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Abstract

Intermetallic compounds have shown better selectivity and thermal stability during cataly-
sis when compared to metallic catalysts in the same reactions. These properties suggest they
are promising replacements for the expensive and environmentally unfriendly metallic catalysts
currently in use. Understanding the atomic structure and chemical composition of the catalytic
surface of intermetallic catalysts is therefore vital for further optimising their performance. In
this dissertation I have investigated the intermetallic compound In3Nis using scanning tunnel-
ing microscopy (STM), low-energy electron diffraction (LEED) and x-ray photoelectron spec-
troscopy, which all provide results that can be analysed to understand the characteristics of
the (100) surface layer. The InzNiz(100) atomic surface was cleaned with repeated cycles of
sputtering and annealing within ultra-high vacuum conditions, and displayed a (1 x 1) LEED
pattern afterwards. The step heights observed by STM are consistent with the lattice constant.
STM atomic resolution analysis produced lattice parameters of 4.40 + 0.1 A and 5.29 + 0.1 A,
which are also consistent with known values for atomic spacing between In atoms. Both step
heights and high resolution images indicate the surface termination at the pure In plane, where
In atoms are bonded with Ni on the layer below. Based on the STM results and known surface
energies it was found that the surface In atoms are likely to have intermetallic bonds with Ni,
stabilising the atomic surface. XPS chemical composition analysis indicated a higher proportion
of Ni at the surface compared to the bulk composition, indicating promising catalytic potential.



1 Introduction

Intermetallic compounds (IMCs) are compounds with two or more constituent elements occupying
specific sites within their crystal structure. Unlike other compounds with multiple constituent
elements such as alloys, IMCs have specific stoichiometry, which suggest they are promising candi-
dates to replace metal catalysts in heterogeneous catalysis. In addition, their constituent elements
are lower cost and more environmentally friendly to produce than their metal catalyst counterparts
[1,2].

IMCs form crystals which are fully or partially ordered and have atomic structures distinct from
their constituent elements. Both ionic and covalent bonds are present within their structure, and
the free electrons within the compound result in unique electronic and crystal structures. By al-
tering the chemical composition of IMCs, the compound’s electronic properties can be adjusted for
specific needs as a catalyst. Furthermore, the spatial separation between active sites within IMCs
results in better thermal stability and selectivity than metallic catalysts, as observed in Pd-Ga
IMCs in hydrogenation reactions|[3-5].

The motivation behind this project was to determine the chemical composition and atomic struc-
ture of IngNis to understand how to optimise it for catalysis. In-Ni IMCs have already been found
to be more environmentally friendly and effective in the dry reforming of methane, which con-
verts two major greenhouse gases into hydrogen and syngas, than the previously used nickel-based
catalysts. Catalytic activity and selectivity are dependent on the chemical composition of the
compound and particle size, with IngNis being found to be a particularly high performing catalyst
as a result of the electron transfer and active-site isolation present within the compound [5,6].

1.1 Objectives

Over the course of this project, I aimed to study the (100) surface of the InsNis intermetallic
catalyst to determine the atomic structure and the chemical composition of the compound. To
achieve this, a number of processes were employed, including scanning tunneling microscopy and
low-energy electron diffraction to characterise surface atomic structure, and x-ray photoelectron
spectroscopy to characterise surface chemical composition.



2 Methods

2.1 Apparatus and Sample Details
2.1.1 UHV

Ultrahigh vacuum conditions are enclosures designed to produce a pressure range of below 10~ Torr
[7]. The use of UHV conditions are vital in surface science experimentation to avoid contamination
of the surface from otherwise ambient gases, prompting uncontrolled reactions such as oxidation
to occur within the chamber. Furthermore, it is necessary to avoid ambient gas molecules in the

chamber from interfering with the probe and detected surface particles, affecting the collected data.

An example of a UHV chamber is displayed in Figure 1. The chambers are built of stainless
steel, and consist of a roughing pump to lower the pressure to ranges of around 10~3 Torr, and a
high vacuum pump (such as an ion or cryogenic pump) to reach UHV levels. UHV systems are
baked out to prevent outgassing, where they are heated to between 150-250°C for several hours,

which accelerations desorption of gases from the chamber walls [8].

