4.3 Attaching the FIB lift-out lamella onto a Protochips® 
heating e-chip 

The FIB lift-out procedure (FIB lift-out process and attaching to the lift-out TEM 

grid) was followed to obtain an electron transparent sample lamella on a FIB lift-out TEM 

Figure 2.1 FIB sample preparation for TEM/in situ TEM. FIB-SEM images showing the 
top view of the (a) La3-xTe4-Ni pellet (0.0o tilt) and (b) surface protected region after the 
cross-section milling (50.5o tilt). (c) Schematic illustration of the welding of the lamella 
to the micro-manipulator and separation from the bulk sample (pellet). FIB-SEM images 
taken at different stages of the attaching process; (d) before welding to the TEM copper 
lift-out grid for thinning, (e) lamella on TEM grid after thinning (0.0o tilt), (f) micro-
manipulator attached to the lamella after cutting free from the TEM grid, (g) lamella 
being transferred to the TEM heating e-chip (0.0o tilt) (inset: a schematic of the nine 
holey-carbon sample holes of the Protochips® heating e-chip), and (h) the lamella after 
being attached to the TEM heating chip. 
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grid. Then, the other side of the lamella (which is still connected to the lift-out grid by one 

side) was attached to the micromanipulator needle and cut free from the FIB lift-out TEM 

grid (Figure 2.1f). Next, the lamella was transferred onto the Protochips® fusion e-chip to 

position the lamella on top of one of the nine holey-carbon holes of the e-chip (Figure 2.1g-

h). 

 

2.2.4.4 High-resolution TEM characterization      

An Air Protection (AP) holder (Figure 2.2), which is compatible with both Hitachi 

NB 5000 FIB-SEM and HF 3300 TEM/STEM was used in this procedure. The FIB lift-out 

process was performed as described above. The unique design of the AP holder allows 

isolation of the sample compartment from the outside environment with an O-ring placed 

at the tip of the holder (just beneath the jewel bearing) (Figure 2.2). The knob located at 

the back of the AP holder allows the user to switch between “open” and “closed” positions. 

In contrast to the previous process, welding and thinning down of the lamella were 

performed on the FIB lift-out TEM grid, which was mounted on the AP holder before 

inserting into the Hitachi FIB-SEM. The holder is then removed from the FIB-SEM and 

inserted into the TEM in its “closed” state so that the sample will not be exposed to air. 

When the holder is inserted into the TEM goniometer, it is then pumped down at the pre-

pumping compartment. Once the first cycle of pumping is done, the holder is switched to 

the “open” state and pumped down once again before fully inserting it into the TEM 

column. Once the AP holder is fully inserted into the TEM column, the sample holder can 

be “open” for HRTEM characterization in HF 3300 TEM/STEM at 300 kV (Figure 2.2). 



29 
 

 

2.2.4.5 In situ TEM 

In situ TEM experiments were performed in FEI Talos F200X TEM/STEM at 200 

kV using the Protochips® Fusion heating system (The AP holder was not used in this 

process. The sample was transferred between the FIB-SEM and the TEM, manually, within 

an 80 seconds time window to avoid air-oxidation of the sample). 

 

 

 

Figure 2.2 Air Protection (AP) holder compatible with both Hitachi FIB-SEM 

and TEM/STEM systems. 
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2.3   Characterization 

 

2.3.1  Powder X-ray diffraction (PXRD) 

X rays occur in 10-10 m regions of the electromagnetic spectrum. X-rays are 

generated when high energy electrons, which are accelerated into a high voltage, collide 

with a target material. When radiation is scattered by a row of atoms in a crystal, diffraction 

occurs. Powder X-ray diffraction (PXRD) uses this principle to investigate the crystal 

structure and characterize crystalline materials.6 

Figure 2.3 illustrates a closely placed parallel planes of atoms with a crystal lattice 

planer distance of dhkl.  When the difference between the paths of X-ray beams A and B, 

efg = nλ (an integer number of wavelengths), constructive interference occurs. The 

relationship between the wavelength of incident radiation (λ) and dhkl is given by Bragg’s 

Figure 2.3 Diagram of Bragg’s Law (reproduced with permission from West 
(2014), Wiley).6  
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law (nλ = 2 dhkl sinθ). The constructive interference only occurs when Bragg’s law is 

satisfied. 6 

 

In PXRD, a monochromatic X-ray beam hits the powder sample with randomly 

arranged crystals in all possible directions (Figure 2.4). For all sets of crystal planes, there 

are some crystals oriented at the Bragg’s angle (θ), which leads to diffraction. A diffraction 

pattern plots a diffractogram, a plot of the intensity against the angle of the detector (2θ).6,62 

The powder diffraction patterns offer information in the form of peak positions, peak 

intensities, and peak width. Peak positions provide information on crystal lattice planer 

distance (dhkl), peak intensities reveal scattering factors of elements. Peak width gives 

information on the crystallinity of the sample and the grain size. Since the powder X-ray 

diffraction pattern depends on both unit cell parameters and the scattering factors of atoms, 

even two materials with the same crystal structure will have two different diffraction 

patterns. Thus, a powder X-ray diffraction pattern can be used for fingerprint identification 

of crystalline material.6 

Figure 2.4 The powder X-ray diffraction method (reproduced with permission from 
West (2014), Wiley).6  
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PXRD method is a non-destructive, reliable, highly sensitive user-friendly 

technique with effective resolution and can be considered as the primary tool for materials 

characterization.62 PXRD was performed in Bruker-AXS D8 Discover diffractometer using 

CuKα radiation 1.5418 Å. The diffraction patterns were indexed using standard diffraction 

patterns from the Inorganic Crystal Structure database or using theoretical powder 

diffraction patterns calculated from CrystalMaker®. 
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2.3.2 Scanning electron microscopy  

Scanning electron microscopy (SEM) uses a focused beam of high energy electrons 

to perform a raster scan at the sample surface, to obtain various signals to generate an 

image. At the sample surface, these high energy electrons interact with the solid sample to 

generate various signals which gives information about the topography and composition of 

the surface. The electron beam can penetrate about 1 µm into the sample. The penetration 

depth of the beam depends on the kinetic energy of electrons. In SEM, there are two types 

of electrons that contribute to the signal generation, secondary electrons (SE) and back 

Figure 2.5 The schematic diagram of a scanning electron microscope 
(modified from Reichelt (2007)).63  
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scattered electrons (BSE). While SEs are used to obtain a basic topography image, BSEs 

are used to get information about the elemental composition of the surface.63  

Figure 2.5 shows the ray diagram of SEM. At the top of the column, the electron 

gun accelerates electrons, which are focused on the sample stage with a set of 

electromagnetic lenses and apertures. SEM operates at a very low-pressure vacuum 

condition. The resulting SE and BSE from the interaction between the focused beam and 

the sample are detected by various detectors equipped in the SEM, to produce an image. 

Compared with conventional SEM, field emission SEM provides images with better 

resolution down to 10 nm. SEM was performed using Hitachi S4300 SE with an 

accelerating voltage between 5-20 kV. 
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2.3.3 Transmission electron microscopy 

 

2.3.3.1 Transmission electron microscopy (TEM) and scanning 
transmission electron microscopy (STEM) 

 

Table 2.1 Operating conditions of transmission electron microscopes used. 

TEM/STEM Operating Conditions 

Nion UltraSTEM 100 

• Accelerating voltage: 100 kV  

• Probe current: 0.5 nA (atomic-size 

probe) 

• Equipped with 5th-order Nion 

aberration-corrector  

FEI Talos F200X TEM/STEM 
• Accelerating voltage: 200 kV 

• Resolution: 0.16 nm 

Hitachi 3300 TEM/STEM • Accelerating voltage: 300 kV 

JEOL 2010F TEM/STEM • Accelerating voltage: 200 kV 

 

2.3.3.2 In situ TEM 

In situ TEM analyses were carried out using the Protochips® Fusion heating 

system, which is capable of heating the sample in the temperature range of 25-1200 oC. 

Protochips® MEMS e-chips, which have been individually calibrated, were used for 

sample preparation, as explained in section 2.2.2. 
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2.3.3.3 Selected area electron diffraction (SAED) 

Selected-area electron diffraction (SAED) technique is the method to obtain a 

diffraction pattern of a specimen in the TEM. The selected-area (SA) aperture is several 

hundred nanometers in size and is placed at the image plane of the objective lens such that 

it creates a virtual aperture in the plane of the TEM specimen. The parallel electron beam 

is illuminated on the TEM specimen, and the diffraction pattern of the specimen area 

selected by the SA aperture is observed on the screen. The size of the SA can be chosen 

according to the size of sample.64,65 

The intensities of the diffraction points in electron diffraction are significantly 

affected by multiple scattering events, and thus, differ from X-rays, where a single 

scattering is considered for each reflection. The multiple scattering phenomena occurs 

when a relatively strong diffracted beam acts as an incident beam leading to another 

scattering event, and this effect is profound in thicker samples.66–69 The diffraction spot 

pattern can be interpreted as the projection of the intersection of the reciprocal lattice points 

Figure 2.6 Ewald sphere construction. (a) Ewald sphere intersecting with 
reciprocal lattice points and (b) a comparison of the Ewald sphere construction for 
different wavelengths. (Copyright permission @ Williams and Carter (1996) and 
McCusker et al.(2009))67,68 
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and the Ewald sphere. The Ewald sphere is constructed with a radius of  1
𝜆𝜆
 where λ is the 

wavelength of the incident radiation and usually drawn over a two-dimensional array of a 

reciprocal lattice. When the Ewald sphere intersects with a reciprocal lattice point, the 

Bragg condition is satisfied (Figure 2.6a). The reason for the appearance of many 

diffraction spots in SAED when compared with PXRD is the difference in wavelengths of 

incident beams – X-ray (~1 Å) and 200 kV electron beam (0.02 Å) – which lead to Ewald 

spheres with varied sizes (Figure 2.6b). The Ewald sphere constructed for the electron 

beam has a larger radius than the Ewald sphere constructed for X-rays, and in contrast to 

PXRD, in SAED, the sample is thin in the direction of the incident electron beam, thus, the 

reciprocal lattice spots get elongated in the reciprocal direction, and thus, the Ewald sphere 

cuts through many reciprocal lattice points which fulfills the Bragg condition.66,68,70–72  

In a SAED, the large middle spot with the highest intensity corresponds to the 

transmitted beam without any diffraction, and the reciprocal lattice spots which get cut 

right through by the Ewald sphere are displayed as high-intensity spots. The superlattice 

reflections and appearance of systematic absences (due to multiple scatterings) may appear 

as weak spots in SAED.68,70,71  
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2.3.3.4 Energy dispersive X-ray spectroscopy (EDS) 

 
Table 2.2 The EDS systems used in the present work. 

TEM/STEM EDS detector 

FEI Talos F200X TEM/STEM • Super-X EDS analytical system 

Hitachi 3300 TEM/STEM • Bruker XFlash® SD detector 

JEOL 2010F TEM/STEM • Oxford INCA EDX detector 

 

2.3.3.5 Electron energy loss spectroscopy 

EELS characterization was carried out using a Gatan Enfina EELS system in Nion 

UltraSTEM 100 microscope, which can achieve energy resolutions <350 meV at 100 kV. 

The Hartree–Slater model was used in obtaining the energy differential cross-section in 

EELS spectra. After the EELS spectrum was obtained, a background correction operation 

was performed to improve the signal to noise ratio.  

 

2.3.4 Catalytic activity determination 

The ORR activity measurements were performed Namal Wanninayake from the 

Kim group. 

