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Abstract

With the increase in demand for renewable energy, understanding chemical processes is essential for improving the design
of catalysts in order to achieve better performance. This thesis summarises the experimental investigation of three types
of catalytic gold materials: gold oxide formed from gold films, oxide-derived gold (OD-Au) produced from gold films,
and gold nanoparticles supported on metal oxides. Different spectroscopic techniques were employed, such as operando
sum frequency generation (SFG) and in situ and ex situ X-ray spectroscopies. These methods allowed the probing of
the electronic and chemical states of gold after oxidising electrochemical treatments. The results indicate the presence
of subsurface gold oxide remnants after formation of OD-Au, which may help explain its improved catalytic properties
with respect to pure gold. In addition, a mathematical model to couple the early stages of gold oxide formation with the
nonlinear optical response of gold during this process is presented. This model suggests that the growth proceeds from
small oxide islands to 3D oxide growth, while SFG oxidation variation is due to the suppression of the free electron
density by negatively-charged adsorbing oxygen atoms. Gold oxide was also studied with both in situ and operando X-ray
spectroscopies, showing the importance of a continuous electrochemical treatment during measurements to avoid beam
induced effects. Furthermore, gold nanoparticles supported on metal oxides (TiO, and y-Fe,Os;) were investigated mainly
with mass spectrometry. The results indicate two different reaction pathways for oxidation of CO to CO, depending on the
type of metal oxide support. These findings could be used to help design future gold-based catalysts.
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Ai miei genitori






La chimica e una cosa che serve a tutto.
Serve a coltivarsi, serve a crescere,
serve a inserirsi in qualche modo nelle cose concrete.

Primo Levi (1919 - 1987)
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Figure 2.13: Overview of the sample holder for the EC used in HP-XPS measure-
ments.

XANES measurements in Paper III. It is a custom-made single compartment
cell made of PEEK with a gold thin film (around 5 nm) sputtered onto a
graphene sheet as WE, saturated calomel electrode (SCE, KCl saturated) as
RE, and a platinum mesh as CE. There is an aperture on one side of the EC to
let nitrogen in to saturate the electrolyte (HCIO4, 1 M). For HERFD-XANES,
the EC was located at an angle of around 45° with respect to the surface
normal, and the incident X-ray beam interacts from the back of the WE.

X-ray beam

Figure 2.14: Overview of the EC used in HERFD-XANES measurements. The
X-ray beam interacts from the back side of the sample (WE).
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2.3.4 Preparation of gold electrodes for spectroelectrochemical mea-
surements

The gold electrodes for SFG measurements have a more complicated prepa-
ration than the other electrodes because a specific shape was needed. The
electrodes are composed of gold (200 nm) on top of titanium (10 nm), the
shapes of which are shown in figure[2.12] Titanium was chosen as adhesion
layer for its good stability in large anodic potential ranges. 129! The electrodes
are fabricated using photolithography and the double layer resist lift-off tech-
nique. A quartzglass window (Infrasil 302 @, 45+0.1 mm x 2+0.1 mm optically
polished from Korth Kristalle GmbH) is first cleaned using ultrasonic frequen-
cies with a solution of methanol in Milli-Q water (1:1) in an ultrasonicator for
30 minutes. Then, the substrate undergoes a deeper cleaning with a strong
O, plasma (10 W RF bias, 250 W RF to ICP (inductively coupled plasma)
generator, p=95 mTorr) for 5 minutes. 500 nm of lift off resist (LOR7B) are
deposited by spin coating (1 minute at 4500 rpm), and soft-baked on a hot
plate for 2 minutes at 190 °C. Spin coating is repeated to deposit 1500 nm of
positive photoresist (Microposit S1813) for 1 minute at 4000 rpm, followed
by soft-baking on a hot plate for 1 minute at 100 °C. The substrate is exposed
to blue light using a maskless photolithography tool, and the pattern is devel-
oped in an MF-319 developer for 30 seconds. After this, the surface is cleaned
in soft O, plasma (10 W RF bias, 50 W RF ICP generator, p=95 mTorr) for 8
minutes. A titanium layer of 10 nm followed by a gold layer of 200 nm are
then deposided in a single vacuum cycle by electron beam evaporation. The
electrodes are lifted off in mr-Rem 700 remover overnight to eliminate LOR7B
and Microposit S1813. Then a final cleaning in a strong O, plasma (10 W RF
bias, 250 W RF ICP generator, p=95 mTorr) is done for 3 minutes.

