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Abstract

Inter-metallic compounds have shown promising properties especially for use as
heterogeneous catalysts. They have been found to be more stable and have better
selectivity than similar alloy or pure metal catalysts. For an inter-metallic catalyst
to be most effective it must be optimised, for this to take place information on the
properties is needed. In this project, analysis of the (001) surface of the GazNi,
inter-metallic is used to obtain information on the surface structure and chemical
composition. Different methods of investigation were completed, these were low
energy electron diffraction (LEED), scanning tunnelling microscopy (STM) and x-
ray photo-electron spectroscopy. The surface was prepared by sputtering of Argon
ions and subsequent annealing. This was completed under ultra-high vacuum con-
ditions. Both LEED and STM showed no signs of reconstruction of the surface. STM
also showed step heights that indicate Nickle termination. From XPS it was seen that
gallium was preferentially removed from the surface during sputtering and that an-
nealing facilitated diffusion of bulk gallium to the surface. Using the air-exposed and
oxidation results it was seen that only Gallium oxidises. Using the STM results and
that fact there is no reconstruction it can be said that the catalyst terminates with a
nickle plane which is the catalytically active component.
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1 Introduction

Inter-metallic compounds form crystals which are either fully or partially ordered and
have a different atomic structure from that of the constituent elements. The unique bond-
ing of inter-metallic (a combination of covalent and ionic) along with the presence of elec-
trons results in exciting combinations of crystal and electronic structures for potential
applications as catalysts and in surface chemistry[1]. However, the chemical properties
of certain inter-metallic compounds, such as Ga3Ni, has only been scarcely investigated.

Inter-metallic compounds have been found to be attractive candidate for heterogeneous
catalysts due to their increased selectivity to specific reactions and their better long-term
stability compared to pure or alloyed metals. This increased stability is due to lower
heats of formation compared to unordered alloy counterparts and the selectivity is due
to the increase in active sites as a result of being ordered[2]. They are of much lower cost
as they consist of non-precious metals and therefore can replace precious metal based
catalysts[3]. Since heterogeneous catalysis takes place on the surface of materials, high
specific surfaces of the inter-metallic compounds are needed that can be achieved by
synthesis of nano-particles [4].

The discovery of a Ga—Ni catalysts to facilitate the hydrogenation of CO, to methanol at
atmospheric pressure [5] is an amazing example of one of these catalysts. With climate
change being a particularly large concern world-wide the possibility of having a catalyst
and can be a part of green energy fuel cell [5] is exciting. For this catalyst to be optimised,
detailed information on its surface is required. Single crystals are needed for the study of
the surface and to understand in more detail the catalytic activity. This is due to many of
the techniques needing larger single crystal to determine crystal structure of the surface
and intrinsic properties[6].

2 Experimental details

All experimental data was taken previous to this project, with this project focusing on the
analysis of such. Here the types of analysis and reasons for their use has been described.

2.1 Ultra-high vacuum (UHV)

The experiments were performed in ultra-high vacuum, this is to reduce the contamina-
tion, as having an extremely low concentration of contaminates in the chamber, reduces
any reaction rate such as oxidation significantly. Ensuring the sample can be as pure as
possible, whilst the data is being taken. The UHV is also necessary for data collection
as the electrons and photons that the detectors use interact with air which distort any
results. The UHV consists of a stainless-steel main body and metal seals. There are 4
pumps in the system: the Turbo pump, with the Rotary as a backing pump, which bring
the chamber to a high-vacuum, the ion pump which brings the system into a UHV and
the TSP which is a sublimation pump that works to maintain the UHV.
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2.2 Surface preparation

For the analytical methods being used a clean surface is required. The single crystal pro-
vided was cut and polished with diamond paste however this did leave an oxidation layer
caused by air exposure. Obtaining a clean or native surface is important as oxidation also
affects the performance of the catalyst as the number of active sites has been reduced[7].
To obtain a clean surface the crystal undergoes ion bombardment of Argon. This leaves
a rough surface, to obtain a smoother surface the crystal is then annealed, this is usu-
ally below or close to the bulk melting point. This annealing facilitates diffusion of bulk
atoms to the surface which removes the defects. It also facilitates the removal of Argon
embedded on surface from sputtering. This was completed at different temperatures, so
a range of analysis could take place to determine the best temperature to anneal at. This
process is commonly referred to as sputter-anneal and is illustrated in Figure

Ar®
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e
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Surface with oxide Sputtering Surface rough and Annealing Clean surface
layer pitted

Figure 1: Visual explanation of sputter-anneal.