2.1.2 Sample Preparation and Measurements

The compound used for this study was a single crystalline IngNiy sample, shown in Figure 2, cut
along the (100) surface using a 50 micrometer thick tungsten wire saw. Boron carbide power in
a glycerol suspension was used during this process to minimize the damage to the atomic surface.
The surface was then polished with diamond pastes of decreasing grain size down to 0.25 microm-
eters. The surface was cleaned in UHV conditions by several repeated cycles of Ar ion sputtering
for 30 minutes, with an average drain current of approximately 6 uA and subsequent annealing for
between 1 and 3 hours, between 300°C and 560°C. An optical pyrometer was used to measure the

T

Figure 1: A UHV chamber.
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Figure 2: Images of the prepared sample of InzNiz, and its surfaces.

temperature, however the emissivity for Ni-In was unknown so the emissivity of Ni-Cu was used
instead[9]. This cycle was repeated until LEED patterns emerged. After preparation, by using
XPS measurements, a lack of contamination on the atomic surface was affirmed.

The chamber used for preparation is directly connected to both STM and XPS chambers, so
there was no change in surface conditions following the transfer of the sample to the STM chamber

for measurements. LEED measurements were taken within the preparation chamber.

2.2 Scanning Tunneling Microscopy

Scanning tunneling microscopy is a method of imaging atomic surfaces using an atomically sharp
metal tip brought approximately 0.5-1 nm away from a conducting surface. There is a voltage bias
applied to the surface which allows electrons to tunnel through the vacuum barrier. The tunneling
current is measured by the tip moving across the surface, and is proportional to the local density
of state at the Fermi level. Information from the tunneling current is what is used to construct
STM images, which then can be analysed to determine the structure of the surface atomic layer,
which is useful to determine a number of factors such as planar termination or dimensions[11]. The
STM images analysed for this report were taken at room temperature using an Omicron Variable
Temperature STM in constant current mode ensuring consistent distance between the tip and the
surface, and a bias voltage of 0.14-1.7 V was used. A diagram of an STM setup is shown in Figure
3.
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Figure 3: Diagram of the STM process, displaying the sharpness of the conducting tip, and the

circuit used to control the tunneling current.

2.3 Low Energy Electron Diffraction

Low energy electron diffraction (LEED) is a technique which is used in surface science to analyse
the crystal structure of the surface of a sample. As shown in Figure 4, low energy electrons are
fired from an electron gun at the surface of a sample. The diffracted electrons are observed on a
fluorescent screen at high voltage as spots of light known as a LEED pattern, which correspond to
the surface’s two dimensional reciprocal lattice[10]. The electron energies used are around 50 eV.
At this energy, electrons are surface sensitive with minimal inelastic mean free path. This allows
for high interaction with specifically the surface elements of the compound, which is necessary for
imaging. Before accurate LEED patterns can be produced they must be calibrated with LEED
patterns from known elements. The LEED patterns observed in this project were first calibrated
with the Ag(100) surface.

2.4 X-ray Photoelectron Spectroscopy

X-ray photoelectron spectroscopy (XPS) is used to determine the chemical composition of an atomic
surface. The basis of the technique is the photoelectric effect, wherein core-level electrons within
an atom are ejected when an incoming x-ray exceeds their binding energy. By analysing the kinetic
energy of the ejected electrons, binding energy can be calculated using the equation:

BE = hv - KE - ¢

Where hv is the energy of the incident x-ray photon, and ¢ is the work function of the spectrom-
eter. As each element has a unique binding energy, elements present within a compound can be
‘fingerprinted’ and identified using this technique. XPS is only possible in UHV conditions, as
otherwise there is a possibility of inelastic scattering of the photoelectrons[12]. An example of an
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Figure 4: Diagram of the LEED process, displaying low energy electrons being emitted from an
electron gun into the prepared sample.

XPS setup is shown in Figure 5. The XPS data used in this report was collected at the Institut
Jean Lamour, France, using a nonmonochromatic Al K, source. The oxidation process was carried
out in UHV conditions by introducing 99.999% pure oxygen gas through a leak valve, and partial

pressure was maintained at approximately 9.75 x 10~7 Torr. 99.99% pure molecular hydrogen was
dosed on the prepared surface at room temperature.
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Figure 5: Diagram of the XPS process, displaying electrons reflecting off the prepared sample into
an electron energy analyser to determine energy loss.
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Figure 6: The unit cell of IngNiy [17].

