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ABSTRACT

TRANSMISSION ELECTRON DIFFRACTION

IN TE MODIFIED TIO2

Ian James

Department of Physics and Astronomy

Bachelor of Science

Photodarkening tellurium modified TiO2 nanoparticles exhibit TiO2 phase

change from anatase and brookite when annealed below 700◦C, to rutile when

annealed at or above 700◦C. An increase in size accompanies the phase change

and causes smaller nanocrystals to become visible which cling to the surface

of the larger rutile crystals. The smaller crystals are composed of TeO2, as

identified by diffraction, and disappear when exposed to the electron beam

(observed by TEM) for brief amounts of time. Anatase, brookite and rutile

forms of TiO2 are compared by diffraction. A possible cause of photodarkening

in samples annealed at 600◦C is the occurrence of surface interactions between

Te and anatase or brookite. These surface interactions may be energetically

allowed by annealing samples at temperatures near the TiO2 phase change

temperature.
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Chapter 1

Introduction

1.1 Hydrogen fuel and semiconductors

Hydrogen fuel technology is a promising field of research that has attracted much

attention in the end of the 20th century. Hydrogen fuel has many properties that

make it a strong candidate for succeeding fossil fuels as a global primary fuel source.

It is environmentally clean, producing pure water when burned. It is also an effective

way of storing energy, and can be readily converted to heat or electricity. Finally, as

a fuel source, it is inexhaustible. The challenge lies in finding a cheap and effective

way of producing hydrogen. Presently, the use of semiconductors in photoelectrolysis

is under heavy research.

Photo-electrolysis hinges on the science of semiconductor liquid interfaces, which

began with A. E. Becquerel, a French physicist. In 1839, Becquerel noticed that

a silver chloride electrode in an electrochemical cell had a photovoltaic effect when

illuminated [4]. This became known as the Becquerel Effect.

Little research was done in the field, however, until more was known about solid

state physics. Between 1950 and 1970 semiconductor research grew impressively with

1



1.2 Principles of TEM 2

investigations into many semiconductors including titanium dioxide. In 1970, TiO2

was successfully used as a photocatalyst to convert water into hydrogen and oxygen

by illumination. This sparked interest in powering electrolysis with sunlight, and led

to the investigation of photo-electrolysis.

Photo-electrolysis works around the semiconductor-liquid interface. When pho-

tons impinge on the semiconductor, electrons in the valence band are excited to the

conduction band and create an electron hole base pair. In the presence of water, the

hole accepts electrons from the oxygen in water, while the free electron in the con-

duction band reduces the hydrogen in water, thus disrupting the molecule. A more

detailed description of the process is given by Nozik and Memming [4] [3].

Doping TiO2 with carbon narrows the band gap, thereby increasing the spectrum

of radiation that would create an electron hole base pair. Other elements are be-

ing investigated for use as doping substances to create a semiconductor that absorbs

visible light. [1]. Our research group noticed that Te modified TiO2 exhibited photo-

darkening from an eggshell white to an orange/brown color when exposed to visible

light. Steven Philips, a member of our research group, is studying the mechanism of

the photodarkening in his thesis. In this thesis I have studied the structure of the Te

modified TiO2 using transmission electron microscopy.

1.2 Principles of TEM

1.2.1 TEM

Electron microscopy allows us to study objects that are smaller than the wavelengths

of visible light. In the study of atomic crystal structure, subatomic resolution becomes

necessary, and electron microscopes become essential. In a transmission electron

microscope, electrons are typically accelerated across a 200 KV potential and emitted
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from a field emission gun (FEG) at the top of the scope. This gives the electrons a

certain velocity as shown by

eV = 1/2 ∗m ∗ v2 (1.1)

Where e is the charge of an electron and V is the accelerating potential. This velocity

is directly related to the wavelength of the electrons by the de Broglie equation:

λ = h/(m ∗ v) (1.2)

Where h is Plank’s constant. By reconciling these two equations, we see that

λ = h/
√

2 ∗meV (1.3)

Therefore the electrons being emitted by the FEG gun of the Technai TF20 micro-

scope (which are accelerated across a 200KV potential) have a wavelength of about

2.74 pm. This is about one tenth the width of a helium atom, meaning that the

electrons are capable of resolving most atoms. Unfortunately the microscope’s optics

are not perfect, and lens abberations and astigmatism prevent it from reaching such

high resolutions. However, the microscope can can still easily resolve nanocrystals

that are several nanometers across [5].