For HP-XPS measurements, the WE consisted of gold (thickness 100 nm)
on titanium (10 nm) was deposited in a similar way as for the electrodes
for SFG measurements. The support was silicon or quartz chip (3 mm x 20
mm, thickness 1 mm) and ﬁgureshows the electrode at the end of the
preparation. For HERFD-XANES measurements, the WE was a gold thin film
(thickness ~ 5 nm) prepared by DC sputtering of Au at 5 mTorr Ar pressure
and 20 W onto graphene sheets (thickness 25 ym). Figure [2.14]depicts the
final outcome.

2.3.5 Calibration of the gold reference electrode

Before doing electrochemical measurements, the behaviour of gold as ref-
erence electrode was investigated since it belongs to the category of quasi-
reference electrode (QRE). This means that its potential does not change
during measurements but it is unknown, therefore a calibration with a true
reference electrode must be done. This consists of recording CVs of a cali-
brating redox couple first versus the QRE and then versus a true RE in the
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same conditions. The chosen internal standard is potassium ferricyanide
(Ks[Fe(CN)gl), which is very common in literature since the oxidation of
ferrocyanide ion (Fe(CN)g)*~ into ferricyanide ion (Fe(CN )6)3~ is fast and
reversible in several solvents. 141271 The Ag/AgCl electrode in saturated KCI
was chosen as true RE, and a 0.5 M of potassium ferricyanide solution was
added in 1 M of H3PO4 (pH 1), same pH used for the experimental investiga-
tions. The measurements shown in figure[2.15|were done using gold wires in
a beaker due to the design of the thin layer EC, which does not allow using the
available Ag/AgCl. The same behaviour for gold wires (bulk electrolyte) and
gold deposited on a quartz plate (thin-film electrolyte) was observed from
the CVs. Figure shows the CVs recorded with the gold RE (red curve)
together with the ones with Ag/AgCl (orange curve). The yellow and orange
vertical lines represent the mean potential (E;/,) between the currents of
the cathodic and anodic processes for both curves, also called formal poten-
tial. 14! Applying the Ag/AgCl to SHE shift, the voltage difference between
gold RE and SHE is found to be about 0.7 V.

| —Au ref.
Ag/AgCl ref.

Current (mA)

|
|
1 . y . . .

-0.2 0.0 0.2 0.4 0.6 0.8
Potential (V)

—06 -04

Figure 2.15: Comparison between Au RE and Ag/AgCl RE in presence of potas-
sium ferricyanide in 1 M H3PO,. CV scan rate: 100 mV/s.

2.4 Mass spectrometry

Mass spectrometry (MS) is used to measure the mass of chemical species
after being ionised. A typical spectrum represents the abundance of the
generated ions as a function of their mass-to-charge ratio (m/z), which is
the ion mass (m) divided by the charge (z) of the ion. The discovery of
isotopes by J. J. Thomson and his student E W. Aston in 1913 set the basis
for the development of MS. Thomson and Aston together built the first mass
spectrometer, the importance of which was immediately recognised as it was
used in the research on isotopes in the Manhattan Project.

The main components of a mass spectrometer are an ioniser, a mass
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filter, and a detector, which are sketched in figure In Paper IV an SRS
CIS300 mass spectrometer was used, where the ioniser is a heated tungsten
filament which generates electrons. These electrons are accelerated towards
a positively-charged anode and strike the sample molecules to ionise them.