 

2.3.4.1 Electrode preparation.  

First, 8 mg of the catalyst, 250 μL ethanol (Sigma Aldrich, anhydrous, ≥99.5%), 

750 μL isopropyl alcohol (BDH, VWR analytical, assay 99.5%), and 60 μL Nafion (Sigma 
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Aldrich, 117 solution ∼5 wt%) were mixed and sonicated for 30 minutes to form a 

homogeneous catalyst ink solution. Then, a rotating ring disk electrode (RRDE) unit 

equipped with a glassy carbon disk (4 mm diameter) and Pt ring, was polished with alumina 

powder. After that, 8.4 μL of the prepared catalyst ink was drop casted on to the glassy 

carbon disk and dried at 60 °C overnight. As a comparison, commercial Pt–C catalyst (20% 

(w/w) Pt, Vulcan XC-72, Premetek Co) on glassy carbon was also prepared using the same 

method. 

 

2.3.4.2 ORR activity measurements 

The ORR activity of each catalyst was determined via RRDE measurements in a 

0.1 M KOH electrolyte solution (Fluka analytical). First, the electrolyte solution was 

saturated with oxygen (Scott-Gross, 99.99%) by purging the gas for 30 minutes. A 

platinum (Pt) coil was used for the counter electrode (CE). The catalyst or Pt/C mounted 

disk electrode was used for the first working electrode (WE). The Pt ring electrode was 

connected to the second working electrode where a fixed potential was applied. An 

Ag/AgCl electrode (CH Instruments) filled with 1 M KCl was used as the reference 

electrode (RE). Linear sweep voltammograms (LSV) were recorded under the rotation rate 

of 1600 rpm while the disk potential was swept from 0.25 to −0.85 V vs. Ag/AgCl at the 

scan rate of 5 mV s−1 and the Pt-ring potential is fixed at 0.30 V vs. Ag/AgCl to oxidize 

back hydrogen peroxide. The electron transfer number (n) was then determined by the 

following equation. 

𝑛𝑛 =
4 𝐼𝐼𝑑𝑑

𝐼𝐼𝑑𝑑 + �𝐼𝐼𝑟𝑟𝑁𝑁�
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Where Id is the disk current,73 Ir is the ring current, N is the collection efficiency of the Pt-

ring. N was determined to be 0.42 from the RRDE experiment with K4Fe(CN)6. 

 

2.3.5 X-ray Photoelectron Spectroscopy 

X-ray Photoelectron Spectroscopy (XPS) is a surface analytical technique that 

analyses the chemical composition of a sample surface quantitatively. The sample is 

irradiated with a monochromated X-ray beam and the resulting photoelectrons emitted 

from the first 10 nm (in-depth) from the sample surface, which are characteristic of the 

elements that are present in the sample, are analyzed. In this study, XPS characterization 

was performed using Thermo Scientific K-Alpha™. 
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CHAPTER 3. MORPHOLOGY CONTROLLED HYDROTHERMAL SYNTHESIS OF 
IRON(II) SULFIDE NANOPLATELETS 

Parts of this chapter are taken from “M. P. Thomas, A. Ullah, R. H. Pham, H. Djieutedjeu, 

and B. S. Guiton; Morphology controlled hydrothermal synthesis of FeS nanoplatelets” 

Reproduced with permission from ACS Crystal Growth & Design, submitted for 

publication. Unpublished work copyright [2020] American Chemical Society. 

 

3.1  Introduction 

Layered tetrahedral transition metal chalcogenides (TTMC) have recently gained 

interest due to their unique and novel properties resulting from the partially filled transition 

metal d-orbitals. Although TTMC’s are similar to transition metal dichalcogenides 

(TMD’s) in some ways, their synthesis and structure-property relationships have been less 

thoroughly explored. Unlike TMD’s, TTMC’s favor electron-rich late transition metals 

which leads to metallic or superconducting properties. These TTMC’s share a common 

metal square lattice as the structural unit where the layers of the transition metal are 

tetrahedrally coordinated by chalcogen atoms. These layers are held together by weak van 

der Waals forces which makes tuning of properties such as ferromagnetism, metallic 

conductivity, and, in iron containing compounds, superconductivity, comparatively 

easy.74–77 The stoichiometry between the metal and the chalcogen plays a key role in 

defining the properties of a TTMC. Even though Fe1.01Se and Fe1.03Se are both tetragonal 

at room temperature, for example, only the superconducting Fe1.01Se phase undergoes a 

structural change to a lower symmetry orthorhombic phase at low temperatures.78  
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FeS has gained significant interest among members of the iron chalcogenide family due to 

its large range of variable electronic, magnetic, and optical properties with interesting 

applications such as for solar cells and lithium ion batteries. The recent discovery of 

superconductivity in tetragonal FeS (mackinawite) and the structural, compositional and 

electronic property similarities of mackinawite to other iron chalcogenide superconductors 

have created much excitement.76,77 In previously published work, it is evident that there 

has been a considerable amount of disagreement on the conductivity of FeS with reported 

semiconducting and metallic properties.79,80 Many authors have recently, however, 

reported metallic behavior of mackinawite at room temperature.81–85 There are only a few 

reports of superconductivity, particularly when hydrothermal synthesis was 

employed,77,81,83,84,86 due both to synthetic challenges in synthesizing phase-pure 

stoichiometric material, and to its very low superconducting transition temperature 

(Tc=3.5-5 K) which decreases with increasing pressure, in contrast to the FeSe system.74 

Efforts have been taken to increase the Tc of FeS from 5 K to 8 K by metal hydroxide 

intercalation.87 Finding a physical approach to increase Tc, however, is still a challenge. 

When a solid material approaches nanoscale, its physical properties may be controlled by 

quantum size and surface effects. The size dependence superconductivity is expected to 

follow in an analogous manner.88 An investigation of shape and size dependence on Tc of 

mackinawite would therefore be a topic of great interest. 

Iron(II) sulfide (FeS) has three stoichiometric polymorphs, tetragonal mackinawite, 

a cubic phase, and the hexagonal troilite.89 The metastable mackinawite has the anti-PbO 

structure with each Fe atom tetrahedrally coordinated by four S atoms. These FeS4 

tetrahedra share edges to form layers which are stacked along the c-axis and held together 
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by van der Waals forces. The typical unit cell of tetragonal FeS has two formula units of 

FeS with the P4/nmm space group and +2 and -2 oxidation states of Fe and S atoms, 

respectively.76,81,82,90–93 Iron sulfide is found in several less iron-rich crystallographic 

phases as it moves away from 1:1 stoichiometry: pyrrhotite (Fe1-xS), smythite (Fe9S11), 

greigite (Fe3S4), marcasite (FeS2), and pyrite (FeS2).94 Several studies have been reported 

of the phase transformation of the mackinawite phase to other stoichiometric and non-

stoichiometric FeS phases at high temperature or when exposed to air over time.94–96 

Shoesmith et al. reported a synthesis for which mackinawite is the first (kinetic) product 

during the synthesis before undergoing phase transformation to cubic FeS, then troilite, 

pyrrhotite, and finally pyrite.97,98 It has also been found that mackinawite transforms to a 

mixture of mackinawite and greigite after two months, and completely to greigite after ten 

months, in aqueous aging experiments.95 Boursiquot et al. showed XRD evidence of 

mackinawite transforming to greigite, elemental sulfur, and iron (oxy-hydr)oxides upon air 

exposure.96 

A good understanding of design and synthesis is required to produce iron 

chalcogenides with varied properties suitable for each desired application. Designing and 

choosing a synthesis process to overcome challenges in controlling the morphology and 

size of these materials, therefore, is extremely important.17 Wet chemical methods such as 

hydrothermal and solvothermal methods have received more attention over other 

techniques due in part to their simplicity, controllable products, low production cost, and 

large-scale production potential.18 In solution-based syntheses, the use of surfactants is 

extremely important to obtain discrete nanostructures, by preventing particle aggregation 

by forming an outer layer on the particle surface. Surfactants can influence both the 
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nucleation and growth processes in a hydrothermal synthesis, controlling the particle shape 

and size by manipulating the surface adsorption of surface-active molecules on different 

crystal planes of the nucleating centers. The surfactant controls the growth direction and 

thus the particle shape.19,20 Crystallographic anisotropy is obtained by controlling the 

growth rate of different crystal faces selectively with different surfactants.99–101  

In this work we present a surfactant-assisted hydrothermal synthesis of FeS 

nanoplatelets for which the morphology is controlled by choice of starting material and/or 

the surfactant. Six reactant/starting material combinations were investigated, and samples 

were characterized using powder X-ray diffraction (PXRD), scanning electron microscopy 

(SEM), transmission electron microscopy (TEM), Energy Dispersive X-ray Spectroscopy 

(EDS), and Energy Photoelectron Spectroscopy (XPS). 

 

3.2  FeS Nanoplatelets 

The morphology of the as-prepared FeS samples with the six surfactant and starting 

material combinations was characterized using SEM (Figure 3.1), showing that the 

synthesis resulted in rectangular, polygonal, and shard-like nanoplatelets with platelet 

diagonals in the range of 1.37-34.16 µm and thicknesses between 90 and 740 nm.  
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The data reported in Table 3.1 were obtained by constructing distribution histograms 

of 50 measurements in each case, calculated by ImageJ® software (Figure 3.2). 

Examination of this data reveals that the Fe source had a significant impact on the resulting 

platelet diagonal and thickness. When FeCl2.xH2O was employed the nanoplatelet 

thickness decreased by 4-8 times and platelet diagonal decreased by 14-22 times compared 

to that from FeCl3.6H2O. This may be due to the higher solubility of ferrous (Fe2+) ions 

with respect to that of ferric (Fe3+) ions in the basic reaction medium employed.102 Higher 

solubility of ferrous ions leads to an increase in supersaturation. According to traditional 

nucleation theory, the particle size tends to decrease with increase supersaturation103, 

explaining the observed decrease in platelet diagonal and thickness when FeCl2.xH2O was 

Figure 3.1 SEM images of FeS nanoplatelets with the following synthetic conditions 
(starting material, surfactant) a) FeCl2, DETA b) FeCl2, TEPA c) FeCl2, TETA d) 
FeCl3, DETA e) FeCl3, TEPA f) FeCl3, TETA. 
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utilized. The proposed Fe3+ to Fe2+ reduction reaction equations are listed in equations 1-

3.  

HS-(aq) + OH-(aq) → S(s) + H2O (l) + 2e- (pH >7)    (1) 

Fe3+(aq) + e- → Fe2+(aq)        (2) 

Balanced equation: 

2Fe3+(aq) + HS-(aq) + OH-(aq) → 2Fe2+(aq) + S(s) + H2O (l)   (3) 

The time needed to create one nucleus with critical size decreases with high supersaturation 

levels, thus achieving fast rates of nucleation and growth. When a single chemical species 

is crystallizing in a solution, the driving force for crystallization is expressed as a change 

in chemical potential (∆𝜇𝜇) rather than in terms of the change in total free energy during 

crystallization103, and is given by equation (4), where 𝜇𝜇𝑠𝑠and 𝜇𝜇𝑠𝑠 are the chemical potential 

of the crystallizing species in the solution and bulk crystal. Crystal growth studies typically 

model nucleation with respect to supersaturation (𝜎𝜎) which is related to ∆𝜇𝜇 via equation 5. 

∆𝜇𝜇 = 𝜇𝜇𝑠𝑠 − 𝜇𝜇𝑐𝑐     (4) 

Table 3.1 Summary of starting material and surfactant effect on platelet diagonal, 
thickness, and shape of FeS nanoplatelets. 
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∆𝜇𝜇 = 𝑘𝑘𝐵𝐵Τ ln𝜎𝜎      (5),  

Here, 𝑘𝑘𝐵𝐵  is the Boltzmann constant, T is the absolute temperature, and 𝜎𝜎 is the 

supersaturation. Low supersaturation levels lead to slow rates of nucleation, hence 

increased critical cluster size. Smaller crystals with higher solubilities may dissolve and 

the larger crystals may grow at the expense of smaller clusters. This competitive growth is 

essentially the Ostwald ripening process of crystal growth.103–105 

Figure 3.2 The platelet diagonal and thickness distribution histograms of the FeS 
platelets calculated by ImageJ® software. 
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With regards the effect of surfactant, it should be noted that commercially 

purchased DETA is a single-component linear chain primary amine, while commercial 

TETA and TEPA consist of four components: linear, branched and cyclic amines. The 

conformations formed by different surfactants around a particle nucleus can vary widely. 