After being emitted from the gun, the electrons pass through a series of condenser

lenses and apertures that focus them into a moderately uniform beam, which illu-

minates the sample. After passing through the sample, the electrons are focused by

the objective lens. They then pass through two apertures, the diffraction lens, and a

series of projector lenses which focus the electrons to form an image on the viewing

screen. Because the lenses are magnetic fields, their focal lengths can be changed by

changing the amount of current in the coils generating them.
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Figure 1.1 The layout of a Transmission Electron Microscope

1.2.2 Diffraction Microscopy

Each spot in a diffraction pattern contains information about the entire grating that

created it, making a diffraction pattern a very useful tool for crystallographers. The

direction and distance from the center of the screen at which each diffraction spot

appears is determined by Bragg’s Law as shown in Figure 1.2. The electrons can be

considered as waves that reflect off of the atoms in the crystal and then interfere as

they propagate to the viewing screen. In order to get constructive interference and

produce a diffraction spot,

2dsin(θ) = nλ (1.4)

Bragg’s Law - see Figure 1.2
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Figure 1.2 Bragg’s Law

If we let n = 1, and consider the small angle approximation that holds for the case

of electron diffraction, Bragg’s Law simplifies to

2θ = λ/d (1.5)

Next, we consider the angle that the diffracted beam makes with the undeviated

beam, and see that it is in fact, 2θ. This angle, in addition with the height of the

specimen above the viewing screen will determine the distance of the diffraction spot

from the center of the screen by the following relation:

tan(2θ) = R/L (1.6)

Where L is a constant called the camera constant that takes into account the

multiple focusing effects of the post-specimen lens system, and R is the distance

from the center of the screen to the diffraction spot.

Again employing the small angle approximation and reconciling Equation 1.6 with

Equation 1.5 above, we see that

R/L = λ/d (1.7)

While our model so far has only considered a few atomic planes in two dimensions,

actual nanocrystals constitute many atomic planes in 3 dimensions. When the elec-

tron beam looks down an axis that is parallel to several planes so that the atoms in
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the crystal appear as columns, the crystal is called “in zone.” This creates a lattice

of spots on the viewing screen that has a reciprocal relationship to the crystal lat-

tice. This is why the diffraction pattern is often called the “reciprocal lattice.” Each

diffraction spot represents a group of atomic planes in the crystal and contains infor-

mation about the distance between atomic planes. The Technai TF20 has built into

it the algorithms necessary for considering the effects of the projection lenses, and

can measure the d-spacings of a crystal from the spacing of spots in the diffraction

pattern.

Figure 1.3 TEM Imaging and Diffraction [5]

The objective aperture is much larger than a single nanocrystal, making it neces-

sary to use a second aperture to obtain a diffraction pattern from the crystal without

contaminating the pattern with information from its neighbors. For this reason, the

diffraction aperture can be inserted to block diffracted rays except those coming from
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a limited area around the direct beam. This process is called selected area diffraction

(SAD), and is very useful to isolate the diffraction pattern from a small group of

crystals, or in some cases, a single large crystal.

SAD is prone to error though. The diffraction aperture must be inserted directly

into the image plane, otherwise stray beams still make it to the imagining system and

skew the data. Similar problems occur if the specimen of interest is not directly in the

eucentric plane - the image occurs at a point before or after the diffraction aperture

(see Figure 1.3). Also, selecting an area small enough to isolate one nanocrystal is

moderately difficult using the aperture. And as if this wasn’t enough, SAD is also

particularly sensitive to lens aberrations and astigmatism. Thus, while being none

the less useful, for obtaining d-spacing information from a single nanocrystal, SAD

leaves something to be desired.

1.2.3 Image Selected Transform Diffraction

Fortunately, there is a way of doing SAD that doesn’t rely on the diffraction aperture,

and in turn can easily isolate the diffraction patterns from single crystals. Crystals

are frequently found in the state of being “in zone,” meaning that an axis of the

crystal lines up with the axis of the microscope. In this state, the crystal lattice

appears as a two dimensional grating to the impinging electrons, which causes electron

interference. When viewing a single crystal that is in zone in imaging mode, a series of

lattice fringes appear as dark and light bands. These fringe patterns can be described

by the two-dimensional Fresnel-Kirchhoff diffraction formula:

E(x, y, z = d) = − i

λ

∫ ∫
aperture

E(x′, y′, z = 0)
eikR

R

[
(1 + cos(r, ẑ))

2

]
dx′dy′ (1.8)

The image screen is far enough away from the crystal that it lies in the far-field,
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and thereby the Fraunhofer approximation can be applied,

E(x, y, d) = −ieikdei k
2d

(x2+y2)

λd

∫ ∫
aperture

E(x′, y′, 0)e−i k
d
(xx′+yy′)dx′dy′ (1.9)

Because the crystal appears as a two dimensional grating when it is “in zone,”

the diffraction integral is a two dimensional Fourier transform of the crystal lattice

at the specimen plane. Therefore, by performing an inverse Fourier transform on the

image of a crystal with a fringe pattern, we can produce a diffraction pattern that

is limited to the contents of the image. Thus we remove the need for a selection

aperture, and instead select information using the area of the image that illuminates

the CCD camera. Through this process it becomes not only possible but easy to

isolate the diffraction pattern from a single crystal only a few nanometers wide.