IR L L L L A + Intensity

N loniser |—— Mass —| Detector |——>

. filter ) ‘ ‘

' ) | I‘ I‘l ‘ |

i Vacuum m/z

Figure 2.16: Schematic sketch of a mass spectrometer showing the main compo-
nents (ioniser, mass filter, and detector) and a representation of a conventional
spectrum is also included.

The mass filter separates the ions based on their m/z ratio, and an electric
field controls the trajectory of those ions. In the SRS CIS300, a quadrupole
mass filter is used, which has two pairs of cylindrical rods with opposite signs
parallel to one another. The working principle of which is depicted in figure
between the two pairs of rods, an electrical voltage is applied which has
a combination of DC (U) and RF (Vp) voltages. One pair of rods (in the X-Z
plane) is connected to a positive DC voltage with a superimposed sinusoidal
RF voltage, while the other pair of rods (in the Y-Z plane) is connected to a
negative DC voltage with a superimposed sinusoidal RF voltage 180° out of
phase with the first RF voltage. Ions with a lower m/z ratio gain energy from
the field in the X direction, since they are in phase with the RF component,
and their oscillatory amplitude increases until they reach the rod and get
discharged, hence only ions with higher masses are transmitted to the end of
the quadrupole to be detected. Heavier ions are unstable along the Y direction
due to the defocusing effect of the DC component, hence only ions with lower
masses are transmitted to the other side of the quadrupole and detected. The
selectivity of the mass filter is given by the DC/RF ratio: increasing DC wile
keeping RF constant defocuses heavier ions by the negative DC component.

Once the ions pass the quadrupole, they reach a detector which consists
of four macro multi-channel continuous dynode electron multipliers with
a cone attached to the front end. A potential bias on the cone accelerates
these ions towards it. Ions striking the cone at high velocities generate sec-
ondary electrons by secondary electron emission. The number of secondary
electrons is enhanced by multiple accelerations which yields even more
secondary electrons. The current generated by the secondary electrons is
proportional to the abundance of the initial ion current.

A calibration is usually needed to obtain information about the quan-
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~"Quadrupole axis

C—) —U + V,cos(wt)

-(U + V, cos(wt))

Figure 2.17: Schematic sketch of a quadrupole mass filter with its connections.
U is the amplitude of the DC voltage applied to either pair of rods, V} is the
amplitude of the RF voltage applied to either pair of rods, w is the angular
frequency of the RE

tities of reaction products from analytical characterisations such as MS. In
Paper IV, a calibration was done using a constant amount of krypton (3¢Kr)
while the concentration of CO, and H, were changed within a selected range.
Krypton was chosen as an internal standard because it does not participate in
the chemical reaction being investigated. A linear calibration curve was cal-
culated after normalising the areas of CO, (m/z=44) and H, (m/z= 2) for the
different concentrations with the area of the m/z = 86 signal corresponding
to 86Kr. This calibration curve is used to calculate the amount of the reaction
products. A baseline correction was done by subtracting a blank spectrum,
collected without the catalyst, from the spectrum after using catalyst.
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3. Summary of results

This chapter summarises the results of the articles at the beginning of the
thesis. Paper I focuses on the change of electronic structure of gold film due
to gold oxide remnants after electrochemically-formed oxide-derived gold
(OD-Au) is created from gold films. Additional investigation, both theoretical
and experimental, was done to better understand the change of electronic
structure and chemical composition of gold films after their oxidation in
acidic media (Papers II and III). Paper IV deals with heterogeneous catalytic
studies of CO oxidation by gold nanoparticles supported on metal oxides,
with emphasis given to how water participates in this process.