2.5 Computational Details

A number of different programs were used in order to analyse the data required for this project.
To determine the unit cell structure and dimensions from existing data, VESTA[13] was used. To
analyse the STM data, WSxM[14] was used as it allows for the analysis of the height difference
of inter-planar spacing, which allows for understanding of the ’step height’ between the observed
planes. Finally, CasaXPS[15] was used for analysis of the XPS data, which indicated peak position
core levels and allowed for accurate chemical composition determination.

3 Results and Discussion

3.1 Crystal Structure

Shown in Figure 6 is the crystal structure of InzNis, the intermetallic compound. It has lattice
parameters a = b = 4.39A, ¢ = 5.30A and v = 90°[16]. Each Ni atom is isolated by four In atoms.
Figure 7 displays the side view of InsNis’s (100) surface, with four atomic planes within a unit
cell. The distance between each plane is equal, representing a third of the height of the unit cell.
As each plane has equal distance, it is not possible to determine the termination plane using STM

step height analysis, as it is not possible to differentiate between the content of atomic surfaces.

3.2 Surface Atomic Structure
3.2.1 STM - Step Height Analysis

By annealing the atomic surface from 420°C to 560° for an hour, a step-terrace morphology emerges
that can be analysed using STM, as seen in Figure 8. For the data used in this report, the surface
was annealed for longer to allow for larger terraces to emerge. The height of each step can be
determined by using height distribution histograms and line scan graph analysis. Figure 9 displays
an example of a height distribution histogram, where the distance between each peak represents a
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Figure 7: The side and top view of the (100) surface of the unit cell, with dimensions of the unit

4,387 A

4387 A

cell labeled, in addition to the planar spacing.

‘step height’, or distance between terraces. This process was repeated for thirteen images, wherein
an average of the step height was measured.

Through this method, the values gathered for the different step heights were collected and compared
to the previously discovered values. After measurement, eleven of the thirteen sets of measurements
were found to be consistent with expected values. The most common step height was consistent
with 4.44 A, which represents the full unit cell height, which itself corresponds to separation of
pure In planes. Step heights consistent with 2.96 A were also found, which represent % of the unit
cell, however these were less frequent. Two results were not found to be consistent with expected
values, however this is as a result of the low resolution of the images.

As observed in Figure 7, there is equal distance between each atomic plane of IngNiy. Since
the measured step heights could represent any combination of starting and termination planes, it
is therefore not possible to categorically determine whether the atomic surface of IngNis is a mixed
Ni and In plane or a pure In plane through STM step height analysis alone. However, it is most
likely from this data that the plane of termination is the pure In plane.

10



Figure 8: A 3D STM image of the (100) atomic surface of In3Nis displaying the different ’steps’
produced by annealing at high temperatures.
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Figure 9: An example of a 2D STM image of IngNiy and a histogram, displaying the height
distribution of a section of the image. The distance between each peak represents the distance

between each observed terrace.
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3.2.2 STM - Atomic Spacing Analysis

It is also possible to observe and calculate values for the atomic spacing of the (100) surface of
InsNiy using STM imagery, in addition to directly measuring distance between atoms. This is
possible by using either self-correlation or using a Fast Fourier Transform filter. As shown in Fig-
ure 10, high resolution images of the atomic surface can be taken, and while atomic resolution is
somewhat observable in the raw image it is difficult to obtain accurate values through these alone.
By applying self-correlation or a Fast Fourier Transform filter, the images can become similar to
the image shown in Figure 11. Within this image, eat ”dot” represents an atom, and therefore the

distance between each can be measured to determine the atomic spacing.