Unbranched linear surfactants form an array of close-packed molecules on the sample 

surface with a fixed angle to one another, bonded by the functional group. Branched 

surfactants encapsulate the nucleus with empty spaces between the branches.106 Steric 

effects, therefore, may be responsible for the observed differences in morphology when 

various branched amines are utilized. The combination of DETA+FeCl3 and TEPA+FeCl3 

produces hexagonal/polygonal platelet shapes, whereas a combination of FeCl2 with 

DETA, TEPA, and TETA produces a rectangular platelet shape. The FeCl3+TETA 

combination produces shard-like platelets. The control of morphology and platelet 

diagonal in these FeS platelets have been obtained by manipulating the surface adsorption 

Figure 3.3 Rietveld refined PXRD pattern of the as-synthesized FeS sample from FeCl2 
and DETA. The observed, calculated and difference profiles are shown by the blue, red 
and gray line, respectively. The vertical bars (|) indicate the position of Bragg reflections 
of the calculated patterns of different iron sulfide and oxide phases. 
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of surface-active molecules (i.e. surfactants), on different crystal planes of nucleating 

Figure 3.4 FeCl3 DETA, (b) FeCl2 TEPA, (c) FeCl3 TEPA, (d) FeCl2 TETA 
and (e) FeCl3 TETA. The solid blue, red and gray lines represent the observed, 
calculated and difference profiles, respectively. The vertical bars (|) indicate 
the position of Bragg reflections of the calculated patterns of different iron 
sulfide and oxide phases. 
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centers. When different surfactants were employed in the synthesis, they control the growth 

directions of the different crystal planes selectively at different rates, hence resulting a 

morphology-controlled synthesis.  

 
Table 3.2 Rietveld analysis of powder x-ray diffraction pattern of iron sulfide samples 
synthesized using different ligand and iron sources. 

Ligand Iron 
(Fe) 

source 

Mackina-
wite, 
(FeS) 

(%) 

Pyrrho-
tite, 

Fe7S8 

(%) 

Troi-
lite, 
FeS 

(%) 

Grei-
gite, 
Fe3S4 

(%) 

Pyr-
ite, 

FeS2 

(%) 

Hema-
tite, 

Fe2O3 

(%) 

Magne-
tite, 

Fe3O4 

(%) 

Rwp 

 
 

(%) 

DETA FeCl2 80.22 4.75 0.39 9.46 1.21 0.56 3.41 10.98 

FeCl3 83.65 6.13 1.41 6.30 0.66 0.81 1.04 9.22 

TEPA FeCl2 72.15 18.96 5.85 0.00 3.04 0.00 0.00 9.57 

FeCl3 78.74 5.48 11.03 2.40 0.54 0.21 1.60 7.56 

TETA FeCl2 45.81 16.16 20.20 14.32 0.00 0.00 3.51 5.86 

FeCl3 43.25 38.67 10.15 1.64 0.58 2.35 3.36 8.10 

 

The shiny black powder products obtained from the hydrothermal synthesis were 

characterized using PXRD to determine the crystallinity of as-synthesized samples 

(Figures 3.3-3.4). According to PXRD analysis, the occurrence of FeS mackinawite phase 

increases as follows: T3<T2<D3<P3<D2<P2 (Figure 3.4, Table 3.2). Rietveld refinement 

analysis of PXRD data indicates that in all six FeS samples, most of the peaks can be 

indexed to a tetragonal phase of FeS (81087-ICSD) (refined unit cell parameters available 

in Table S2). The very intense 001 peak (~ 17o) seen in PXRD suggests these nanoplatelets 

have preferred growth direction with plate normal along the [001] direction. In the DETA 

and TEPA samples (D2, D3, P2, and P3), a few minor phases can be identified (Table 3.2, 
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Figure 3.4), mainly the greigite, troilite, and pyrrhotite phases, with some oxidation 

additionally due to the hematite (Fe2O3) and magnetite (Fe3O4) phases. The TETA (T2 and 

T3) samples show much higher fraction of these non-mackinawite phases than the DETA 

Figure 3.5 TEM characterization of FeS nanoplatelets; (a) low resolution TEM image 
of a representative nanoplatelet, (b) HRTEM from the same platelet showing lattice 
fringes identified as the (110) planes of tetragonal FeS, and (c) representative SAED 
pattern. 
 

Figure 3.6 EDS analysis of an FeS nanoplatelet (sample D2); (a) STEM image; EDS 
elemental maps of (b) Fe, (c) S, and (d) EDS spectrum confirming the presence of 
elements, Fe and S in the sample. 
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and TEPA samples. The two-peak condition (15-20o) seen in the TETA samples and peaks 

appearing around 38-40o can be recognized as an indication of multiple phases, pyrrhotite, 

troilite, and greigite.107  

TEM and HRTEM images (Figure 3.5) reveal the atomic- and micro-structure of the 

platelets in the as-prepared D2 sample. The low resolution TEM image of the sample shows 

the rectangular morphology of a nanoplatelet and the high resolution TEM (HRTEM) 

shows the highly crystalline nature of the nanoplatelet. The lattice fringes appearing in the 

HRTEM image (Figure 3.5b) were measured to be 2.54 ± 0.05 Å which matches with (110) 

planes of tetragonal FeS mackinawite. SAED patterns obtained from platelets in the same 

sample (example in Figure 3.5c) further confirms that these nanoplatelets are single-

Figure 3.7 XPS spectra of FeS synthesized from FeCl2 using DETA surfactant (D2): 
(a) survey spectrum; (b) Fe (2p3/2) region; (c) S 2p region and (d) O 1s region. 
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crystalline and have a unique growth direction such that the platelet normal is parallel to 

the FeS [001].  

EDS experiments were performed to analyze the elemental composition and 

distribution within the FeS nanoplatelets. The spectrum for the D2 sample (Fig. 3.6(d)) 

shows peaks corresponding to Fe, S, and Cu including sharp S-Kα (~2.3 keV) and Fe-Kα 

(~6.4 keV) peaks, thereby confirming the presence of Fe and S. The peaks corresponding 

to Cu come from the Cu TEM grids used in preparation of the TEM samples. EDS 

elemental maps (Fig. 3.6(b) and (c)) clearly shows homogenous distribution of Fe (purple) 

and S (green) throughout the nanoplatelet.  

XPS analysis of the D2 sample is shown in Figure 3.7. The survey spectrum shows 

Fe 2p, S 2p, O 1s, C 1s and N 1s peaks (Figure 3.7a). Unreacted surfactant in the sample 

could be the source of the nitrogen peak, and oxygen and carbon peaks could be the result 

of surface oxidation, universal contamination, or carbon tape. Figure 3.7b displays the XPS 

spectrum of the Fe (2p3/2). By examination of the literature, the Fe(2p3/2) spectrum was best 

fitted by three main components: Fe(II)-S, Fe(III)-S and Fe(III)-O at binding energies 

707.1, 709.4, and 710.5 eV, respectively.108–111 Fe(II)-S is a low spin compound and 

contains three paired electrons at t2 level, therefore a single peak was used to fit the low 

energy region of Fe(2p3/2) spectrum. In the case of low spin Fe(III)-S, a main peak at 709.4 

eV with additional three multiplets (each of them separated by 1eV) were used for fitting, 

because both contain a unpaired electron at the t2 level which induces a multiplet. Similarly, 

a major peak of Fe(III)-O species at 710.5 eV with three multiplets, each separated by 1 

eV, were used to obtain the best fit for high energy region of Fe(2p3/2) spectrum. 
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The XPS spectrum of S(2p) is shown in Figure 3.7c. In the literature, S(2p) spectra 

were fitted with the doublets of different iron sulfides. Doublets in the S(2p) spectrum arise 

due to the spin-orbit splitting. Each doublet consists of two peaks S(2p3/2) and S(2p1/2) 

which are separated by 1.18 eV and the intensity ratio of S(2p3/2):S(2p1/2) is 2:1. To get a 

good fit in this study, the S(2p) spectrum was fitted with two doublets of  mono-sulfide(S2-

) and polysulfide(Sn
2-), respectively. S(2p3/2) peaks at 160.8 eV and 162.7 eV are typically 

attributed to mono-sulfide(S2-) and polysulfide(Sn
2-), respectively.111 A SOx

2- peak was also 

observed at 167.6 eV in the spectrum which reveals that some oxidation of the surface may 

have occurred while handling or annealing.112   

The O (1s) spectrum with broad peaks can be best fitted with three components at 

529.3, 531.2 and 533.3 eV. These broad peaks correspond to oxide, hydroxide and 

adsorbed H2O, respectively.113–115 All the peak fittings of Fe(2p), S(2p) and O(1s) spectra 

show a very good agreement with the literature.  

3.3  Conclusion 

In conclusion, morphology control of FeS platelets was achieved with a simple one 

step hydrothermal synthesis. The platelet diagonal, thickness, and shape of nanoplatelets 

are strongly dependent on the Fe-source and the surfactant employed in the synthesis 

process. The occurrence of the mackinawite phase in as-synthesized FeS products increases 

as follows: TETA<TEPA, DETA. This work makes a key step towards tuning the physical 

characteristics of FeS by size control. 
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CHAPTER 4. DIRECT IMAGING OF HETEROATOM DOPANTS IN CATALYTIC 
CARBON NANO-ONIONS 

Parts of this chapter are taken from “M. P. Thomas, N. Wanninayake, M. De Alwis 

Goonatilleke, D. Y. Kim and B. S. Guiton, Nanoscale, 2020, 12, 6144 

DOI: 10.1039/D0NR00335B” Reproduced by permission of The Royal Society of 

Chemistry.42 

4.1 Introduction 

Carbon-based nanomaterials where heteroatoms or metal–ligand complexes are 

embedded have been investigated as an effective alternative to replace precious Pt-based 

catalysts, mainly due to their cost effectiveness, long-term stability and comparable 

catalytic activity.116–122 Carbon nano-onions (CNOs) are multi-shelled carbon 

nanostructures with a hollow core and concentric polyhedral shells, which can be 

synthesized by thermal annealing of nano-diamonds, chemical vapor deposition, arc-

discharge, etc.123–126 CNOs exhibit high electrical conductivity and chemical activity due 

to high surface curvature and strain energy. Due to a high specific-surface-area and 

catalytic surface, CNOs are useful for chemical and electrochemical conversions.127 With 

the presence of many active sites due to the large surface area and significant number of 

defects, CNOs have shown high efficiencies to catalyze reactions such as C–H bond 

activation, oxygen reduction reaction (ORR), ring opening polymerization, alcohol 

oxidation, and styrene epoxidation.117,123,128–130  

Doping CNOs with non-metallic heteroatoms is known to be an effective method to 

change their physical and chemical properties.117 Compared to undoped CNOs, N- and B-

doped CNOs have shown enhanced catalytic activity in styrene epoxidation reactions and 
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the ORR.117,123 Lin et al. reported that N heteroatom dopants produce a large number of 

structural defects in the graphitic shells of the CNO, which can explain its enhanced 

catalytic activity in styrene epoxidation reactions.123 Moreover, it has been shown that 

CNOs with a higher number of defect sites are more susceptible to reactions occurring at 

the surface.131 The configurations and locations of the dopant atoms and defects, therefore, 

are likely key factors determining the catalytic activity of heteroatom doped CNOs.132 

Recent studies of doped catalytic CNOs have shown the structure of concentric graphitic 

layers of the CNO via TEM/STEM.117,123,124,126,133 Previous computation studies have 

identified specific chemical configurations involving single dopant or multiple dopants in 

close proximity to one another as candidates for efficient catalysis.129 Nonetheless, 

experimental evidence that confirms such sites have been rarely reported. A detailed 

structural analysis is imperative, therefore, to locate heteroatom dopants and associated 

defects. As an example, to further understand the effect of co-heteroatom-doped carbon 

host structures towards catalytic mechanisms such as the ORR or electrochemical carbon 

dioxide reduction,134 atomic-scale visualization of the catalyst is crucial. The structural 

details provided by such analysis can be used directly for building computational models 

for which density functional theory (DFT) calculations are utilized to deduce viable 

reaction pathways for these mechanisms.135 

Motivated by the aforementioned necessities, here we report the direct imaging of 

heteroatoms in doped CNOs for the first time, via aberration-corrected STEM equipped 

with EELS, and provide an analysis of dopant configuration and location with respect to 

discontinuity/defect sites in the CNO graphitic shells, for three CNO samples: sulfur-doped 

CNOs (S-CNO), nitrogen-doped CNOs (N-CNO), and nitrogen and sulfur co-doped CNOs 
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(NS-CNO). Finally, the ORR catalytic activities of these samples were compared to gain 

insight into the role of heteroatom dopants on CNOs and the enhanced catalytic activity of 

NS-CNO with respect to N- and S-CNO. 