2.3 Low energy electron diffraction (LEED)

LEED, provides information on the structure and form of the surface, from the LEED
pattern which is simply the reciprocal of the conventional lattice. To obtain the pattern
electrons emitted from a hot element are accelerated in a drift tube to the required en-
ergy before impacting on the sample. The electrons are backs-scattered from the crystal’s
surface in the preferred directions according the Bragg diffraction conditions. These elec-
trons are collected on a florescent screen, which is at a high positive voltage to accelerate
electrons to a sufficiently high energy to cause the emission of light, this can be seen in
Figure 2| These diffracted electrons produce a pattern of bright spots, this is the LEED
pattern, which is recorded by a camera. For LEED to be correctly analysed a calibration
with a crystal of a known lattice constant needs to be completed, in this case Al(111) was
used. LEED indicates whether a surface has been reconstructed to a different structure
than the bulk during the sputter-anneal process. LEED is supplemented with STM for
further information on the surface structure[8].
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Figure 2: Schematic of LEED [9].

2.4 Scanning tunneling microscopy (STM)

STM can image a surface using a tip. This tip is atomically sharp, meaning there is only
one atom at the point. To effectively scan the surface this tip can move in 3-directions
with atomic accuracy. Bringing the tip very close to the surface (about Inm) and applying
a bias voltage results in electrons tunnelling through the vacuum barrier due to quan-
tum tunneling. Then by moving the tip across the surface a tunneling current can be
measured which is proportional to the local density of state at Fermi level. For the anal-
ysis of this crystal a constant current mode was used which keeps the distance between
the tip and surface constant. When the tip approaches an edge of a plane the current
will change and the tip moves to negate this. There is also an alternative mode, constant
height which keeps the height of the tip the same, for this mode a very smooth surface is
needed to avoid damaging the tip. A diagram of how STM works can be seen in Figure
This tunneling current is then used to create a STM image, these images may then be
used to determine the termination of the crystal, which is the composition of the plane
that the crystal terminate at or simply what element is on the very top atomic layer.
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Figure 3: Diagram of STM displaying an atomically sharp tip and a simple circuit show-
ing the tunneling current is both used for distance control and imaging[10].

2.5 X-ray photo-electron spectroscopy (XPS)

XPS which works based on the photoelectric effect can fingerprint elements and provide
the chemical composition of the surface. X-ray photons are used to cause electrons to be
emitted from the crystal the kinetic energy (Ey;,) of these electrons is given by equation
The kinetic energy is measured using an electron analyser this can be seen in Figure[4}
Using known values for the work function ¢ and the energy of the x-ray photons hv, the
binding energy E; can be calculated. This is used to fingerprint the elements detected as
each element has a unique set of core values. Using literature values, the elements on the
surface can be identified. Results for XPS were taken before and after sputtering and at

the different annealing temperatures.
Exin = hv —Ep —¢ (1)

Where ¢ is the work function, Ej, binding energy and hv is the energy of x-ray photons.
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Figure 4: Diagram of XPS, showing the process by which an emitted electron is manip-
ulated so its kinetic energy can be measured using an electron analyser here labelled
"detector’ [9]].

3 Results, analysis and discussion

3.1 Modelling

Before any analysis took place firstly modelling of the structure of Gas;Ni, was com-
pleted. Vesta was primarily used for this[11]. The functions allowed for modelling of the
bulk unit cell, (001) surface and the inter-planar spacing of (001) planes. Firstly the bulk
unit cell was observed to understand the general structure of the crystal this is seen in
Figure |5| Using the lattice parameters measured from the bulk unit and relative direc-
tions, the (001) surface and spacing can be identified in relation to the bulk. From the
[001] (perpendicular to (001)) view the surface structure can be identified in Figure[6] A
measure function was used to extract the lattice constant and shape of conventional cell
of the (001) surface, including the angle seen in Figure[6] As it is not currently known
what the termination of the crystal is this was completed assuming both gallium and
nickle can be the surface layer. However as can be seen in Figure [6| the structure of both
of these is the same therefore the surface structure alone will not tell us the termination
of the surface. From the [100] (parallel) view, different values for inter-planar spacing
between (001) planes (examples indicated by orange boxes) were measured as seen in
Figure[7]these different values can help determine the termination of surface as the val-
ues for gallium and nickle differ. This is what will be measured from the STM images.
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Figure 5: Bulk unit cell of Ga3;Ni, with lattice parameters measured and relative direc-
tions shown.
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Figure 6: [001] view of the (001) plane of GazNi, with both possible gallium and nickle
termination shown alongside their measured rhombus shaped conventional unit cells.
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Figure 7: [100] view of the (001) plane of Ga;Ni, showing the different inter planar
spacing’s for gallium and nickel. With orange boxes indicating potential terminations or
(001) planes, any plane parallel to these boxes are also possible.