3.1 Study of electrochemically-formed oxide-derived gold
from gold films

As discussed in Section[1.2.3} OD-Au materials are created by reducing an
oxide precursor, and present enhanced catalytic properties for CO» reduction
to CO compared to pure gold metal. Consensus to explain these improved
properties has not been reached yet. Paper I aims to provide more informa-
tion on how the surface changes from gold metal film to OD-Au by using two
different electrochemical protocols together with operando SFG and ex situ
HP-XPS measurements.

Figure shows the combined CV (blue) and operando SFG (orange)
measurements of gold surface in acidic aqueous conditions (H3POy4, pH 1) for
different potential ranges versus the standard hydrogen electrode (SHE) refer-
ence electrode. The electrochemical protocol consists of an electrochemical
annealing at 0.7 V for 30 seconds, followed by a CV cycle with a range from 0.7
V up to a potential value in 1.5-2.5 V. The CV measurements are in agreement
with literature, 558! and the following regions are observed:

e region Ia (0.70-1.25 V): double-layer charging/pre-oxide formation;

¢ region Ila (1.25-1.45 V): thin precursor of compact oxide formation;

e region Illa (1.45-1.80 V): compact oxide growth;

¢ region IVa (> 1.80 V): hydrous oxide growth and the OER,

* region Ic: for the change of the sweep direction which lowers the OER

condition;
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* regions IIc (= 0.90-1.25 V) and Ilic (< 0.90 V): reduction of compact
and hydrous oxide.

The variation of the SFG signal in figure[3.1ja resembles the one observed in
the near-infrared during second harmonic generation (SHG, degenerate form
of SFG), 12871301 411 follows the formation (region IIa) and reduction (region
Ilc) of an initial thin oxide overlayer, the formation of the oxide decreases the
free electron density on the gold surface. The SFG signal gets the original
intensity back at the end of the CV scan, in which it is metallic in the double
layer charging region/pre-oxide formation region (la and IlIc). By increasing
the anodic potential, new SFG features appear (figure[3.1]a-e, CV scan rate 10
mV/s), which depend on the CV scan rate (ﬁguref, CV scan rate 50 mV/s):
the beginning and ending SFG intensities of the CV cycle do not overlap
(SFG loss); and the SFG intensity has a linear decrease as a function of the
potentials in regions Illa-IVa (SFG drop: reduction of the SFG intensity at the
upper CV positive potential).

JE— 10 i 1 10
100 I anodici lla 20 faifla i llla v
09 09 H H 09
75 .
< L — 08 _ 08 _ e ! i 72 i
g g 07 E )=/~ 1 i o7
> 25 o7 2 3 | ' 06
—_— i

£ 0s E os E i s

- — L - o . i X
—25 -— 05 : A 0.4

-30 H
_50 0.4 04 i v 03
I lic 1 cathodic] 03 -40 e i Ve _iic 0.2
0.8 0 12 14 08 10 12 14 16 08 10 12 14 16 18
Potential (V) Potential (V) Potential (V)
(a) (®) (c)

s la illa i la | IVaj |10 1500 “ A 10 1o
09 1 300 1aVina i ma fiva floe
100 08 1250 08 s

~ 75 &~ & :

% 0.7 AL 1000 & 200
§ 50 06 § 150 O\ ) 06 § 07
Y H 100
el 05 E laillailia iIva 2 06
T o = = om 04 - HE { 04 - . y 0s
25 250 llicilic ilct ! B
- 03 1 04
° W/ 0.2
=50t Ve ic 02 —1ofmec i Viic | Ic 03
075 1.00 125 150 175 2.00 1.0 15 2.0 25 0.75 1.00 125 150 175 2.00 2.25
Potential (V) Potential (V) Potential (V)

(d) (e) ()