 

Figure 4.1 HRSTEM images of CNO with heteroatom dopants, (a) sulfur-doped, 
(b) nitrogen-doped, and (c) sulfur and nitrogen co-doped, and their respective 
IFFT filtered (middle) and false-colored (right column) images. Red = carbon; 
yellow = dopant atom. 
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4.2 S-, N-, and, NS-CNO 

Figure 4.1 shows high resolution STEM (HRSTEM) micrographs (first column) and 

their respective filtered images (second column) of N-, S-, and, NS-CNO samples. In the 

third column, the heteroatom dopants (green) and graphitic shells of CNO (red) are false 

colored to enable recognition of dopant atoms. Images reveal that the onion like concentric 

shell structure of the CNO has been retained during the doping step. The interlayer spacing 

of the graphitic shells of N-, S-, and NS-CNO are ∼0.33 nm, consistent with the 0.33–0.35 

nm range in previous reports.136,137 The heteroatom dopants (N and S) and their 

configuration (whether they are arranged in groups or as single atoms (Figure 4.2) can be 

seen clearly in the HRSTEM images. High-angle annular dark field (HAADF), also known 

as Z-contrast imaging mode, is a STEM imaging mode using an annular detector to collect 

electrons scattered through high angles (usually >80 mrad).138 The scattering intensity of 

electrons on this detector is roughly proportional to Z1.6–1.9,7 and this mode therefore 

produces an image in which higher mass atoms and materials correspond to regions of 

higher intensity, and images which are easily interpretable. The contrast observed in Figure 

4.1 (first column) therefore represents concentric spherical shells, with individual and 

grouped dopant atoms of higher atomic number than the shell. Individual atoms identified 

through their high intensity in the HAADF image have been false colored (column 3) for 

clarity. 

  EEL spectroscopy (Figure 4.3) performed on all three samples confirms the 

presence of carbon, nitrogen, and sulfur as expected. An oxygen signal was also recorded, 

and can be attributed to oxygenated functional groups formed during chemical oxidation 

of CNOs prior to the doping process. The oxygen signal was found in all three samples. 
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The EELS edges of N and S can be identified clearly, and are shown in the magnified 

regions of the spectra inset in Figure 4.3 Defects such as discontinuities and holes in the 

graphitic shells of the CNO (Figure 4.4) are identified with red arrows in filtered 

micrographs of the three doped samples (Figure 4.5).  

The defects form edges in concentric graphene shells and play an important role in 

catalysis. STEM imaging indicates that the proximity of the dopant to the defect is 

important and we might gain insight from a quantitative analysis of the configuration of 

the heteroatom dopants (whether they are present as isolated atoms, or as groups), and their 

proximity to defects within the graphitic shells. Data taken from the three samples is 

summarized in Table 4.1 (detailed information is available in Tables 4.2-4.4). This 

represents measurement of 98 CNOs, 358 dopant atoms/groups, and 358 defects in total. It 

Figure 4.2 Fourier filtered HAADF image indicating single and 
grouped dopant atoms (yellow circles) in a N-CNO 
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should be noted that the STEM micrograph is a two-dimensional (2D) projection of a three-

Figure 4.4 EEL spectroscopy. (a) Sulfur-doped, (b) nitrogen-doped, and (c) sulfur and 
nitrogen co-doped, CNO samples, confirming successful doping of the respective 
heteroatoms into the CNO structure. 
 

Figure 4.3 Defect sites in CNO. (a) HAADF micrograph showing the defect site in 
the outermost graphitic shell of a S-CNO, (b) indicates the position of the line profile 
(blue dashed box), (c) Fourier filtered image of (b) for improved clarity.(d) and (e) 
are line profiles across the defect sites in (b) and (c), respectively. 
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dimensional (3D) sample, and as such only the defects which are visible in 2D micrographs 

Figure 4.5 Filtered IFFT images showing defects in CNO shells. (a,b) sulfur-
doped CNOs, (c,d) nitrogen-doped CNOs, and (e,f ) sulfur and nitrogen 
codoped CNOs. (Defects marked with red arrows). 
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were considered, therefore. It is worth noting, however, that since we are using a post-

doping strategy, most of the dopant atoms are expected to remain in the outer few layers 

of the CNOs.  

                                                                                                                                      

 
Table 4.2 Quantitative analysis of NS-CNO. 

 Dopant atom Proximity to defect site 

CN
O 

Sin
gle 

Groupe
d 

At defect 
site 0 - 0.4 nm 0.41- 0.7 nm >0.71nm 

1 2 3 4 1 2 3 4 

Numbe
r of 
dopant
s 

Proximity 
(nm) 

Numbe
r of 
dopant
s 

Proximity 
(nm) 

Number 
of 
dopants 

Proximity 
(nm) 

1 3    2    
    1 1.00 
      
      

2 2        
    1 0.80 
    1 >2.0 
      

3 3  1      
3 0.35 1 0.45   

1 0.25     

1 0.35     

4 3 1 1  1  1  
1 0.24   1 > 2.0 
    2 1.50 
      

5 9 3 2  7 2 1  
1 0.30     

1 0.35     

3 0.21   2 >2.0 

6 5 1 1 1 1 1 1 1 
1 0.35 1 0.55   
  1 0.57   
  1 0.56   

7 8 2   6 2   
1 0.33 1 0.45   
      
      

8 7 1   4 1   
1 0.40     

1 0.35     

1 0.25     

 

Table 4.1 Dopant configuration and location on CNOs. 
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Table 4.2 (continued) 

9 8 3   7 2   

1 0.20     

      
2 0.30     
      

10 6 4   3 3   
1 0.35 1 0.45   

1 0.30     

2 0.30     

11-12 11 2 1 1 9 2 1 1 
1 0.25   1 >2.0 
      
      

13-14 7  1  4  1  
  1 0.45 1 >2.0 
    1 0.80 
      

15 3 1   1 1   
1 0.25     

1 0.35     
      

16 2    2    

      

      

      

17 2    1    
1 0.30     

            
            

18-21 10 2   7 2   
1 0.30 1 0.60   

1 0.30     
      

22-23 3    2    
    1 1.10 
      
      

24-29 9  1 1 7  1 1 

  1 0.70 1 1.00 
      
      

30-32 6 1   6    
  2 0.60   
      
      

33-36 7 1 1  5 1   
1 0.35   1 2.00 
    3 >2.0 
      

37-39 7 1 1  5  1  
1 0.35     

2 0.30     

1 0.25     
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Table 4.3 Quantitative analysis of S-CNO. 

  Dopant atom Proximity to defect site 

CN
O 

Singl
e Grouped At defect 

site 0 - 0.4 nm 0.41- 0.7 nm >0.71nm 

1 2 3 4 1 2 3 4 

Numbe
r of 
dopant
s 

Proximit
y (nm) 

Numbe
r of 
dopant
s 

Proximit
y (nm) 

Numbe
r of 
dopant
s 

Proximit
y (nm) 

1-4 12    8      1 0.45 1 0.9 
  1 0.6 1 0.8 
0      

5-7 5 4 1  1 3 1  
1 0.3 1 0.7     2 0.55   
  1 0.6   
  1 0.45   

8-10 2 1 1 1  1 1  
  4 0.5 1 >2.0 
    1 >2.0 
0      

11-
16 5 2   2 2   

    1 >2.0 
    1 1.2 
    1 0.8 

17-
24 10  1  2  1  

1 0.3 1 0.7 1 1 
1 0.3   1 1 
    1 0.8 
    1 >2.0 
    1 1.8 

25-
27 12    7    

    1 1.2 
    1 >2.0 
    1 >2.0 
    1 >2.0 
    1 >2.0 

28-
29 9        

1 0.35 1 0.7 1 >2.0 
    1 >2.0 
    1 >2.0 
    1 >2.0 
    1 >2.0 

 

Table 4.4 Quantitative analysis of N-CNO. 
 Dopant atom Proximity to defect site 

CN
O 

Singl
e 

Groupe
d At defect site 0 - 0.4 nm 0.41- 0.7 nm >0.71nm 

1 2 3 4 1 2 3 4 

Numbe
r of 
dopant
s 

Proximit
y (nm) 

Numbe
r of 
dopant
s 

Proximit
y (nm) 

Numbe
r of 
dopant
s 

Proximit
y (nm) 

1-4 4        

  1 0.50 1 1.60 
    1 1.10 
    1 0.80 
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Table 4.4 (continued) 

5-9 6 2   1 1   

  1 0.55 1 1.40 
    1 1.00 
    1 1.10 
    2 >2.0 
    1 >2.0 

10-
12 7 2   2    

2 0.20 1 0.60 1 >2.0 

1 0.40   1 >2.0 
    2 1.10 
    1 >2.0 

13-
22 10 2 3  4 1 1  

    1 1.20 
    1 1.20 
    3 >2.0 
    1 >2.0 
    2 1.20 
    1 >2.0 
    1 >2.0 
    3 1.00 
    1 >2.0 

23-
24 4    1    

  1 0.60 1 >2.0 
    1 >2.0 

0      

25-
27 5 1 1  1    

  1 0.50 1 >2.0 
    1 >2.0 
    3 >2.0 
    2 >2.0 
    1 >2.0 

28-
30 3 1       

    1 >2.0 
    1 >2.0 
    1 >2.0 
    2 >2.0 
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It was also not possible to distinguish quantitatively whether any particular dopant 

atom was sulfur or nitrogen (or possibly oxygen) in the co-doped sample, due to unknown 

sample thickness and variation. In all cases dopants were identified qualitatively as atoms 

Figure 4.6 STEM micrographs of pristine CNOs. (a) HAADF micrographs and (b) the 
respective Fourier filtered images of pristine CNOs imaged at three different areas of 
the same sample. 
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with greater intensity (and therefore mass) than carbon. A control experiment was 

performed to confirm that the undoped pristine CNO starting material does not contain 

visible heteroatom dopants. The HAADF micrographs and corresponding filtered images 

(Figure 4.6) show samples free of contaminants and demonstrate that the heteroatoms 

observed in Figure 4.5 likely originate from S and/or N doping. Consistent with HAADF 

Figure 4.7 Line scan across C and S atoms in S-CNO sample (HAADF image). 
 

Figure 4.8 Histograms of dopant proximity and configuration in the three CNO 
samples. (a) Proximity of defect sites, and (b) single atom vs grouped. 
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imaging, dopants in the S-CNO and NS-CNO samples were more easily identified due to 

their greater intensity (Figure 4.7).  