Additionally, this technique is less prone to error. Instead of moving apertures and

switching viewing modes, one only needs to capture a quality image on the viewing

screen and take its Fourier transform. While overlapping crystals can produce ‘false’

fringe patterns, these can be avoided by a discerning eye in the selection process.

With a good diffraction pattern, known crystals can be identified by comparison to

tabulated values in the Powder Diffraction File (PDF). This way, rutile, anatase, and

brookite forms of TiO2 can be identified, as well as Tellurium metal and its oxides.

1.2.4 XEDS

The TF20 is also capable of X-ray Energy Dispersive Spectroscopy (XEDS). This

technique is useful because it can do elemental analysis on the sample and show

relative amounts of materials present. XEDS focuses all of the electrons in the beam

through a waist about 5 nanometers across which is then called a probe. With so

many electrons coming through such a small area, the probe is great for knocking

orbital electrons out of atoms in a specific place in the sample. As higher energy
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orbital electrons then fall into the holes made, they release an X-ray. The TF20

detects this X-ray and its energy, which information is then compared against known

emission spectra until the element that produced the X-ray is identified. Using this

method, we can detect and locate materials of interest in our samples.



Chapter 2

Experimental Setup

2.1 Preparing the Samples

Samples are synthesized by a hydrothermal technique. First a solution of TiCl4 and

water is made, Tellurium precursor (Te + NaBH4) is added, and the solution is

annealed at a fixed temperature between 200◦C and 800◦C. The result is a powder

of tellurium modified TiO2 nanocrystals. Preparing samples for inspection with the

Technai TF20 electron microscope is moderately simple. Because the sample material

is a powder of nanocrystals, they can be loaded onto a micro-grid copper sample holder

by moving the copper mesh through the powder. This causes enough nanocrystals to

get stuck in the mesh that they can be loaded into the microscope and viewed. For

samples composed of larger granules, they may have to be crushed using a flat piece

of metal. A clean metal surface and the clean back end of some lab tweezers were

used to crush these samples. It is important that hydro-carbons are not introduced

to the sample as they are attracted to the electron beam and can form carbon pillars

on the sample, so the grinding surfaces were thoroughly cleaned before each use.

Using TEM, several particles from each sample were closely inspected for fringe

10
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patterns and crystal size information. Diffraction information was taken using the

image capture technique, and elemental information was taken using XEDS. Using

XEDS requires going into STEM (Scanning TEM), where the probe is made very

small and scanned over the sample. Thus we discovered the presence and location of

Te in the samples.



Chapter 3

Results

3.1 Macro Characteristics

The following table describes the color and appearance of the samples made:

Table 3.1 Macroscopic appearance of samples

Pure TiO2 is white (the reason it has been used as a base for paint for hundreds

12
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of years). Samples baked at cooler temperatures and higher concentrations of Te

produced a dark blue color, almost black. Samples baked at lower temperatures and

with less Te were almost white. Higher temperatures produced red to brown powders

in samples with more Te, and orange powders in samples with less Te.

3.2 Phase Change of TiO2

A distinct shift in phase of TiO2 from the anatase and brookite forms to the rutile

form occurs at about 700◦C. For all samples annealed at temperatures cooler than

700◦C, anatase and brookite are the predominant forms of TiO2. These two forms

produce very similar diffraction patterns when encountered en masse: brookite has

it’s brightest spot for the 120 plane with a d-spacing of 3.51 Å, while anatase has its

brightest spot for the 101 plane with a d-spacing of 3.52 Å. Because of the typical size

and abundance of these crystals, it’s quite difficult to isolate a single crystal and get

a clean diffraction pattern. Instead the pattern usually appears as a series of rings,

representing the “signature d-spacings” for those crystals:

Figure 3.1 The combined diffraction patterns of many similar crystals pro-
duces concentric rings.
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However, when anatase and brookite can be isolated, it quickly becomes apparent

that their underlying structure is quite different. Namely, anatase is a tetragonal

structure while brookite is orthorhombic.

Figure 3.2 Anatase (tetragonal) and brookite (orthorhombic) diffraction
patterns showing their different structures.

By comparison with the Powder Diffraction File (see Appendix A), the anatase and

brookite forms can be grouped together and identified by their signature d-spacings.