By taking a line scan measurement of 10 different unit cells both horizontally and vertically, an
average length for each unit cell measurement can be found. Unfortunately, some of the images
analysed were of too low a resolution to reliably determine measurements for the unit cell lengths
in the horizontal direction. Furthermore, there was a ”shift” observed in the measurements caused
by the scanning nature of the image photographing. This causes the atoms to appear at an angle,
meaning that the unit cell lengths were distorted and not representative of the true values. By
using trigonometry and finding the angle between the shift and the ”true” vertical and horizontal,
corrected values for the unit cell lengths can be determined. The average values attained after cor-
rection were found as 4.40 + 0.1 A and 5.29 + 0.1 A. Both of these values are consistent with the
separation of In atom in the In plane. These lattice parameters are consistent with the dimensions

between In atoms from the top view of the (100) surface of In3Nis as seen in Figure 7.

These high resolution images and step-height distributions suggest that surface termination oc-
curs with the pure Indium plane. This can be understood because In has lower surface free energy
than Ni. The surface free energy of the close-packed surface of body-centered tetragonal In is
0.488 J/m?, while that of the close-packed surface of face-centered cubic Ni is 2.011 J/m?[18]. This
suggests that the plane being observed and analysed is a pure In plane, as if the mixed In and Ni
plane were being observed, the distance between atoms would be smaller. In the compound, the
distance between neighbouring In atoms in the topmost layer is 4.387 A. However, the distance
between In atoms in the topmost layer and Ni atoms in the layer beaneath is 2.673 A, indicating
that there is a high likelihood that the In atoms are bonded with Ni. The potential Ni-In bonding
is likely the reason behind the stability of the atomic surface, as has been observed in other binary
intermetallics such as Zn-Pd[19] and the (001) surface of IngNia[17].

3.2.3 LEED

A number of LEED patterns were photographed after the atomic surface was annealed and sput-
tered at a range of temperatures, increasing incrementally from 300°C to 560°C, in an energy
range of 10-100 eV. The images were captured with a digital charge-coupled camera and a data
acquisition system controlled by a computer.

12



Figure 10: An example of an unfiltered high-resolution image of the (100) atomic surface of In3Nig,

and the same image when processed through a Fast Fourier Transform filter.
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Figure 11: A high-resolution image of the (100) atomic surface of IngNiy, with measuring lines
spread across 10 unit cells vertically and horizontally, and an example of what a graph produced
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Figure 12: LEED patterns of InsNis observed at a range of different temperatures.

No LEED pattern emerged within the temperature range of 300-360°C, as the temperature is
not sufficient to produce perfect surface ordering. After 360°C, the surface began to exhibit a (1
x 1) LEED pattern with a rectangle-shaped structure. This is consistent with the other measure-
ments taken with STM atomic resolution analysis as well as known measurements of the unit cell

dimensions and angles.

Figure 12 displays the observed LEED patterns at a variety of temperatures. The pattern is
most clearly observed at temperatures between 430-480°C, indicating that this is the ideal temper-
ature for surface ordering. The observed shape and pattern is consistent with expected values and
understanding of the lattice parameters. Additionally, Figure 13 displays observed LEED patterns
at a range of beam energies between 20-100 eV. The observed pattern becomes more defined the
greater the energy of the beam, though there are diminishing returns following approximately 60
eV. The shape and pattern produced through this method is also consistent with expectations and

known values.

3.3 Surface Chemical Composition
3.3.1 XPS

To determine the chemical composition of the (100) surface of InzNip, XPS was used. An example
of a spectra is shown in Figure 14. Integrating the measured intensity of the the In 3d5,, and Ni
2p3/o peaks within the XPS spectra at a range of angles between 0-70° allows for determination
of the atomic composition observed. The measurements were taken after the atomic surface was
annealed and sputtered at 560°C. By analysing this data, it can provide an indication of which ele-

14
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Figure 13: LEED patterns of IngNiy observed at a range of different beam energies.
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Figure 14: The XPS spectra for IngNis at 0°. By measuring the area beneath the relevant peaks,
atomic composition of the surface layers can be deduced.

ment preferentially segregates to the surface and thus gives a clearer indication of which materials
are more present in the upper layers of the compound. Shallow angles, such as around 15°, do not
penetrate far into the substance (around 1-2 nm) and therefore indicate which elements are present
nearer the surface. Steeper angles up to 90° collect electrons from deeper within the compound.
Distinguishing between the two and observing trends is vital to understand if the sputter-anneal
process reveals one type of atom preferentially to the other.