The scattering intensity of electrons on this detector ∝ Z1.6-1.9 

Intensity ratio (from HAADF micrograph (Figure 4.6)) = 3.5 𝑥𝑥 10−3

0.5 𝑥𝑥 10−3
= 7 

Ratio between Z1.9 of S and C =16
1.9

61.9 = 6.45 

The results show that for NS-CNO, 86% of dopant atoms are located within <0.4 

nm of the defect site, whereas for S-CNO and N-CNO, only 57% and 28% of dopant atoms 

reside within <0.4 nm of the defect site respectively (Figure 4.8a and Figure 4.9 (detailed 

histogram of Figure 4.8a with equal bin sizes)). While most of the dopants in NS-CNOs 

and S-CNOs are found at the defect sites or within close proximity to defects, N dopants 

in N-CNOs are significantly internalized and at longer distances from defects, where the 

dopants are presumed to be introduced. This is attributable to the smaller size of N with 

respect to S. The configuration of dopant atoms (whether single or grouped) is consistent 

Figure 4.9 Proximity to defect site histogram with equal bin size (0.01 nm). 
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throughout the three samples (Table 4.1; and Figure 4.8b). In N-, S-, and NS-CNO samples, 

the ratios of single to grouped dopant atom configurations are 1:1.4, 1:1.8, and 1:1.4  

respectively. Li et al. have reported that the defects are inferred to be located near high 

curvature locations on CNO and can be seen as blurry areas in TEM/STEM images, which 

is also consistent with our work.124 STEM imaging and EELS reveals, therefore, the 

occurrence of dopant atoms and groups at close proximity to high curvature regions of the 

shell, in which defects are more prevalent. 

Since all samples studied show distinct atomic configurations and distributions, the 

electronic properties of these samples might also be expected to be significantly different 

from one another. Accordingly, the ORR electrocatalytic activities of these samples were 

measured as a metric to differentiate the electronic properties. The ORR is one of the 

crucial reactions to occur in fuel cells and metal air batteries.139 Typically, the oxygen 

Figure 4.10 Determination of ORR activity by RRDE experiments. (a) LSV curves 
and electron transfer number (obtained by rotating RRDE at 1600 rpm while 
maintaining a scan rate of 5 mV s-1) and (b) Current density and ORR onset 
potential for each sample. (The ORR activity measurements were performed Namal 
Wanninayake from the Kim group). 
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reduction occurring in the cathode side of a fuel cell is kinetically sluggish and more 

problematic compared to hydrogen oxidation occurring at the anode. It is imperative, 

therefore, to boost the kinetics of the ORR by developing advanced materials which are 

highly stable and durable. In an alkaline medium, the ORR proceeds either by a direct four-

electron pathway or a two-electron peroxide pathway.140 

Direct four-electron pathway 

O2 + 2H2O + 4eˉ  4 OHˉ = 0.401 V vs: SHE 

Two-electron peroxide pathway 

O2 + 2H2O + 2eˉ  HO2ˉ + OHˉ = -0.065 V vs: SHE 

HO2ˉ + H2O + 2eˉ  3OHˉ = 0.867 V vs: RHE 

Out of these two pathways, the direct four-electron pathway is desirable due to its 

high efficiency. It has been proposed that heteroatom dopant atoms such as sulfur and 

nitrogen incorporated into a graphitic network are effective in inducing asymmetric charge 

distribution on the surface due to dissimilar electronegativity and size mismatch.118,129,141 

The greater electronegativity difference between nitrogen and carbon induce an 

asymmetric charge density; the size mismatch between carbon and sulfur also yield an 

asymmetric charge density. Co-doped nitrogen and sulfur introduce unpaired electrons 

altering the charge and spin densities of the active domains. Sites with high spin and charge 

densities are known to be active for the adsorption of oxygen molecules during the 

ORR.124,130 Figure 4.10a shows LSV recorded for each catalyst sample.  

The ORR performance of each tested catalyst was compared with the state-of-the-

art 20% Pt–C catalyst, where the best ORR catalyst shows low-overpotential and a high 

current density. Figure 4.10b compares the onset potential and the current densities at −0.50 
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V vs. Ag/AgCl of each catalyst. It is noted that, out of all the metal-free catalysts 

investigated, NS-CNO show the lowest on-set potential and the highest current density 

(with current density similar to that of Pt–C). The N-CNO sample showed higher 

performance than the S-CNO sample. Undoped CNOs showed the worst performance. 

Intriguingly, all heteroatom-doped samples yielded electron transfer numbers close to four 

indicating the heteroatom dopant contribution towards the ORR. Since undoped CNOs do 

not contain heteroatoms, this material primarily generates peroxide via a two-electron 

pathway. The narrow four-electron window of undoped CNOs (−0.1 V–0.0 V) is a 

mathematical artifact due to a near-zero ring current (Ir). These observations are well 

consistent with the other literature findings.142  

Overall, all heteroatom-doped CNOs exhibit enhanced activities for the ORR 

compared to undoped CNOs, in terms of higher current densities and lower onset 

potentials. Among doped CNOs, NS-CNOs show the best performance, closest to that of 

Pt/C. Remarkable improvements in the activities of doped CNOs clearly reflect that various 

active sites are formed by incorporating S and N dopants in CNOs. From STEM analysis, 

N-CNO, S-CNO, and NS-CNO contain dopants in the form of groups at or closer to defect 

sites. These groups could form unique active sites that can reduce the adsorption barrier of 

the O2 molecule and catalyze the ORR. Previous computational studies identified bi- and 

tri-pyridinic N sites as potential catalytic sites.143,144 These sites can have dopant 

arrangements as groups that we captured by STEM analysis in this study. In NS-CNO 

where N and S atoms are in proximity, in particular, the electron and spin densities on the 

catalyst surface are significantly promoted relative to N-CNO or S-CNO, leading to the 

best ORR activity. Combined with the structural analysis presented, NS-CNO suggests a 
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concerted mechanism of catalysis for the ORR, requiring both heteroatom dopant and high-

curvature defective regions of the CNO.  

4.3 Conclusions 

In this work, for the first time, single and grouped dopant atoms in S-, N- and NS-

CNO samples were resolved using STEM imaging. Micrographs show that the onion like 

concentric shell structure of the CNO was retained during the fabrication and doping steps, 

and EELS characterization confirms the successful doping of all three CNO samples. 

Defects within CNO shells are seen clearly in HRSTEM images and analysis shows that 

86% of dopant atoms in the NS-CNO sample are located within <0.4 nm of the defect, 

while the dopant atoms in S- and N-CNO are located at greater distances from the defects, 

revealing a possible key structural feature for catalysis. Greater catalytic efficiency for the 

ORR for co-doped samples with respect to singly-doped counterparts suggests the 

synergistic effect of dopants and the dopant proximity to the defect may play a key role in 

the catalytic mechanism. 
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CHAPTER 5. UNCOVERING THE STRUCTURE AND STABILITY OF 
THERMOELECTRIC LANTHANUM(IV) TELLURIDE-NICKEL COMPOSITES 

USING HIGH-RESOLUTION AND IN SITU TEM 

 

5.1 Introduction 

For the past 50 years, NASA has relied exclusively on thermoelectric materials in 

RTGs to power their missions in deep-space such as the Viking and Curiosity rover on 

Mars, and the 1977 Voyager missions. An alloy based on Si0.8Ge0.2 was one of the earliest 

bulk thermoelectric composites that NASA used in RTGs at the initial stages.145–151 The 

RTGs use the heat generated from radioactive decay of 238Pu to heat one side of the 

thermocouple with the other side kept cold due to the reduced temperature of space.152 The 

phenomenon of direct conversion of a temperature difference to electric potential (Seebeck 

effect) or the electric potential to a temperature difference (Peltier effect) is known as the 

thermoelectric effect and the thermoelectric efficiency of a material is given by its 

dimensionless figure of merit (zT) value which can be expressed using the following 

equation: 

𝑧𝑧𝑧𝑧 = 𝑆𝑆2𝜎𝜎𝜎𝜎
К

                                                                   (1) 

Where S is the Seebeck coefficient, σ is the electrical conductivity, T is the absolute 

temperature, and К is the thermal conductivity. The total thermal conductivity (К) is the 

combination of the electronic (Кel) and the lattice (Кl) thermal conductivities.145,146,150,153 

Preliminary work has been performed in this field to achieve the "phonon-glass electron-

crystal" phenomenon by exploring ways to maintain low thermal conductivity. In another 

approach, the scaling of sample size combined with low dimensionality may give 
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independent control over the σ, S, and К parameters, which can simultaneously enhance 

zT.146,154,155 Nanoscale solid-state thermoelectric materials have proven to be reliable and 

clean energy recovering sources for generating electricity from residual heat. In contrast to 

bulk materials, the thermal and electrical conductivities in nano thermoelectrics can be 

independently controlled by scaling down the size of the material.145,146,156 The traditional 

thermoelectric materials have only shown capabilities in moderate performance with 

conversion percentages as low as 6-6.5%. The new thermoelectric materials such as n-and 

p-type filled skutterudites and rare earth metal composites, however, have increased 

thermoelectric efficiencies by twofold, when compared with traditional thermoelectrics.157 

Various approaches have been scouted to enhance the thermoelectric efficiency by 

incorporating nanoparticles into the microstructure and improving grain refinements.158–160 

The concept of bulk nanocomposite thermoelectrics evolved as a result of combining the 

ideas of improved bulk and low dimensional thermoelectric materials, and, therefore, retain 

the superior characteristics of both of these counterparts that result in enhanced 

efficiency.161 The structure of a thermoelectric nanocomposite comprises a thermoelectric 

semiconductor host material and nanoparticle (NP) inclusions and these structural 

modifications lead to reduced thermal conductivity by increasing phonon-scattering and 

consequently enhance the zT of the resulting thermoelectric composite. Previous studies 

illustrate that these alterations in the structure also aid in controlling electrical conductivity 

and/or the Seebeck coefficient via electron/energy filtering.158,162–166 Here, the metal NP 

islands act as barriers and obstruct the movement of electrons through thermoelectric host 

material. Only the electrons with adequate energy levels are, therefore, will be able to pass 

over the barrier, which can facilitate the increase in Seebeck coefficient by lowering 
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electrical conductivity.167 Toprak et al. demonstrate that the nanocomposite of bismuth 

telluride results in a high density of grain boundaries which lowers its thermal conductivity 

and enhances thermoelectric efficiency.162 In another study carried out with similar 

material, nanocomposite Bi2–xSbxTe3 shows a 40% increase in zT when compared with its 

bulk counterpart, due to increased phonon scattering at interfaces.159 Furthermore, 

analogous research has been conducted with similar materials such as In0:53Ga0:47As 

nanocomposite with ErAs nanoparticles to increase the thermoelectric performance,  and 

theories have also been developed to elucidate the relationship between the improvement 

in the Seebeck coefficient values with the high energy dependence of electron scattering at 

the interface between the metallic nanoparticle and the semiconductor host.163,164 

Lanthanum telluride, La3-xTe4 is a state-of-the-art n-type thermoelectric material, 

with an optimized zT of 1.1 at 1273 K (x=0.23) and is self-doped through La vacancies. 