Figure 3.1: (a-e) Combined SFG (orange) and CV (blue, scan rate 10 mV/s,
potentials vs. SHE) measurements of gold in H3PO, (pH= 1) for different up-
per potentials, the lower potential is 0.7 V for all measurements. The Roman
numerals with a and ¢ mean anodic and cathodic, respectively, and indicate
different regions of oxidation and reduction. More precisely, region Ia for the
double-layer charging/pre-oxide formation, region IIa for the thin precursor of
compact oxide formation, region IIla for the compact oxide growth, and IVa for
hydrous oxide growth and the OER, region Ic for the change of the sweep direc-
tion which lowers the OER condition, and regions IIc and IIIc for the reduction
of compact and hydrous oxide. The black arrows in (a) indicate the potential
and SFG scanning directions. In (e) an inset shows a zoomed-in portion (x3)
of the reduction part of the CV. (f) Combined SFG (orange) and CV (blue, scan
rate 50 mV/s, potentials vs. SHE) measurements of gold in HsPO,4 (pH= 1).
Reproduced from Paper I.
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As the data show, the presence of both SFG drop and the SEG loss in the
multi-layer oxide growth in regions Illa-IVa indicates a slow oxidation process
that decreases the metallic SFG response. It seems that the OER (region IVa,
figures[3.Ifc-e) at slow scan rate does not significantly affect the SFG signal.
Hence, it could be that the SFG variation is connected to the higher influence
of oxygen at oxide/metal interface, as the other oxide multilayers are too
far from the interface to affect the SFG signal. However, stronger anodic
conditions cause SFG loss even if the surface oxide is reduced as shown from
the CV measurements (figure[3.1).

Fixed potentials (CA) can also be employed for the OD-Au preparation.
This second electrochemical protocol, starting from a clean gold surface,
consists of:

¢ an oxidation step, ranging from 0.7 V to 2.5V, is held for 30 seconds;
¢ areduction step is held at 0.7 V for 10 seconds;.

* a surface characterization, CV (range 0.7-1.5 V) together with SFG
measurements were done simultaneously as in figure|3.1|a.

In figure[3.2}a the CV scans are very similar for the duration of the analysis
indicating that the same available metallic surface sites, and same electro-
chemical processes at the surface, as in figure[3.1j. It is only when the first
step of this protocol is 2.5V, that the CV manifests different cathodic be-
haviour at the end of the scan, which suggests the presence of hydrous oxide
which is not fully reduced, ¥ but this does not affect the SFG response. At
the same time, the SFG intensities in figure[3.2] c are also consistent with a
metallic surface as seen in figure[3.1}a, with an SFG drop of about 50-60%
and no SFG loss, which is consistent with the incipient oxide formation and
its reduction from an initially-metallic surface.

Interestingly, there is a decrease of the overall SFG intensity for a prepara-
tion voltage (CA) higher than 1.5V (figures b—c). A possible explanation
is the presence of oxygen atoms below the surface but close enough to it to
change the surface free electron density. Surprisingly, among all the SFG
intensities, the lowest one is for the CA at 0.9 V (point 8, after the preparation
at 2.2 V), though further oxidation is not expected at this potential and the
corresponding CV is consistent with figure [3.2p. A rearrangement of the
pre-existing surface gold oxide might be present, which was not completely
removed during step 1 (0.9 V). Preparing the surface by applying 0.5 V pro-
vides almost full recovery, as the trapped oxygen is relaxed giving an electron
distribution close to the one at the beginning of this second protocol.

Considering both OD-Au preparation protocols in Paper I, the gold oxide
was reduced at different rates. It has been shown that low rates (like ﬁgure
favours diffusion of gold ions to the bulk electrolyte during oxidation, and
only little redeposition of dissolved gold occurs during reduction. 2213111521
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Figure 3.2: (a) CVs (range 0.7-1.5 Vvs. SHE, scan rate 10 mV/s) after doing the
second electrochemical protocol. The legend and the black arrows shows the
chronological order of some CA measurements from step 1. (b) Green squares:
SFG drop collected after the chosen potentials in step 1 (across the full data
set) are applied. Red circles: normalized SFG intensity at the end of the CVs;
the normalization is to the SFG intensity when step 1 is 0.7 V (neat gold sur-
face). The numbers (1-9) indicate the chronological order of the measurements.
The x-axis indicates the CA potential in step 1 of the protocol. (c) Integrated
potential-dependent SFG intensities collected during step 3 of the protocol.
The normalization is done with respect to the SFG intensity from a neat gold
surface (red curve, 0.7 V vs. SHE). The legend shows the chronological order of
selected CA measurements vs. SHE during step 1. Reproduced from Paper 1.