3.2 LEED

For LEED another piece of software was used for the modelling of a predicted LEED
pattern; LEEDpat4. This software required inputs of the lattice constants of a conven-
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tional unit cell, the angle between and its shape all of which were provided by the Vesta
model in Figure[6] (Note LEEDpat4 defines a rhombus like shape as oblique). As the
cells for gallium and nickle are identical their predicted LEED patterns will be identical.
To determine the length of a reciprocal unit cell within the LEED pattern, as LEEDpat4
does not provide lengths, equation 2] was used. The model of the LEED pattern and the
calculated reciprocal lattice vectors can be seen in Figure

27

Where a is the lattice constant, 0 is the angle and A is the reciprocal lattice vector.

L 1.79A1

1.79A1(®

Figure 8: Model of predicted LEED pattern of Ga;Ni, with highlighted rhombus conven-
tional unit cell of reciprocal lattice and annotated reciprocal lattice vectors.

A range of LEED patterns was taken from 0eV to 200eV with a step of 1eV. These images
were put together into a gif file. Using a software called Image] with the plugin spectra
view to easyLEED and inputting the parameters mentioned the gif can be converted into
a kind of slide show. Using this its possible to scroll through the LEED pattern at different
energies selecting the clearest possible image. The image selected from GazNi, which is
in Figure[9was at 47eV. For the calibration an image of the same energy is required using
the same process the 47eV image of Al(111) was extracted and is also seen in Figure [9]
These were then both put into the Inkscape software. The images must be of the same
‘real’” size for measurements to take place. This was done drawing a pink circle around
the centre apparatus in the Ga3Ni, and using an exact size copy to adjust and line up the
Al(111) image seen in Figure[9
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Figure 9: LEED pattern of GazNi,(001) and Al(111) at 47eV with the pink circle used to
ensure the images are of the same ’real’ size. The reciprocal lattice vectors measured in
pixels of Ga3Ni,(001) and Al(111) is 149.24 and 199.71 respectively.

Using a model of Al[12] in Vesta and manipulating it for the (111) plane then the con-
ventional cell was found. It was measured and used with equation |2| to calculate the
reciprocal lattice vector of Al(111). This conventional cell can be seen in the appendix.

The reciprocal lattice vector of Al(111) was calculated to be:
A= 254647

Using this value to determine the distance per pixel the reciprocal lattice vector of GazNi, (001
was calculated to be:
A=1908A"

A value relative close to the modelled one in Figure[8| Using this and the fact the pattern
for Ga;Ni, in Figure [9 matches the modelled pattern in Figure [§]it can be concluded
that there is no surface reconstruction. Meaning after sputter-anneal the surface did not
change structure. This shows that the structure of the surface is of that shown in Figure
[6|but unfortunately as stated before just knowing this does not establish whether the top
layer is gallium or nickle. This is something STM helps to establish.

There are many factors in LEED that can effect the measurement of the reciprocal lattice
vector and whilst this does give a close value there are other methods such as STM which
uses a wider range of data and can obtain more accurate results. Due to this LEED should
only really be used to establish the structure and form of the very top layer and whilst
STM is also able to this it take a much longer time.

3.3 STM

3.3.1 Step height

For STM a different software program was required, WSxM [13]]. This software allowed
for in depth analysis of the STM images. The images display layers or planes and the
height difference of these is the step height or inter-planar spacing, a 3D image is shown
in Figure[10]where these layers are seen and one measured to show the scale. Two partic-

10
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ular types of analysis were completed for the measuring of step heights: line scans and
histograms. An example of the histogram method, which also highlights the flattening
required for both histograms and line scan, can be seen in Figure 11| with each of the
different colours indicating a plane. For the histogram distance between the peaks is the
value of the step height an example measurement can be seen in the histogram in Figure
An example of the line scan can be seen in Figure [[2] with again the different layers
referring to different layers. The line seen in this image crossing over 4 planes and the
3 steps between them measured. These processes were completed across 6 different im-
ages which are in the appendix for a total of 122 steps. With the tunnelling current being
0-0.186nA and bias voltage being 0-1V.

Figure 10: 3D image of an STM scan to show layers of the (001) planes of Ga;Ni, with
one measured to indicate scale.

160

140

120 4

<100
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Figure 11: Histogram example of Ga3Ni, (001) inter-planar spacing showing flattening
and outputted histogram with an example measurement.