Computational studies of La3-xTe4 indicate that La plays a vital role in defining the density 

of states (DOS) in the conduction band, and that the material possesses glass-like Кl values 

revealing excellent electric transport properties at 1273 K. 157,168–171 The carrier density in 

La3-xTe4 is controlled by the valence of La, where La3+ provides three electrons to the 

crystal structure and Te uses 2 of the 3 electrons to complete its valance. The stoichiometry 

of the La3-xTe4 crystal is shown below (La vacancies are denoted by VLa)172: 

𝐿𝐿𝐿𝐿3−𝑥𝑥3+ 𝑉𝑉𝐿𝐿𝐿𝐿,𝑥𝑥𝑇𝑇𝑇𝑇42−𝑒𝑒1−3𝑥𝑥1−  

At x=0, there is one free electron per formula unit leading to metallic properties (formula: 

La3Te4) and the introduction of La vacancies results in an insulating behavior with no free 

electrons (formula: La2.67Te4 ).147,168 When La3+ is substituted with a divalent metal cation 
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(M2+), the chemical environment changes as follows (y denotes the number of substituted 

M2+cations):147  

𝐿𝐿𝐿𝐿3−𝑥𝑥−𝑦𝑦3+ 𝑉𝑉𝐿𝐿𝐿𝐿,𝑥𝑥𝑀𝑀𝑦𝑦
2+𝑇𝑇𝑇𝑇42−𝑒𝑒1−3𝑥𝑥1−  

The substitution of La3+ with divalent metal ions such as Ca2+ and Yb2+ has been 

explored in previous work where a better control over the carrier density with improved zT 

values (1.2-1.3 at 1273 K) was achieved.147,157,172 A DFT study combined with Boltzmann 

transport theory explains that the band structure of La3-xTe4 has a strong influence on 

improved thermoelectric efficiency at temperatures above 1000 oC compared to legacy n-

type thermoelectric materials. The Seebeck coefficient is enhanced due to the increased 

energy dependence of the DOS, which is explained by the sharp increase of the DOS 

ascribable to the presence of heavy bands in the energy-dependent analysis of the DOS 

(N(E)). The effect of charge localization induced by La vacancies is, therefore, negated by 

forming conduction channels in the band structure.168,173 Very recently, Ma et al. have 

introduced a high-temperature thermoelectric composite material comprising a La3-xTe4 

semiconductor host and rare earth metal NP inclusions (Ni and Co) which explains a 

methodology to enhance the mechanical properties while maintaining a high efficiency by 

decoupling thermal and electronic transport properties.174 We hypothesize that the coherent 

La3-xTe4/Ni interfaces permit low electrical resistivity, but are distributed efficiently to 

maintain a low thermal conductivity. A thorough understanding of the salient features of 

the La3-xTe4/Ni interfaces is of critical importance in understanding its improved 

thermoelectric efficiency. The characteristics and stability of these interfaces remain 

relatively unexplored, however, at ambient or elevated temperatures. Moreover, the 

significance of investigating the stability of La3-xTe4/Ni over its operating conditions has 
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been already established in preceding studies.146,163,175 The use of an in situ TEM technique 

enables the opportunity to mimic the working environment of the RTG in deep-space which 

is high temperature and low pressure, opening up the ability to study the tiniest salient 

structural details of these cutting-edge thermoelectric composite materials in their locality. 

Here, we report a detailed structural characterization of the La3-xTe4/Ni interface 

using high-resolution and in situ TEM and EDS techniques, at ambient and elevated 

temperatures in high-vacuum conditions. High-resolution TEM (HRTEM) analysis reveals 

the epitaxial correlation of the two interfacing phases, cubic La3-xTe4 and Ni, at ambient 

temperature. The in situ TEM and EDS studies performed using pristine, oxidized, and 

partially oxidized La3-xTe4-Ni samples indicate that in the presence of oxygen, Ni diffusion 

and interface degradation occurs at temperatures as low as 400 oC. The pristine oxygen-

free La3-xTe4/Ni interface is, however, stable up until temperatures of ~800 oC, above which 

Ni diffusion becomes prominent. 
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5.2 Structure and stability of thermoelectric La3-xTe4-Ni composites  

The TEM micrographs of the FIB lift-out lamella attached to the FIB lift-out grid 

and transferred to the TEM via AP holder are shown in Figure 5.1(b-d). The spherical 

regions apparent in TEM (Figure 5.1(b-c)) and STEM high-angle annular dark-field 

(HAADF) images are identified as nickel (Ni) nanoparticles (NPs) in the EDS map (Figure 

5.1e). EDS maps of lanthanum (La) and tellurium (Te) indicates the homogenous 

distribution of these elements in the La3-xTe4 matrix (Figure 5.1(f-g)). The EDS spectrum 

Figure 5.1 Sample preparation. (a) Air Protection (AP) holder compatible with both 
Hitachi FIB-SEM and TEM/STEM systems. (b-c) TEM, (d) STEM micrographs, 
and EDS elemental maps of (e) Ni, (f) La, and (g) Te of a FIB lift out lamella of 
La3-xTe4-Ni sample. 
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Confirms the presence of La, Te, and Ni in the sample. The absence of an O peak indicates 

successful sample preparation and transfer processes (Figure 5.2). 

  A previous study on this material by Ma et al. reports that the Ni and Co composited 

La3-xTe4 show a great enhancement in zT when compared with the pristine La3-xTe4 

material.174 It was postulated that the presence of an interface layer (such as NiO: an 

insulator with high thermoelectric power), between the Ni metal nanoparticle and the La3-

xTe4, could positively contribute to this improvement in zT. Other studies of thermoelectric 

composites have shown the importance of the interface between the thermoelectric 

semiconductor and metal inclusions suggesting the interface plays a role in scattering 

electrons preferentially and that the epitaxial relationship between two interfacing phases 

Figure 5.2 EDS spectrum of Figure 1 (d-g) showing the presence of La, Te, and 
Ni in the La3-xTe4-Ni sample. The absence of an O peak indicates successful 
sample preparation and transfer processes. 
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can facilitate low thermal conductivity.163,175 The structural characterization of the La3-xTe4 

is of key importance, therefore, in the present study. 

Figure 5.3 EDS line scan across the interface of La3-xTe4 matrix and Ni particle. (a) 
STEM image and (b) composite EDS image indicating the region where the line scan 
has been performed. (c) The red line corresponding to oxygen signal lies flat through 
the scan indicating the absence of O at the interface and throughout the sample. 
 

Figure 5.4 High-resolution TEM characterization of the La3-xTe4-Ni interface. (a) 
HRTEM image of La3-xTe4-Ni interface. Inset shows the FFT image; the set of red spots 
correspond to La3-xTe4 matrix and green spots correspond to Ni nanoparticle inclusions, 
which have been separately masked, and Fourier filtered to generate (b) and (c) 
respectively. The insets of (b) and (c) shows these highly crystalline areas can be 
indexed to zone axes of La3Te4 [111] and Ni [011] respectively. 
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The EDS line scan performed across two La3-xTe4/Ni interfaces (Figure 5.3(a-b)) 

confirms the absence of an oxide or any other interfacial layer at the interface (the oxygen 

signal lies flat throughout the line scan region) (Figure 5.3c). A thorough examination of 

individual elemental line scans of La, Te, and Ni suggests that the Ni nanoparticle is tightly 

bonded to the matrix without any gap in the structure. 

Figure 5.5 Epitaxial relationship between La3-xTe4 and Ni at the La3-xTe4/Ni interface. 
(a) Shows the epitaxial direction (white arrow) in the interfacing phases of  La3-

xTe4[111] and Ni [011] (simulated image from CrystalMaker® software (red 
spheres=La, blue spheres=Te, and yellow spheres=Ni). The FFTs (b-d) obtained from 
the La3-xTe4, La3-xTe4/Ni interface, and Ni can be indexed to cubic phases of La3-xTe4 
[111] (red circles in (c)) and Ni [011] (green circles in (c)). The direction of epitaxy in 
the interfacing phases is further indicated (b-c) using the parallel blue-dashed arrows 
along (1�1�1) and (42�2�) diffraction spots of cubic La3-xTe4 and Ni, respectively. 
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Figure 5.4 shows the high-resolution TEM characterization of the La3-xTe4/Ni 

interface. The HRTEM micrograph (Figure 5.4a) shows that the two interfacing phases, 

La3-xTe4 and Ni are highly crystalline. The FFT obtained at this region (inset of Figure 

5.4a) shows two sets of spots, which have been identified separately (La3-xTe4 (red circles) 

and Ni (green circles)) by generating the FFTs from the individual interfacing phases 

(insets of Figure 5.4(b-c)). Once identified, the two sets of spots were individually masked 

to generate their respective inverse FFTs and false-colored for better representation (La3-

xTe4 (red) and Ni (green)) (Figure 5.4(b-c)). Figure 5.4(b-c) delineates the crystalline facets 

spaced at 3.488 Å and 2.037 Å corresponding to La3Te4 (022) and Ni (111), and their 

corresponding FFTs can be indexed to the [111] and [011] zones of cubic La3Te4 and Ni, 

respectively.  

As mentioned above, the epitaxial relationship between the thermoelectric 

semiconductor host and the metal nanoparticle inclusions at the interface is of utmost 

importance. Using the CrystalMaker® software package, the simulation in Figure 5.5a 

demonstrates the epitaxial matching of 1�1�1 (La3-xTe4) and 42�2� (Ni) facets at the interface. 

The epitaxial direction is shown in a solid white arrow in Figure 5.5a and is further 

indicated by parallel blue-dashed arrows drawn across 1�1�1 and 42�2� diffraction spots in the 

FFTs of La3-xTe4 and Ni, respectively (Figure 5.5(b-d). 
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La3-xTe4-Ni is a state-of-the-art thermoelectric nanocomposite material that is 

designed for deep-space RTG applications and is intended to be operated at a high-

temperature and low-pressure environment. The in situ TEM technique is, therefore, an 

indispensable tool to execute a detailed study of this type of material since it can closely 

simulate the RTG environment in deep-space within the microscope. 

Figure 5.6 In situ TEM study of a pristine (non-oxidized) La3-xTe4-Ni sample. (a) STEM 
micrographs (top row in (a)) and EDS elemental maps collected at 25, 600, 700 and 800 
oC during an in situ heating experiment show Ni (red) diffusion in to La3-xTe4 matrix and 
interface degradation ~700 oC (area inside the red square in STEM micrographs). The 
La3-xTe4/Ni interface degradation can be clearly observed in the magnified STEM 
micrographs recorded in 700-800 oC temperature range (b). (c) EDS spectrum shows the 
absence of an oxygen signal (dashed red arrow) in the sample.  
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An in situ TEM study of the pristine (non-oxidized) La3-xTe4-Ni sample (heating 

rate: 10 oC min-1) is shown in Figure 5.6. The dashed red arrow at 0.525 keV in Figure 

5.6c, where the oxygen Kα peak would appear in the EDS spectrum, is evidence of the 

absence of oxygen in the sample. The HAADF micrographs and EDS elementals maps of 

La, Te, and Ni acquired at 25, 600, 700 and 800 oC indicate that the oxygen-free La3-xTe4/Ni 

Figure 5.7 In situ TEM study of an oxidized La3-xTe4-Ni sample. (a) EDS spectrum 
taken at the region of interest (ROI) shows a distinctive oxygen signal (red arrow). (b) 
EDS elemental maps collected at 25, 200, and 400 oC during an in situ heating 
experiment show Ni (red) and Te (blue) interdiffusion forming a nickel telluride layer 
at the interface at 400 oC (purple later in the composite image (c)). La (green) does not 
change throughout the heating treatment. Scale bar is 200 nm (b-c). 
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interface is stable and there is no apparent Ni diffusion till 700 oC. Once the temperature 

reaches 700-800 oC, interface degradation and Ni diffusion into the matrix initiate and these 

reactions are very rapid at 800-900 oC (Figure 5.6(a-b)). This phenomenon could 

potentially be attributed to the formation of NiTe due to Ni diffusion, which has a reported 

melting point of 860 oC.  