This leads to the creation of a not well-protected subsurface oxide by the
new surface gold atoms, which can be easily removed by additional electrical
treatments. But, when the reduction rate is high as during CAs (in our case
figure[3.2), more gold is redeposited back on the electrode surface and almost
gold is present in the electrolyte. 132! This provides better protection for the
oxide remnants in the subsurface and necessitating more time to release
them. Currently, however, detailed mechanisms are lacking.

To further test the subsurface oxygen hypothesis, ex situ HP-XPS is used to
examine metallic gold, oxidised gold (figure[3.3] grazing incidence angle 0.2°),
and OD-Au (figure[3.4) created using similar electrochemical conditions as in
figure[3.2). A saturation of water vapour was present in the chamber during
measurements to preclude the gold (hydr-)oxide from getting reduced by
the vacuum. Figure[3.3]shows XPS spectra of the gold surface before (figures
B.3lc—d) and after oxidation (figures[3.3|a-b), which was done by (i) CA at 0.7
V for 20 seconds, (ii) CV between 0.7 V and 2.2 V with a scan rate of 10 mV/s,
and (iii) CA at 2.5V for 50 seconds. In the Au 4f core-level region (figure[3.3]c),
the metallic surface has the characteristic 5/2 and 7/2 spin-orbit components
with the intensity branching ratio of 3:4. For the oxidized electrode (figure
B.3la), two additional intensities are identified after a deconvolution analysis
by using the same spin-orbit split as the metallic gold, indicating the presence
of Au(III) (85.6 and 89.9 eV), HeR3ll33nlidl

In figure[3.3]d, only a water signal, adsorbed or multilayer, is detected
in the O 1sregion when gold is metallic. For the oxidised gold (figure[3.3]b),
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Figure 3.3: HP-XPS spectra for Au 4f (a and c) and O 1s (b and d). hv = 7000 eV,
grazing incidence angle 0.2°. Bottom (c and d): before oxidation. Top (a and b):
after electrochemical treatment (CA at 0.7 V for 20 second, CV between 0.7 and
2.2 Vwith a scan rate of 10 mV/s, and CA at 2.5 V for 50 seconds). Reproduced
from Paper 1.

after peak deconvolution, more components are present: oxide (~530.0
eV), hydroxide (~531.0 eV), adsorbed water (~531.8 eV), dihydrogen phos-
phate (H,PO,7)(~532.5 eV), multilayer water (~532.5 eV), and gas-phase
water, P392H38I39 Thig is consistent with what observed in figure(3.3la. The
main chemical compositions which have been suggested for Au(Ill) are
Aup 03 and Au(OH);. B2H50!

The OD-Au was prepared in similar conditions as in figure[3.2|b point
6: (i) CA at 0.7 V for 20 seconds, (ii) CV from 0.7 V to 2.2 V with a scan
rate of 10 mV/s, (iii) CA at 2.5 V for 50 seconds, and (iv) CA at 0.7 V for 25
seconds. During the last step no current is present, proving that the surface is
metallic from an electrochemical point of view. The HP-XPS spectra of OD-Au
(figures[3.4la-b) were collected with a higher grazing incidence angle (0.5°) to
examine oxide species further below the surface after OD-Au is formed. Small
shoulders are visible at 85.6 and 89.9 eV in the Au 4f region of OD-Au (figure
[3.4]a) compared to pure metallic gold, which indicate spin-orbit components
of gold in oxidation state +3.