The Rutile form, which is tetragonal like anatase, has its brightest spot at 3.25 Å, and

subsequent dimmer spots that differ noticeably from those of brookite and anatase.

Thus the rutile is easily recognized, and can be identified by comparison with the

PDF.

While brookite and anatase are predominant below 700◦C, rutile is strongly pre-

dominant above 700◦C. We concluded that rutile with it’s tighter spacings is a more

stable form of TiO2 at higher temperatures.
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3.3 Change in TiO2 Crystal Size

Accompanying the phase change to rutile at 700◦C is a dramatic change in size of

TiO2 crystals. Anatase and brookite crystals that form at cooler temperatures are

typically 5 to 10 nm in diameter, while the smallest rutile crystals are around 30

to 50 nm across. This leads to somewhat different appearances of the nanoparticles

themselves, as well as helps to reveal Te compounds in the higher temperature samples

(Figure 3.4).

Figure 3.3 Anatase and brookite nanocrystals are on average 5 - 10 nm
while rutile ones are around 50nm.

3.4 Finding the Tellurium

XEDS consistently showed the Te is present in roughly the same proportion every-

where in each sample. In high temperature annealed samples where rutile TiO2 is

the predominant form, 10-15 nm diameter particles can still be seen attached to the

surfaces of larger crystals. XEDS and diffraction show that these smaller particles

are primarily composed of TeO2. It’s possible that these TeO2 particles are dispersed
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throughout every sample and are only revealed when the TiO2 undergoes the phase

change to its rutile form (TeO2 isn’t recorded in the PDF as having multiple phases,

therefore it’s assumed that it doesn’t undergo a phase change similar to that of TiO2

in this range of temperatures). In low temperature annealed samples, the TeO2

diffraction pattern is hidden by the strong TiO2 patterns due to the prevalence of

TiO2. Also, the similarity in size makes TeO2 nanocrystals visually indistinguishable

from TiO2 nanocrystals. In these high temperature annealed samples though, it can

be isolated and identified.

Figure 3.4 A TeO2 nanocrystal hanging to the surface of a larger rutile TiO2

crystal

TeO2 nanocrystals such as the one shown in Figure 3.5 are scattered through-

out the nanoparticle, adhering to the surfaces of larger rutile TiO2 crystals. These

particles are very sensitive to the electron beam, however, and disappear if observed

for too long. One possible explanation for this is that the smaller particles are only

loosely attached to the larger crystals, and the energy delivered by the electron beam,

especially when the beam is sharply focused, is enough to knock them loose (Figure

3.5).
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Figure 3.5 TeO2 nanocrystals spotting the surface of a rutile TiO2 crystal
which burn away under the beam

It’s possible that that these small TeO2 crystals have to do with the photodark-

ening observed. In the samples where photodarkening did occur, individual TiO2

crystals did not show Te doping. However, the photodarkening samples were some

of those in which anatase and brookite were formed at the upper edge of their tem-

perature range. Also, it was observed that after photodarkening had occurred, these

anatase and brookite samples were similar in color to the 700◦C and 800◦C rutile

samples. It’s possible that some sort of surface doping, or surface interaction between

the TiO2 and Te or TeO2 was made possible by the high energy present when these

hotter anatase and brookite samples were annealed, and that this surface interaction

causes the photodarkening. The high temperature annealed samples where rutile

TiO2 crystals are covered with smaller TeO2 crystals, may be the permanent version

of photodarkened crystals. The permanent color change for the high temperature

samples certainly suggests so. Unfortunately, in the photodarkening samples, the

similar size of TiO2 crystals and TeO2 crystals makes any sort of surface interaction

or adhering nearly impossible to observe. The ideal would be to find an anatase or
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brookite TiO2 crystal that had fused at one side with a crystal of TeO2, or maybe

even a clump of fused crystals of both species. Unfortunately, none such structures

were found.

While TeO2 appears in high temperature annealed samples, it should be noted

that the Te in cooler samples may not be in a TeO2 compound, but may simply exist

as Te metal, or as a combination of both forms. Unfortunately, the data gathered at

present can’t tell us if this is the case. Other oxides of Te were not found.

In addition to TeO2, Te metal was also found in the 700◦C - 15% sample, forming

relatively large crystals which didn’t appear in any other observed samples.

3.5 Conclusions

TEM and XEDS revealed Te as both Te metal and TeO2 in our samples. We also saw

the distinct shift of TiO2 from anatase and brookite forms to rutile at about 700◦C.

Because the only samples that displayed photodarkening were those synthesized just

below this transition temperature, we think that surface interactions between TiO2

and Te or TeO2, made possible by higher annealing temperatures, may play a role in

the photodarkening.
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