Figure 15 represents the findings of this data. The dotted blue and red lines indicate the bulk
composition of Ni and In respectively. The measured atomic compositions display that the pro-
portion of Ni present at the surface is significantly higher than in the bulk. This is optimistic, as
it indicates that the (100) surface of IngNiy contains a higher proportion of Ni, which is the more
catalytically active element.

4 Summary

I investigated the atomic structure and chemical composition of the (100) surface of the intermetallic
compound IngNiy, using scanning tunneling microscopy (STM), low-energy electron diffraction
(LEED), and x-ray photoelectron spectroscopy (XPS). The LEED patterns observed displayed a
surface symmetry of (1 x 1), which was reinforced by high-resolution imaging of the atomic surface
through STM images following transformation using self-correlation or a Fast Fourier Transform

16
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Figure 15: The chemical composition of the (100) surface of IngNiy at a variety of measured angles.
The atomic composition was measured using the integrated intensity of the In 3ds/5 and Ni 2p3/9
peaks observed in the x-ray photoelectron spectroscopy spectra. The bulk composition of In is

represented by the red dotted line, and the composition of Ni is represented by the blue dotted
line.
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filter. Analysing the planar distances of the step-terrace morphology produced by annealing the
atomic surface at high temperatures indicated it is most likely that the termination surface is the
pure In plane. This is as a result of the most common step height being a full unit cell length,
indicating termination between stable planes. Furthermore, atomic resolution analysis of the atomic
surface revealed spacing consistent with the atomic spacing between In atoms, further indicating
the termination plane is pure In. XPS analysis of angle dependency suggested that the (100)
surface of IngNia has a notably higher proportion of Ni than the bulk composition after annealing
at 560°C, indicating that it has promising potential as a catalyst due to the high composition of
the more catalytically active element.

4.1 Future Work

In this project I attempted to determine the termination InsNis using STM, but results could not
be entirely verified as a result of the uniform planar distances. In future, low-energy ion scattering
could be used to provide a clearer picture of the chemical composition of the very surface layer,
indicating whether it is composed of pure In or mixed Ni and In.
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Figure 16: A number of STM images used during analysis.

6 Appendix

6.1 Project Proposal (submitted Week 2)

Tom Bonnar PHYS379 Project Outline

Intermetallic compounds have been found to possess optimistic properties in use as heterogeneous
catalysis and coating, both of which can be attributed to surface phenomena. To ensure that these
properties are most effectively utilised, it is vital to understand how they operate on an atomic scale
by collecting and analysing data. My project will be to analyse the surface of the (100) Ni2In3 IMC
and obtain necessary information to better understand its surface structure and chemical compo-
sition. I will use scanning tunnelling microscopy (STM), low-energy electron diffraction (LEED),
and x-ray photoelectron spectroscopy (XPS) to characterise the surface atomic structure of the
IMC.

6.2 Project Description

A number of techniques to investigate the atoms on the surface of an Indium-Nickel intermetallic
compound were used. The goal was to find the type of atoms on the very surface layer. If Nickel,
which is good for catalytic reactions, was found, it means that the compound has optimistic
properties as a replacement for more expensive and less environmentally friendly metal catalysts
currently being used. It was determined that Nickel was not present on the topmost layer, but
is closely bonded to the surface atoms. This suggests that the compound being investigated has

properties we were hoping to find during this investigation.

6.3 STM Images
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5 Sep 12 13.30.41 2024 [5-7] STM_AtomM 1 Sep 12 13.45.13 2024 [5-8] STM_AtomM 2 Sep 10 17.57.38 2024 [48-4] STM_Atom) 3 May 24 14.33.35 2023 [28-1] STM_Atomd
0nm x 30nm 30nm x 30nm 30nm x 30nm 30nm x 30nm
ov ov ov ov

Figure 17: A number of STM images used during analysis.