NASA RTG modules exclusively depend on 238PuO2 as their heat source in 

powering space missions.176 It has been postulated that low concentrations of oxygen likely 

released by PuO2 via oxygen exchange and diffusion mechanisms, over the lifetime of 

Figure 5.8 In situ TEM study of a partially oxidized La3-xTe4-Ni sample. (a-b) STEM 
micrographs and EDS elemental maps collected at 25 and 750 oC, respectively. The 
region of interest (ROI) (b) is marked with a red square in (a). The areas marked with 
dashed black squares indicate fully oxidized areas (blue in composite image) at 25 
oC. At 750 oC, the La3-xTe4/Ni interfaces in fully oxidized areas (dashed black 
squares) have completely degraded while non oxidized areas (Ni nanoparticles in 
green) remained intact. (c) The EDS line scan (white arrow in (a)) shows non-
oxidized interfaces (black arrows) and Ni nanoparticles at the ROI. (d) The EDS 
spectrum represents the ROI at 25 oC. The blue box represents the detailed study 
region at different temperatures which will be shown in the Figure 5.9. 
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these deep-space missions. The effect of oxygen on the kinetics of La3-xTe4/Ni interfaces, 

therefore, cannot be neglected.177 Figure 5.7 illustrates the in situ TEM analysis of a fully 

oxidized La3-xTe4-Ni sample. The solid red arrow in the EDS spectrum acquired at the 

region of interest (ROI) (at 25oC – before heating) (Figure 5.7a) indicates a distinctive 

oxygen peak. The sample was heated from 25 to 450 oC using the Protochips® fusion 

heating system, at a heating rate of 10 oC min-1 and TEM and EDS elemental maps were 

collected at 25, 100, 200, 300, and 400 oC (Figure 5.7b). The temperature-dependent EDS 

and TEM analyses indicate that at around 400 oC, Ni and Te interdiffusion takes place and 

the composite EDS map (400 oC) suggests a newly formed NiTe layer at the interface 

(purple layer in Figure 5.7c). Subsequently, after reaching 400 oC, the Ni nanoparticle and 

the interface start to collapse. This observation is consistent with previous studies reported 

in the literature on Ni diffusion into bismuth telluride at low temperatures such as 200 

oC,175 and the formation of a NiTe layer at the Bi2(Te, Se)3/Ni interface at ~100 oC, in the 

presence of oxygen.178 This may be due to the potential formation of TeO3 when oxygen is 

present in the sample. At temperatures above 400 oC, TeO3 undergoes thermal 

decomposition resulting in the basic tellurate, TeO2.179,180 Marczenko et al. reports that 

reducing agents can reduce tellurium (IV) to elemental Te.181 The possibility exists that the 

reducing environment created in the TEM column due to the very low oxygen partial 

pressure (high vacuum: ~10-7 Torr), facilitates the reduction of TeO2 to Te, which has a 

reported melting point of 449 oC and appears to be in the temperature region the interface 

degradation occurs in the current study (400-450 oC). Such high-vacuum conditions are 

also typical of a deep-space environment. 
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Figures 5.8 and 5.9 show an in situ heating TEM experiment conducted using a 

partially oxidized La3-xTe4-Ni sample. Two examples of oxidized and non-oxidized La3-

xTe4/Ni interfaces present in the sample are shown in Figure 5.10 (note the presence and 

absence of the oxygen Kα signal in their respective EDS spectra (denoted by red solid and 

dashed arrows)). When the ROI (Figure 5.8: red square) at 25 oC (Figure 5.8a) is compared 

with the same region at 750 oC (Figure 5.8b), it is apparent that the La3-xTe4/Ni interfaces 

at the oxidized areas (Figure 5.8a: black-dashed square regions at 25 oC) have fully 

degraded before reaching 750 oC. The EDS line scan (Figure 5.8c) performed at the area 

indicated by the white rectangle (Figure 5.8a) of the EDS elemental map reveals the 

Figure 5.9 In situ TEM study of the partially oxidized La3-xTe4-Ni sample (same area as 
Figure 5.8 or small area in the blue box shown in the figure 5.8a). The EDS elemental 
maps collected at the temperature range of 25-1000 oC, further confirm that the La3-

xTe4/Ni interface remains intact without any Ni diffusion up to 700 oC in the absence of 
oxygen (these results are complementary to the observations made in Figure 5.6 for the 
pristine interface). 
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presence of two non-oxidized interfaces at 25 oC (black arrows in Figure 5.8c), which 

remain intact, however, even at 750 oC. This experimental observation is consistent with 

the results obtained in the previous two in situ heating experiments (Figures 5.6-5.7), and 

thus signifies the reproducible nature of our experimental findings. The temperature-

dependent EDS elemental maps collected (25-1000 oC) at a non-oxidized interface is 

shown in Figure 5.9, which reveals that Ni diffusion and interface degradation initiates at 

Figure 5.10 Two EDS spectra representing two areas from the ROI of the 
partially oxidized La3-xTe4-Ni sample in Figure 6(a). Area 1 and 2 represents 
non-oxidized and oxidized interfaces, respectively (red dashed and solid 
arrows indicate absence and presence of the O signal in EDS spectra, 
respectively). 
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800-850 oC and is fully decomposed by 950 oC, which is consistent with the results 

obtained in Figure 5.6.  

 

5.3 Conclusions 

In this study, a detailed analysis of the structure and stability of La3-xTe4-Ni 

composites and their interfaces were carried out in ambient and elevated temperatures at 

high vacuum. The devised TEM sample preparation process is proven to be highly 

successful and resulted in no oxygen contamination of the sample. THE HRTEM analysis 

indicates the two interfacing phases are epitaxial with each other along the 1�1�1 and 42�2� 

crystal facets in La3-xTe4 and Ni, respectively, which implies the possible low thermal 

conductivity pathways.163 The in situ TEM studies performed over the working 

temperature of these thermoelectric materials (25-1000 oC) using three pristine, oxidized, 

and partially oxidized La3-xTe4-Ni samples reveal that the Ni diffusion and interface 

degradation of a pristine La3-xTe4 /Ni interface occurs at temperatures higher than 750 oC, 

whereas the presence of oxygen at these interfaces accelerates interface degradation 

processes to occur at a lower temperature of about 400 oC. The current study provides a 

detailed perspective on the structure and stability of a high-performance thermoelectric 

composite material over its working conditions (high-temperature and low-pressure), of 

direct relevance when designing next-generation thermoelectric materials with a longer 

lifespan for potential applications in RTGs.146 
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CHAPTER 6. STABILIZATION OF METASTABLE CUBIC HAFNIA AND 
HAFNIUM PYROVANADATE FROM CORE-SHELL ARRANGEMENT OF 

PRECURSORS 
 

Parts of this chapter are taken from “N. A. Fleer, M. P. Thomas, J. L. Andrews, G. R. 

Waetzig, O. Gonzalez, G. Liu, B. S. Guiton and S. Banerjee, Nanoscale, 2019, 11, 21354 

DOI: 10.1039/C9NR07316G” Reproduced by permission of The Royal Society of 

Chemistry.182 

6.1 Introduction 

Metastable crystal structures with atomic arrangement somewhat altered from the 

thermodynamic phase correspond to relatively shallower local minima on free energy 

diagrams but can in many instances be trapped under ambient conditions.183–186 The large 

amounts of energy inputted in conventional high-temperature ceramic and metallurgical 

processing methods result in reaction mixtures being able to approach equilibrium 

efficiently. In contrast, synthetic approaches that can situate the material in a local 

minimum under specific constraints (temperature, pressure, chemical doping) can often be 

rapidly “quenched”, enabling kinetic trapping of the metastable phase.183,185,187–192  

At nanoscale dimensions, the increased stabilization of the tetragonal polymorph 

of HfO2 derived from surface and strain energy differentials with the monoclinic 

polymorph overcomes the bulk free energy preference for the latter polymorph.3,187  The 

transformation of metastable tetragonal ZrO2 to the thermodynamically stable monoclinic 

polymorph provides an effective means of energy dissipation and is used industrially for 

transformation toughening. 
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Reducing the size of the complementary metal oxide semiconductor field effect 

transistor, led to the requirement of a very thin gate dielectric SiO2 layer, which resulted in 

large leakage currents. HfO2 , has been proposed as the preferred oxide with high dielectric 

constant (κ) and high bandgap to replace SiO2.193,194 HfO2 and ZrO2 are commonly referred 

to as the “twin oxides” owing to the similarities in the properties of these two materials that 

arise from the closely matched atomic radii of their cations, which indeed is a direct result 

of lanthanide contraction.195,196 HfO2 has the low symmetry (seven-coordinated hafnium 

atoms) monoclinic structure (P21/a) at room temperature and undergoes a sequence of 

structural phase transitions at elevated temperatures. Around 1720 °C, HfO2 adopts the 

higher-symmetry (eight-coordinated hafnium atoms) tetragonal phase (P42/nmc) and 

transforms to a much higher symmetry (eight-coordinated hafnium atoms) cubic HfO2 

(Fm3m) at temperatures above 2600 °C and is retained until 2758 °C where it is 

congruently melted.197,198 Much higher dielectric constants have been reported for high 

temperature HfO2 phases, cubic (κ~29) and tetragonal (κ~70) when compared to 

monoclinic phase HfO2 (κ~16-18). Therefore, significant attention has been given for 

stabilizing these high temperature phases of HfO2.196 Some attempts have been reported to 

stabilize cubic HfO2 by creating oxygen vacancies using dopants.199 Kita et al. have 

observed, structural phase transition at low temperature by doping HfO2 with Yttrium to 

stabilize of high κ phase HfO2.200 Previous work illustrates that the stabilization of 

tetragonal HfO2 under ambient conditions is much more challenging and requires scaling 

to dimensions <4 nm as compared to the ca. 30 nm critical size for ZrO2.
3,187,201  

While dimensional confinement and twin domain control have emerged as viable 

means of accessing the tetragonal phase of HfO2, an altogether new strategy is required to 
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stabilize the cubic polymorph of HfO2 and is demonstrated here based on a core-shell 

precursor strategy. The intimate mixing and small diffusion lengths within core-shell 

VO2@HfO2 nanocrystals enable the facile stabilization of phase-pure cubic HfO2 at low 

temperatures. In contrast, facilitating interdiffusion under oxidative conditions yields 

HfV2O7, a negative thermal expansion (NTE) material in the MX2O7 material family that 

exhibits isotropic negative thermal expansion.202–205 The development of a facile synthetic 

route to this material further mitigates a significant impediment to its industrial use within 

zero thermal expansion composites.  

Atomic-scale observation of the structure is of vital importance to understand the 

structural transformation mechanism at a fine-scale, hence opens up the opportunity to 

manipulate the transformation.4 The stabilization of cubic hafnia with larger κ would be 

crucial in potential technological applications when weighed against the room temperature 

monoclinic phase.  Real-time observations of structural transformations of cubic HfO2 and 

HfV2O7 are, therefore, of crucial significance as it could provide experimental confirmation 

for all the theoretical work done in this field. 

Herein, we provide the structural proof that a combination of epitaxial growth of HfO2 

onto VO2 nanocrystals and interdiffusion, followed by etching of the vanadium oxide core, 

enables the stabilization of metastable cubic HfO2 under ambient conditions, using high-

resolution and in situ transmission electron microscopic (TEM) techniques.  