11



Alfredo Tarttelin

University of Liverpool

201454322

[ 8nm
T Tl

1.2+
10 5.04A
0.8
E
<06+
-
5 1.65A
T 044
0.2+
3.39A
0.0 3
T T T T -
0 10 20 30 40 50
Length (nm)

Figure 12: Line scan example of GasNi, (001) inter-planar spacing with measured step

heights

To determine the termination at the surface, all the values for the inter-planar spacing
were plotted on a histogram and compared with the values from the model in Figure

This histogram is seen in Figure
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Figure 13: Histogram showing STM inter-planar results of Ga;Ni, with horizontal lines

showing predicted model values from Figure assuming nickle termination.

As can be seen in Figure[13|the highest peaks of the histogram line up with the expected
model values for inter-planar spacing of nickle from Figure [7] It is also seen from the
example line-scan in Figure [12]that the values recorded were relatively consistent with
the model values for nickle. Proving that in fact the (001) Ga3Ni, inter-metallic catalyst
terminates with nickle planes. This nickle termination is exciting, as nickle is the active

catalytic component (7.

If the crystal terminated with Gallium, significant peaks would be expected at 1.83A and
1.22A due to the model in Figureand this is not the case. There is a significant amount

12
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of results around 5-5.5A. As the measurements can be taken across a large edge of the
step there is a variation in results. There are also issues with small steps, as their small
area meant that in both the line scan and histogram analysis it was difficult to get a flat
line or sharp peak to obtain a ‘good’ measurement.

3.3.2 High resolution

Using the Fourier transform function the lattice constant can be extracted from the high
resolution images in two ways. The quick method, which is to use the function and
simply measure the visible 'LEED’ pattern as seen in Figure [I4]and then use equation 3|

to calculate the lattice constant. .

¢ :k~sin(9)

Where k is the k-vector, a is the lattice constant and 6 is the angle between vectors.

(3)

Figure 14: On the left is a High resolution STM image of Ga;Ni, (001) surface with noise
removed and flattened. On the right is the Fourier transform of this high resolution
image, focused on the "LEED’ pattern with the spots highlighted.

Completing this quick method for 3 images and then taking the average gives the value
of the lattice constant from the quick method as:

a = 3.94 +0.103 A

Focusing the Fourier transform image to only include the spots highlighted in Figure
and cutting out everything else an inverse Fourier transform can be plotted that displays
the surface structure and can be measured to obtain the lattice constant. An example of
this image with the model structure superimposed can be seen in Figure

13
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Figure 15: Inverse Fourier transform image with model superimposed to show relevance
to surface structure.

Using the same line scan function seen in Figure[I2} measurements were taken along the
lattice lengths. This method was used for 3 images with 256 lattice lengths measured.
Another method of self-correlation where the centre of the Fourier transform in Figure
[15)is cut, converted into a high resolution image and the self-correlation function applied
was also completed using the same measuring technique however only for 2 images and
22 lattice lengths were measured these were included in the results. An image from
self-correlation in the appendix. Taking the average of all the lattice lengths:

a =399 +0.21 A

From the FFT data it can be assumed there is no surface reconstruction as the surface seen
in Figure [15 with the overlaid image for reference is the same of that of the model. The
values found for the lattice constant were relatively close to those shown in the model
in Figure [ however the more in depth method does have a slightly closer value and is
based on a much large set of data making it more reliable than the ‘quick’ value. Some of
these images had some blurring to them therefore care had to be taken to select the right
regions for measurements to take place to attempt at getting the most accurate results.
From the fact the structure matches with the model and that the lattice constants are
relatively close to the modelled value it is said that the results agree with the model and
that there is no reconstruction of the surface. This confirms the previous result from
LEED.

3.4 XPS

For XPS another software program was required this is CasaXPS[14]. This allowed for
controlled analysis of XPS data. There were two types of data wide and focused scans.
The wide scans provided a good picture of what elements were present after certain

14
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treatments whilst focused scans showed exact peak position core levels and can be used
to calculate composition. Two sets of data have been used in the XPS section of this
project the first used an aluminium source and the second magnesium. This was due to
the fact that after analysis was complete it was seen that there was oxygen present even
after sputter-anneal. Therefore a different data set had to be analysed to obtain reliable
results. Also due to this, an oxidation result was used. Whilst oxidation results are
not a focus of this project, this was used to analyse the oxidation of gallium and nickle.
The oxidation process simply uses a clean surface and subjects it to an exposure of pure
oxygen measure in units of Langmuir (1L = 1.6x107° mbar-s) for the oxidation data
used this was 13300L. A set of wide data scans is shown in Figure