1 Sep 12 12.21.28 2024 [4-8] STM_AtomM u Sep 12 13.06.25 2024 [5-1] STM_AtomM v Sep 12 13.23.03 2024 [5-4] STM_AtomM u Sep 12 13.34.08 2024 [5-6] STM_AtomM
Onm x 30nm 30nm x 30nm 30nm x 30nm 30nm x 30nm
ov ov ov ov

Figure 18: A number of STM images used during analysis.
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May 24 17.00.43 2023 [124-1] STM_Atom d Sep 11 16.12.18 2024 [17-1] STM_Atom) May 24 17.44.13 2023 [160-1] STM_AtomD 1 Sep 11 15.33.50 2024 [1-1] STM_AtomMz
30nm x 30nm 50nm x 50nm 50nm x 50nm 100nm x 100am
ov ov ov ov

Figure 19: A number of STM images used during analysis.
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May 24 17.23.52 2023 [156-1] STM_Atom) May 24 17.23.57 2023 [156-2] STM_Atom) May 24 17.20.56 2023 [161-1] STM_Atom) May 24 17.30.07 2023 [161-2] STM_AtomM
30nm x 30nm 30nm x 30nm 50nm x 50nm 30nm x 30nm
ov ov ov ov

May 24 17 3957 2023 [168-1] STM_Atom) May 24 17 40 11 2023 [168-2] STM_Atom\ 1ay 24 17.40.11 2023 [168-2] stm_atomman May 24 17.44 13 2023 [169-1] STM_Atom)
'0nm x 70nm 50nm x 30nm 50nm x 50nm 30nm x 50nm
oV oV ov ov

Figure 20: A number of STM images used during analysis.
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May 24 14.10.46 2023 [22-2] STM_AtomM May 24 14.26.55 2023 [26-1] STM_Atom May 24 14.33.35 2023 [28-1] STM_AtomM May 24 14.33.44 2023 [28-2] STM_AtomM
1.0A x 1.0A 50nm x 50nm 30nm x 30nm 20nm x 20nm

ov ov ov ov

May 24 14.37.32 2023 [29-1] STI\LAtcvml\;l May 24 14.37.42 2023 [29-2] STM_AtomM May 24 14.55.28 2023 [30-1] STM_AtomM May 24 14.55.35 2023 [30-2] STM_AtomM
20nm x 20nm 100nm x 100nm 110nm x 110nm 30nm x 30nm
ov ov ov ov

Figure 21: A number of STM images used during analysis.
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6.4 Tables

5.04 4.7) 463
4.27 4.19|

4.61 4.61 4.58

vertical 5.29 5.3
4.22 4.24] 4.15|

horizontal unable to resolve unable to resolve unable to resolve

Figure 22: Atomic spacing raw data.
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Step Heigll Image1 | Image2 | Image3 | Image4 | Imaged | Image6 | Image7 | Image8 | Image9 |Image 10 | Image 11 | Image 12 | Image 13
1| 023 o023 oan 04| 0389 0405 0299] 0219 o0379] o207 o03a] o371 o416
2| 0229 0231 0415 0398 0378 042] 0283 0228 0385 0223 0334 0385 0373
3| 0224 0235 0415 0382 0373 0407] o0275| 0216 0382 023 0337 039 039
a| o238 o025 0411 o037 0387 0.278| 0228 o03ss| 0231 0331 o038 03
5| 023 0.376 0415 0283 0222 0.323
6 0.382 0.387| 0275|0212 0.343
7 0.376 0.278| 0219 0.334
8 0.283) 0222
9 0.225
avg 0.2332] 0.23125]  0.413] _ 0.384] 0.379333| 04035 0.28175] 0.221222] 0.3835] 0.22425] 0.334571| 0.38325| 0.38725
sid 0.005776| 0.003897| _ 0.002[ 0.009914] 0.006944] 0.012672] 0.007259] 0.00505] 0.003354] 0.010986| 0.00602| 0.008555] 0.018267
Corrected| 0.269276] 0.267024] 0.476891] 0.443405] 0.438016] 0.465922[[01325884| 0.255445| 0.442628] 0.256942[[10:88639] 0.442539] 0.447156
Figure 23: Step height analysis raw data.
Angle Error In 3d Error Ni 2p Error
o 05 41 .39 0.6 58.61 0.73
15 0.5 39.16 0.95 20.84 124
30 0.5 49.89 1.26 50.11 1.26
45 0.5 45.26 15 5474 1.68
B0 0.5 23.99 1.35 76.01 2.68
70 05 3435 2.47 65.65 3.64

Figure 24: XPS analysis results table.
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