 

6.2 Stabilizing metastable cubic HfO2 from a core-shell nanorod precursor 

VO2 nanowires with lateral dimensions of 180 ± 70 nm and lengths of 1.6 ± 0.9 μm 

and quasi-spherical VO2 nanocrystals with diameters of 44 ± 30 nm have been prepared 
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(Banerjee group, University of Texas A&M)  as discussed in detail in Chapter 2. The 

synthetic approach to core-shell positioning of the precursors and the process used to 

prepare metastable cubic HfO2 and the negative thermal expansion material, HfV2O7, is 

illustrated in Figure 6.1. An amorphous HfO2 shell is first deposited onto VO2 nanocrystals 

or VO2 nanowires by hydrolysis and condensation of a hafnium alkoxide precursor as per: 

Hf(OR)4(l) + 2H2O(l)  + VO2(s)   →  VO2@HfO2(s) + 4ROH (aq.)                              (1) 

This reaction is performed at low temperature (4 °C) to prevent homogeneous nucleation 

of HfO2 nanocrystals. The abundant hydroxyl groups on the surfaces of the VO2 

nanocrystals allow for the formation of V–O–Hf oxo linkages as observed previously in 

the deposition of SiO2 shells.206,207 

Annealing in Ar to 650 °C results in the emergence of rhombohedral V2O3 and 

crystalline cubic HfO2 phases, as shown in the powder XRD studies, illustrating oxygen 

diffusion from the core to the shell concomitant with crystallization consistent with the 

more electropositive nature of hafnium: 

HfO2-x (s) + 2xVO2 (s) → xV2O3 (s) + HfO2 (s)   (2) 
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Based on first principles calculations, the average oxygen vacancy formation 

energy in amorphous HfO2 is 6.97 eV, but is notably increased to 7.29 eV in crystalline 

HfO2.208,209 In other words, crystallization is accompanied by a significant destabilization 

of oxygen vacancies, which are healed by diffusing oxygen from the VO2 core to the HfO2 

shell. As such, crystallization of the HfO2 shell is accompanied by a reduction in the 

concentration of oxygen vacancies and concomitant reduction of the vanadium (IV) oxide 

to vanadium (III) oxide. Acid etching of the core-shell structure leaves behind cubic HfO2 

as the only crystalline phase. No HfV2O7 contamination is observed for materials obtained 

Figure 6.1 Schematic depiction of the synthesis of cubic HfO2 and HfV2O7 from VO2 
and HfO2 precursors arranged in a core–shell arrangement. (A) Hf (OtBu)4 is deposited 
onto the surface of VO2 nanowires and nanocrystals crystallized in the M1 phase and 
hydrolyzed in (B) to deposit an amorphous HfO2 shell. The VO2@amorphous-HfO2 
core–shell structures can either be (C) annealed under static air at 650 °C to yield cubic 
HfV2O7, or (D) annealed under flowing Ar to produce rhombohedral V2O3 with a cubic 
HfO2 shell. (E) Acid treatment of V2O3@HfO2 with a 5.67 M aqueous solution of HCl 
results in the dissolution of the V2O3 core and after (F) washing with ethanol yields 
phase-pure cubic HfO2, which is recovered upon centrifugation.  
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by this method.210 The core-shell disposition of the oxide precursors, the establishment of 

Figure 6.2 Imaging and compositional mapping of V2O3@HfO2 core–shell 
structures. (A) STEM image of annealed V2O3@HfO2 and corresponding EDS 
map illustrating the vanadium oxide core surrounded by a hafnium oxide shell. (B) 
Cross-sectional STEM image and EDS map of an ultramicrotomed core–shell 
nanowire. It is apparent that V (red) is highly concentrated within the core, 
whereas the Hf signal (green) is concentrated along the shell. (C and D) High-
resolution TEM images depicting the epitaxial interface between rhombohedral 
V2O3 and cubic HfO2. Lattice spacings corresponding to rhombohedral V2O3 (PDF 
85-1411) and cubic HfO2 are delineated. (E) A magnified image of cubic HfO2 
domains within the shell. 
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a crystallographically related interface between rhombohedral V2O3 and cubic HfO2, and 

etching of the vanadium oxide core to yield freestanding cubic HfO2 have been examined 

using transmission electron microscopy and energy dispersive X-ray spectroscopy (EDS). 

Preliminary TEM and scanning electron microscopy (SEM) studies revealed VO2 

nanowires encased by an amorphous HfO2 shell, in which the M1 VO2 reduces to 

rhombohedral V2O3 and yields V2O3@HfO2 core-shell particles with a cubic HfO2 shell 

upon annealing under Ar at 650 °C for 25 min.182 The SEM analysis further indicated that 

Figure 6.3 Cross-sectional TEM image and EDS line scan of an ultramicrotomed 
V2O3@HfO2 core-shell nanowire. A) Crosssectional TEM image of a V2O3@HfO2 
core—shell nanowire; B) corresponding EDS map of the V2O3@HfO2 nanowire; 
and C) EDS line scan along the arrow in panel B. The vanadium signal (red) is 
highly concentrated within the core, whereas the Hf (green) signal derives 
predominantly from shell with oxygen (blue) distributed throughout the nanowire. 
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the shell is polycrystalline with faceted plate-like crystallites protruding from the surface 

of the nanowires and the cubic HfO2 nanocrystals after acid etching of the rhombohedral 

V2O3 core.182 The core-shell configuration is further confirmed by examining of 

microtomed nanowires. Figure 6.2A and B show low-magnification STEM images of core-

shell V2O3@HfO2 nanowires obtained upon annealing alongside an EDS map illustrating 

the core-shell arrangement of the vanadium and hafnium oxide domains. Figure 6.2A 

shows a panoramic view, whereas Figure 6.2B exhibits a cross-sectional image and EDS 

map acquired for an ultramicrotomed nanowire. This image shows that vanadium (red) is 

Figure 6.4 The scale bars of (a-c) indicate 1 nm. (a) TEM image of the interface of 
HfO2 and V2O3. (b) and (c) are Fourier filtered TEM images of two interfacing 
phases, V2O3 and HfO2, respectively. The superimposed red and olive color 
spheres represents V and Hf atoms, respectively. (d) shows the epitaxial direction 
(white arrow) in the interfacing phases (simulated image from CrystalMaker® 
software). The FFTs (e and f) obtained from (a) for the two interfacing phases can 
be indexed to [211] and [001] zone axes of cubic HfO2 and rhombohedral V2O3, 
respectively. 
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concentrated within the core of the structure, whereas hafnium (green) is concentrated 

within the shell. Further evidence of the core-shell structure is shown in Figure 6.3, which 

shows a cross-sectional view of an ultramicrotomed nanowire as well as an EDS line scan 

that further confirms the core-shell structure with Hf concentrated within the shell and 

vanadium within the core. Some V content is detected within the shell likely derived from 

the outwards diffusion of vanadium cations facilitated by the miscibility of the two 

cations.210 The lattice-resolved HRTEM images in Figure 6.2C and D demonstrate the 

epitaxial matching between the rhombohedral V2O3 core and the cubic HfO2 shell. The 

direction of the epitaxy in the interfacing phase is further indicated in Figure 6.4A-D. 

Figure 6.4E and F show the parallel green-dashed arrows along (1�11) diffraction spots of 

cubic HfO2 and (1�1�0) diffraction spots of rhombohedral V2O3, which confirms the epitaxy 

between two phases. Figure 6.2D and E delineate lattice spacings of 2.95 ± 0.08 Å 

corresponding to the separation between (111) planes of cubic-HfO2 and 2.68 ± 0.07 Å 

Figure 6.5 TEM images and accompanying FFTs corresponding to in situ heating of 
HfO2@VO2 core–shell particles. The heating rate is 5 °C min-1. The red squares 
delineate HfO2 domains. The blue squares denote VO2 or V2O3 domains. 
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corresponding to the separation between (12�0) planes of rhombohedral V2O3. Indeed, this 

epitaxial matching is critical to the nucleation of cubic HfO2. 

Figure 6.6 Stabilized cubic hafnia. (A-B) HAADF image of cubic HfO2 along 
the [110] zone axis. The superimposed olive spheres are Hf atomic column 
positions in the [110] zone as predicted using CrystalMaker® software. (C-D) 
An FFT obtained at region (A), indexed to [110] zone of cubic HfO2 and 
simulated diffraction pattern (down the same zone) simulated from 
CrystalMaker® (SingleCrystal) software, respectively. 
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The dynamical evolution of VO2 nanoparticles coated with amorphous HfO2 shells 

upon thermal annealing has been examined by in situ TEM. Figure 6.5 shows high-

resolution in situ TEM images along with corresponding Fast Fourier Transform (FFT) 

acquired upon in situ annealing of core-shell configurations of VO2 nanocrystals with an 

amorphous HfO2 shell. The initially amorphous HfO2 domains are transformed into cubic 

HfO2 at ca. 560 °C, and such domains persist upon heating up to 700 °C. Cubic HfO2 and 

rhombohedral V2O3 domains are discernible upon annealing to 560 °C. Figure 6.5 shows 

that the crystallite size of cubic-HfO2 is 8.4 ± 1.4 nm.  

The crystallization and reduction of VO2 to V2O3 occurs in concert and involves 

oxygen diffusion along a gradient of electropositivity. As noted above, oxygen vacancies 

are strongly destabilized as a result of crystallization. Thus, oxygen atoms diffuse from the 

vanadium oxide core to incipient crystalline HfO2 domains resulting in a decrease in the 

formal valence of vanadium within the core.208,209 Previous studies with an identical 

reaction performed without the presence of VO2 illustrates that initially nucleated 

cubic/tetragonal domains are lost, and the thermodynamically stable monoclinic phase of 

HfO2 is stabilized as a result of grain growth.3,4,211–213 The epitaxial relationship between 

V2O3 and cubic HfO2 in the crystalline core-shell structures is, therefore, critical to 

preventing reversion to the thermodynamically stable monoclinic polymorph at elevated 

temperatures.  

HfO2 exhibits high stability in aqueous media across a wide pH range; in contrast, 

V2O3 is readily dissolved in acidic media.60 This difference in reactivity provides a means 

of isolating freestanding cubic HfO2 powders. The V2O3 cores of V2O3@HfO2 core-shell 

structures have been etched in acid solution at room temperature, thereby preserving the 
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metastable cubic structure of the shell. Figure 6.6 shows a lattice-resolved STEM image of 

freestanding cubic HfO2 particles (prepared by acid etching of core-shell V2O3@HfO2) 

acquired along the [110] zone axis. Based on analysis of the lattice-resolved TEM images, 

the recovered materials are phase pure. The vanadium incorporation alone cannot account 

for stabilization of the metastable cubic polymorph; previous studies have indicated the 

need for at least 11 at% V dopant incorporation to stabilize cubic HfO2, which is observed 

to further be contaminated by HfV2O7.210,214 The stabilization of cubic HfO2 stems from 

both kinetic origins as well as from the conditions of constrained equilibrium imposed by 

the small crystallite size.183,185,186  

Recent work has illustrated that a metastable polymorph can be preferentially 

stabilized if the barrier to nucleation of a metastable polymorph is lower than that of the 

thermodynamic phase.60,214 The rhombohedral V2O3 core essentially selects for the 

preferential formation of cubic HfO2 as compared to other HfO2 polymorphs owing to the 

available epitaxial relationship (as well as the influence of vanadium incorporation). In 

other words, the coherent low-energy interface accessible between cubic-HfO2 and 

rhombohedral V2O3 (but not with monoclinic HfO2) facilitates selective crystallization of 

the former polymorph by depressing the nucleation barrier. Interestingly, while the 

epitaxial relationship likely underpins nucleation of cubic HfO2, the lattice mismatch is 

sufficiently large such as to bring about strain-induced delamination of the V2O3 core from 

the HfO2 shell and this mismatch is further evidenced in the small crystallite size of the 

stabilized domains (Figures 6.2B and 6.3). Indeed, the crystallite size of cubic-HfO2 is 

8.4±1.4 nm, which suggests that extended coherent interfaces are not stabilized within this 

system. 
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The stabilization of freestanding cubic hafnia thereby provides access to a metastable 

kinetically trapped polymorph that is otherwise only accessible at temperatures above 2600 

°C. The cubic HfO2 remains stable for over 12 months without transforming to metastable 

tetragonal or thermodynamically stable monoclinic polymorphs.  

6.3 Conclusions 

In summary, we have demonstrated a detailed structural analysis of a facile low-

temperature synthesis for stabilizing the metastable cubic phase of HfO2  and unveiled the 

epitaxial relationship between rhombohedral V2O3 (generated in situ from the reduction of 

VO2 as a result of oxygen diffusion) and cubic HfO2.215,216 Oxygen diffusion proceeds from 

the VO2 core to the amorphous HfO2 shell owing to the more electropositive nature of the 

latter and the higher oxygen vacancy formation energy in crystalline HfO2 as compared to 

amorphous HfO2; the available epitaxial relationship along with the incorporation of 

vanadium atoms reduces the barrier to nucleation of the cubic polymorph notwithstanding 

its metastable nature and allows for its preservation at elevated temperatures wherein 

sintering and grain growth strongly favors stabilization of the monoclinic phase.217,218 The 

arrangement of VO2 and HfO2 in a core-shell structure further provides a direct solid-state 

synthetic route to cubic HfV2O7, a technologically significant negative thermal expansion 

material.202,203,219  
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