571°C
——410°C
Ga 2pj, OKLL Ni2p, NiLMM O1s GalMM c1s |——336°C
CKLL Ga 2p,, Ni 2ps, Oxidation
Sputter
oy —— Air Exposed
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b
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/
L
f
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Binding energy (eV)

Figure 16: Stacked wide scan XPS with peaks identified from literature core levels [15]
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From the wide scans in Figure [16|it can be seen that after sputtering both carbon and
oxygen are no longer seen. However a small oxygen peak can be seen in the subsequent
annealing temperatures. Proving there was still some oxygen present. However this
graph does show very clearly that after sputtering and subsequent annealing the ampli-
tude the gallium peaks increases which would indicate a higher gallium composition to
confirm this in depth analysis was required. For this in depth analysis, focused scans of
the elements the peaks were fitted. This fitting outputted the peaks’ peak position and
its area. This was an involved process as with the air exposed and oxidation the peaks
recorded could be a combination of two peaks a pure and an oxidised as example of this
is shown in Figure[17} For this fitting process the background was defined as Shirley and
a function that is combination of Gaussian-Lorentzian was used to fit the peaks.

Combined peak
Ga 2p;, in Ga,0,
; Ga 2p;),
20000 4 // \ Background
[\ Raw data
/ \
// \
3 /
s‘/ (,
@ 15000 -
= \\
=} \
3 \
(&) N\
10000
T 1
1120 1110
Binding energy (eV)

Figure 17: Focused scan of Ga 2ps with fitted peaks after air exposure, Shirley back-
ground and raw data. Showing how the separate peaks appear as one.

When a set of these peaks is stacked a shift in peak position can be seen, this is plotted
in Figure [18|for both gallium and nickle.

16
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Figure 18: Stacked fitted peaks of XPS showing the peak position shift of gallium and
nickle. With clear peak position shift for gallium from air exposed to 571C° annealed.

Extracting the peak position of the different treatments, a table was used to compare to

literature values[15].

571¢C

Ga2p,;,
Ga2p,,
Ni2p,,
Ni 2p

Peak Position (eV)
Literature |Air Exposed Sputtered Oxidised
1144 1145.73 114353 1143.8
1117 1118.75 1116.68 1116.8
870 N/A 870 870.5
853 N/A 852.85  853.2

1143.6
1116.8
870.2

853.2

Figure 19: Table showing peak positions of various core levels compared to literature val-
ues [15]]. No air exposed values could be reliably obtained for Nickle hence the oxidation

data.

In Figure[19]it can be seen that even after sputtering and annealing at 571C° the values

recorded do not match that of the literature. This is because when an element is in a

different structure such as an inter-metallic its binding energy can change slightly. This

17
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is also true when an element is oxidised and from the results in Figure [19| this would
indicate that gallium may have oxidised as its air exposed results differ to the 571C° an-
nealed value. Extracting the area of the peaks and taking it as the intensity, the chemical

composition can be calculated using equation

B
z((4)- (%)

Where I is the XPS intensity (area of peak) of either the i*/ or j elements and S is the

" element % of compound = 100-

photo-emission cross-section of either the i’" or j' elements [16].

With these compositions calculated they were plotted so a comparison of the various
treatments of the composition can be seen. Due to the presence of oxygen the com-
position was plotted twice the plot showing with the contamination can be seen in the
appendix. The plotted composition with the clean data is seen in Figure[21] The oxidised
data is shown as a table in Figure

Oxidation
Gallium Nickle
Oxidised Pure Pure
60.69% 2.02% 37.29%

Figure 20: Table of XPS composition Oxidation showing no nickle oxidation.

This oxidation data proves that nickle does not oxidise and in fact only gallium does.
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Figure 21: Scatter showing the composition change due to sputtering and increases an-
nealing temperatures with the bulk composition indicated.

From Figure [21]it can be stated that gallium is preferentially removed this is as before

18
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sputtering the composition would be similar to that of the bulk therefore gallium will
go from 60% to 53% losing 7% whilst nickle will go from 40% to 47% gaining 7%. Fac-
tors that determine preferential removal are the atomic weight, surface free energy and
bonding energy. An element will likely be preferentially removed if it has lower values
of these factors[17,[18],[19]. It cannot be due to atomic weight as gallium is heavier than
nickle however it could be due to surface free energy. The surface free energy of close-
packed surface of gallium body-centred tetragonol is 0.661]m 2 whereas close-packed
surface nickle face-centred cubic is 2.011]m~2. From the sputtering result to subsequent
annealing it is seen that gallium goes from 53% to 84% and nickle from 47% to 16%
and mostly stable as the annealing temperature increases. The increase in gallium com-
position is due to the annealing process and diffusion of gallium to the surface. This is
consistent with nickle being top layer as seen from the model in Figure[7|the nickle layer
highlighted by the orange box has 2 subsequent layers of gallium below this can be as-
sumed as there is no reconstruction and as XPS data is of the top few layers the 571C°
composition would be consistent with a top nickle layer and 2 gallium layers.