Using the same peak deconvolution model as for the oxidised gold sur-
face, the oxide and hydroxide species for OD-Au (figure[3.4lb) have an oxide-
to-hydroxide ratio of 0.10, which is smaller than the ratio from figure[3.3]b of
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0.36. This indicates that the Au, O3 is more stable than Au(OH)3 when OD-Au
is formed. The Au, O3 seems to be located below a layer of metallic gold, since
the CA indicates a metallic surface at the end of the OD-Au formation.

Both SFG and HP-XPS data support the presence of (hydro-)oxide rem-
nants in OD-Au even if the corresponding electrochemical measurements
suggest that the surface is fully reduced, i.e. metallic, when OD-Au are formed.
These subsurface remnants affect the SFG signal thorough changes of the
surface electronic structure. The XPS spectra suggest these remnants in OD-
Au to be Aup O3 and Au(OH)3. Knowing that oxide remnants are formed in
Au-0D may help in building a better understanding of the improved catalytic
properties OD-Au with respect to pure metallic gold.

Exp. data H,PO;
— Fit = H,0 ad.
Exp. data Au (0) Multilayer H,O =@ OH
— Fit = Au (1) I Gas H;0 o

b)

a)

q

XPS Intensity (a.u.)

20 88 86 84 82 536 535 534 533 532 531 530 529
Binding energy (eV)

Figure 3.4: HP-XPS spectra for Au 4f (a and c) and O 1s (b and d). hv = 7000
eV, grazing incidence angle 0.5°. Bottom (c and d): before electrochemical
treatment; Top (a and b): OD-Au electrochemical treatment (CA at 0.7 V for 30
second, linear sweep voltammetry from 0.7 to 2.5 V with a scan rate of 10 mV/s,
CA at 2.5V for 50 seconds, and CA at 0.7 V for 25 seconds). Reproduced from
Paper L.
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3.2 Models for electro-oxidation and nonlinear optical
response of gold surfaces

After conducting a fully-experimental study in Paper I, theoretical calcu-
lations were done to model both the electrochemical and SFG responses
together from gold surfaces during an anodic linear sweep, since they are
usually considered separately. The electrochemical model consists of a two-
step process: a rapid reversible chemisorption of oxygen (0,4), followed
by a slower irreversible place exchange of gold atoms with O,4. This place
exchange reverses the local dipole orientation moving the system away from
equilibrium, allowing oxide growth. These calculations are based on the work
of Marshall and Conway 14%143l and Furuya et al.'4*! The SFG response was
modelled following the work of Maytorena et al. "l which has been further
elaborated upon by Busson and Dalstein. (7817911451 11y this model, the electron
density is given by the sum of a free electron gas and a bound electron density.
The electron density spillover at the surface is considered to be only due to
the free electrons.

In figure computed linear sweep voltammetry (LSV) and SFG re-
sponses from the surface of gold are compared to experimental measure-
ments for a potential range of 0.7-1.9 V vs. SHE. In this study, the LSV mea-
surements correspond to the anodic part of a CV. Our model works well for
both LSV and SFG until 1.4 V; after that, although the SFG remains in good
agreement with experiment, the LSV current does not match the experimen-
tal data. A possible explanation for the lack of agreement between theoretical
and experimental LSV curves could be that a different mechanism process is
present from 1.4 V on; Au, O3 formation has been suggested, 1331 which is not
part of the present model.

Figure3.6]shows the corresponding calculated charge densities for the
gold metal surface (o,,), adsorbed charges (0 ,4), water polarization (o),
and place-exchange (0 p.). At 1.2-1.3 'V, 044 changes, which makes o, in-
crease. At 1.3-1.4V, the rapid variation of 0,4 together with the variation of
o, makes o, increase rapidly. The progressive change of 0,4 at potentials
above 1.4 V is mirrored by .

In light of the information from figure 3.6} the reduction of SFG intensity
at potentials below 1.3 Vin ﬁgure seems related to the variation of o,; in
other words, polarisation of adsorbed water enhances the electric field on
the surface.