4 Summary

In this project the surface structure and chemical composition of the (001) surface of
GazNi, inter-metallic catalyst was investigated using Low energy electron diffraction
(LEED), scanning tunneling microscopy (STM) and X-ray photo-electron spectroscopy
(XPS). In the first section of this project the surface structure was analysed and there
was found to be no reconstruction a result backed up by both LEED and STM. STM step
height results were consistent with nickle termination from the model. From XPS it was
seen that gallium was preferentially removed from the surface by sputtering and that
annealing facilitates diffusion of bulk gallium to the surface. The composition from XPS
also backs up the idea of nickle termination. Therefore it can be concluded that the sur-
face most likely terminates with a nickle plane. Which is very useful in the optimisation
of the catalyst as nickle is the catalytically active component of Ga3Ni,.
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6 Appendix

6.1 Error equations
Consistency check: Standard error:

o2

Ax = —
n

Where ¢ is the standard deviation and n is number of data points.

6.2 STM images

6.2.1 Normal

Figure 22: STM Image m1-ori
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Figure 23: STM Image m1-Z RetraceUp Thu Jun 02 17.26.21 2022 [33-1]

Figure 24: STM Image m1-Z RetraceUp Thu Jun 02 18.09.55 2022 [41-1]
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Figure 26: STM Image m5-ori
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Figure 27: STM Image m6-ori

6.2.2 High resolution

Figure 28: STM High-res Image m1-Z RetraceUp Thu Jun 02 15.15.59 2022 [17-6]
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Figure 30: STM High-res Image m1-Z RetraceUp Thu Jun 02 15.31.46 2022 [17-10]
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Figure 31: STM self correlation image
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Figure 32
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Figure 33: STM lattice constant data.
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Number Total length Averaged
ml_Z RetracelUp Thu Jun 02 15.15.59 2022 [17-6]
STM_AtomManipulation STM, 'Mormal’
K- vector: 2.940nm’, a = 3.928A
Up-down 23 9.104nm 3.958A
Up-down-2 23 9.109nm 3.960A
Diagonal SW 24 9.341nm 3.8924
Diagonal SE 22 8.902nm 4.0464
" Self correclation
6 2.391nm 3.985A
4 1.558nm 3.895A
ml_Z RetraceUp Thu Jun 02 15.23.53 2022 [17-8]
STM_AtomManipulation 5TM, 'Normal’
K- vector : 2.964nm 4, a = 3.896A
Up-down 13 5.205nm 4.004A
Up-down-2 15 6.065nm 4.043A
Diagonal SW 13 5.105nm 3.927A
Diagonal SE 17 6.856nm 4.033A
" Self correclation
7 2.795nm 3.993A
5 1.923nm 3.846A
ml_7 RetraceUp Thu Jun 02 15.31.46 2022 [17-
10] STM_AtomManipulation STM, 'Normal’
K- vector : 2.983nm ™, a = 3.872A
Up-down 27 10.967nm 4.062A
Up-down-2 29 11.713nm 4.039A
Diagonal SW 28 10.821nm 3.865A
Diagonal SE 22 9.077nm 4.126A
" Self correclation
N/A N/A N/A
Total: 3.99A
Error: 0.21A
Quick Total: 3.94A
Error: 0.10A
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XPS composition data from set 1.

Figure 34
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XPS composition data from set 1.

Figure 35
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XPS composition data from set 2.

Figure 36
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6.4 Other diagrams
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Figure 38: Composition from XPS of contaminated data

6.5 Literature review, project plan and risk assessment

6.5.1 Literature review
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Literature Review

Alfredo Tarttelin (201454322)
Advisor: Hem Raj Sharma
Department of Physics, University of Liverpool

05/04/2024

1 Introduction

1.1 Background

Climate change is a very pressing issue in today’s world especially the presence
of CO; in the atmosphere as a result of combustion. Inter-metallic catalysts is a
developing area which could provide solutions to these problems not only as they
have unusual bonding and scarcely investigated chemical properties but they are
also constructed of non-precious metals greatly reducing any costs.[1] The dis-
covery of a Ga-Ni catalyst that facilitates the hydrogenation of CO, to methanol
could be one of these solutions.[2] This is as the crystal could be used in a fuel
cell which is carbon neutral.

1.2 Objective

In this project the Ga;Ni, crystal surface will be investigated, data from this can
be used to optimise its use as a catalyst. For this investigation a single crystal is
required, several techniques are used LEED, XPS and STM. This literature review
will look into the existing text on the GasNi, crystal and the techniques being
used.

2 Discussion of literature

This section will detail the main sources of research including the inspiration for
this project. This should give some context and outline the motivation.
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2.1 Source1 [2]

This academic paper was written by 8 physicists and published in Nature Chem-
istry. A Ni-Ga crystal was discovered to be a catalyst in the reduction of CO,
to methanol at ambient pressure. Three Ni-Ga crystals were analysed Ni3;Ga,
NisGajz and NiGa. These catalysts were not optimised. It also outlines the po-
tential use of the crystal for green energy particularly a fuel cell and the fact
the catalyst is based on non-precious inexpensive metals. Issues that could arise
and that need to be analysed are the potential poisoning of the catalyst in the
environment.

2.2 Source 2 [3]

This academic paper was written by 3 physicists and was accepted into the Jour-
nal of Crystal Growth. The report focuses on the fact that heterogeneous cata-
lysts which contain precious metals are expensive and that inter-metallic crystals
have increased selectivity to specific reactions and their better long-term stabil-
ity compared to pure or alloyed metals. It also details the discovery in Source
1 and that Ga3Nis is a particularly active and selective catalyst but cannot be
grown from a binary liquid phase. There is only one line compound of fixed
stoichiometry, namely Ga3Ni, that is in equilibrium with a binary Ga-Ni melt.
Its catalytic activity has not been tested so far in the published study [2] single
crystals are not necessary for industrial use they are needed for surface anal-
ysis. Whilst the for the first time cm-size single crystals of the binary inter-
metallic compound GazNi, were grown.High-temperature solution growth using
the Czochralski technique.

2.3 Source 3 [4]

This academic paper was written by 9 physicists and was accepted into the Jour-
nal of Analytical Science and Technology. Air-exposure can be an issues for many
materials, therefore the effect of air exposure on the inter-metallic catalyst has
been analysed. This was done using the x-ray photo spectroscopy (XPS) method.
XPS gives elemental composition and chemical bonding (oxide or metal) useful to
determine the composition of oxide on the surface. It is found that air-exposure
does oxidise the surface this oxide reduces the number of active sites and there-
fore the performance of the catalyst.To remove an oxide layer sputtering is used
followed by annealing. However depth of sputtering and temperature of anneal-
ing are important factors. The XPS analysis is done both pre and post sputter-
annealing and in a ultra-high vacuum (UHV) this reduces any reactivity time to
longer than any acquisition time. It was observed that an annealing temperature
of over 300°C is needed and that there is increased conversion at 600°C
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2.4 Inter-metallic catalysts [1]

Inter-metallic compounds form crystals which are partially or fully ordered and
different from constituent elements. The unusual bonding of combinations of
ionic and covalent with the presence of conducting electrons results in attractive
combinations of crystallographic and electronic structures for potential applica-
tions in catalysis and surface chemistry. So far, the chemical properties of inter-
metallic compounds are only scarcely investigated. due to the developing field of
these "Inter-metallic catalysts’ and large single crystals. This paper was written
by 3 physicist and published into Science and Technology of Advanced Materials.

2.5 Low energy electron diffraction (LEED)

LEED is used to analyse the surface structure and can be used with most materi-
als including inter-metallic compounds. LEED requires surface preparation such
as sputtering and annealing. Professionally written and published in NATO ASI
Science..[5]

LEED patterns display the reciprocal lattice. As the LEED method does not re-
veal arrangement of atoms in cells of the surface crystalline structure it is sup-
plemented with other techniques such as electron microscopy e.g. STM. Written
by 3 physicists and published in Computational Materials Science.[6]

2.6 Scanning tunneling microscopy (STM)

STM can create an atomically accurate image of a surface using an atomically
sharp tip. STM data requires detailed analysis unlike LEED. Due to its unique
features manipulation on the atomic scale is being explored, such as determining
the catalytic surface. The surface must be clean for analysis to take place using
sputter-anneal and UHV. Written by 4 physicists and published Surface Science
Reports no reason to doubt.[7]

There are two methods to STM constant height and constant voltage. Constant
height has the issue where is the surface is not completely flat the tip can col-
lide with the surface damaging the tip and corrupting any further data. Con-
stant voltage keeps the tunneling voltage constant i.e the distance between the
tip and surface. Advantages of constant height being that the acquisition is much
quicker. [8]

3 Analysis

As this is a relatively new area of investigation there is not much in the way of any
conflicts. The area has many papers being published constantly building on each

3
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others work and refining it. One issue is that this crystal in particular has not
been widely researched therefore there is not data there to go through especially
with the surface analysis of GazNi, where other than Source 3 there is nothing.
Some of the authors of the papers are the same as stated before this is a new
research area so simply there is not many people involved this could be taken as a
potential area for mistrust but these are all scientists with extensive qualifications
and furthermore all these papers have been published into journals the process of
which includes peer review and scrutiny. This is the same for papers mentioned.

4 Conclusion

Bias is not something seen greatly in scientific papers due to the peer review and
scrutiny to get published in a journal. To provide more insight on why these
are unbiased is due to the abundances of data provided in these reports along
with the language used, which simply states previous findings, data and the clear
conclusions that can be drawn from these. With all these reasons I can say the
information I have taken from these sources is unbiased, consequently my review
is unbiased.

All this information greatly corresponds to my project and helps give context to
it. The project is analysing the surface of Ga;Ni, to optimise use of the catalyst
described in Source 1. For this analysis a single crystal is needed, the same crystal
described in Source 2. The analytical methods used are common place in the
research area, the papers I used for these help described why these methods are
being used, due to the data they provide and the necessity of the conditions.
This literature review will help me understand the reasons for each method and
the motivation for the research taking place. It also outlines that inter-metallic
catalysts surfaces have only scarcely investigated giving reason to the lack of data
available.
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6.5.2 Project proposal
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Project Proposal

Alfredo Tarttelin 201454322
Project: Surface Atomic Structure of GasNi; and InsNi; Intermetallic Catalysts
Supervisor: Hem Raj Sharma

Main Aims and Objectives:

In this project the surfaces of GasNi, and InsNi, will be investigated. As
understanding the surface structure and electronic properties is important to
optimise catalytic activities. (These crystals are used as catalysts.)

To investigate the surface atomic structure, low energy electron diffraction (LEED)
and scanning tunneling microscopy (STM) will be used.

To investigate the surface chemical composition and oxidation (electronic
properties); X-ray photoelectron spectroscopy (XPS) will be used.

The surface sample used is prepped before any data can be taken the process of
which should be researched and documented. Part of this process uses an ultra-
high vacuum.

Timeline for Project

Starting 06/11/2023 (S1 Week 7) Hand in project proposal.
Project proposal due: (10/11/2023)
(S1 Week 8) Researching preparation of surfaces,

the surfaces themselves, ultra-high
vacuum and the different types of data
taking (LEED, STM and XPS)

Discussion with Phd student and
advisor on how to use the various
software and testing/ familiarising with
the software.

(S1 Week 10) See the lab in action and how the data
Literature review due: (24/11/2013) is taken (may be a different time)
Model the surfaces in Vesta.

Start analysis of LEED.

Hand in literature review.
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Finish analysis of LEED and start

(S1 Week 1-2) analysis of XPS.
Start preparation for presentation

(S2 Week 3)

Presentation: (date TBC)

(S2 Week 4) Finish analysis of XPS and start analysis
of STM.

(52 Week 6) Finish all analysis going over all work
done and starting report)

(S2 Week 10): Report due: Hand in report

(26/04/2023)
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6.5.3 Risk assessment
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6.6 Presentation questions
Q1. How is the surface annealed? What does the STM image show?

The surface is annealed by ohmic heating where the sample is place on a sample holder
with a heater underneath. Heat is then radiated into the sample holder and brought to
a temperature close to the bulk melting point. The surface is not atomically smooth and
terminates at planes, the STM images show the surfaces and the layering or ’steps’ of
these planes.

Q2. Why is the hydrogenation of CO, important/interesting?

It is important and interesting as the hydrogenation of CO, to ethanol could be a poten-
tially carbon free fuel source and be used in green fuel cells[5]. This is important due
to the effects of climate change which are mainly caused by the emission of CO, so to
create a process by where this could be converted into a fuel source and burned whilst
keeping the overall level of CO; in the atmosphere the same would be revolutionary. The
process does have its hiccups such as it requires hydrogen which can only at the moment
be synthesised by processes which are very energy intensive. With majority of energy
still being produced by the burning of fossil fuels this posses issues.
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