The rapid drop in SFG intensity happens with the main oxygen adsorption
around 1.4V (ﬁgure; the corresponding increase of 0 4,4 (ﬁgure leads
to a change of 0, together with an increase of o,,. These changes in g,
and o ;4 make bound and free surface electron densities change through the
corresponding dielectric function, resulting in a variation of the nonlinear
optical response via the effective surface second order susceptibility (y°/7).
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Figure 3.5: LSV current (solid, red) and SFG intensity (solid, blue) normalized
at 1.48 V and 0.7 V vs. SHE, respectively, together with the corresponding
calculated curves based on the model fit (dashed). Reproduced from Paper II.

After the rapid SFG intensity variation in the oxygen pseudo-equilibrium
adsorption peak (about 1.5 V), the SFG intensity has a linear decrease. Figure
shows that the oxidation growth continues (shown by the experimental
LSV curve), but this only partially seems to be due to the changes in o 44.
This indicates that the main oxide growth does not block the sites for the
oxygen adsorption process, nor prevents the water from reach those sites.
The multilayer oxide growth could be seen as a not-dense 3D structure,
suggesting a similar conclusion to that of Conway et al. ™! who hypothesised
island formation during the monolayer growth, provided that these islands
are centres for 3D oxide growth.

The main feature from the nonlinear optical response that has been ob-
served is the rapid change of intensity at the main quasi-equilibrium adsorp-
tion range (1.3-1.5 V vs. SHE) at various wavelengths. (129113011461 When the
fundamental wavelength is in the IR range, the behaviour is as shown in figure
but the response is reversed when the fundamental wavelength is 532 nm
(18800 cm™!). 128l This behaviour was investigated with our model. Figure
shows the calculated relative change in nonlinear response (A/ ??G I1SHG)
versus the final light frequency corresponding to incident frequencies from
the near-infrared to ultraviolet. For SFG, one wavelength was kept at 800 nm
(12500 cm™!). Here, the relative change is the difference of the of I gﬁc ISHG
at the beginning and ending edges of the rapid decline, normalised by the

intensity at 0.575 V vs. SHE. These edges are at 1.36 and 1.46 V, respectively.

At low frequencies in figure where the free electron contribution
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Figure 3.6: Calculated charge densities for the gold metal surface (o, blue),
adsorbed charges (0,4, yellow), water polarization (o, purple), and place
exchange (o pe, red) for a potential range of 0.7-1.9 V vs. SHE. Reproduced from
Paper II.
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Figure 3.7: Calculated relative change in nonlinear optical response in the
main quasi-equilibrium adsorption range, V=1.3-1.5 V vs. SHE, as a function of
sum frequency for SHG (blue) and SFG with one wavelength fixed at 800 nm
(orange). The small features at 33000 cm™! and 46000 cm™! in the SHG and
SFG data, respectively, are spurious, caused by a small mismatch of the two
combined data sets used for the gold dielectric function. Reproduced from
Paper II.

dominates, SFG and SHG present the same behaviour. At 20500 cm™!, the
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second interband transition starts to be excited, which is a common feature
for both SFG and SHG curves. A deviation begins around 27000 cm™!, where
the first interband transition is passed for the incoming SFG frequency. SFG
presents a resonance coinciding with the second interband transition band-
edge, then a general decrease in the SFG intensity is present due to the oxygen
adsorption. The SHG response does not manifest additional discrete features,
only a progressive change which goes from a strong decrease of intensity
at low frequencies but reverses this behaviour at high frequencies as the
incoming light frequency reaches the second interband transition edge at
41000 cm™L.

Below 27000 cm ™!, the bound electron contribution to the effective sec-
ond order susceptibility is negligible. Above 27000 cm™!, bound electrons
have an increased contribution but the free electron one is still decisive,
so the SFG resonance has a similar origin of the one at lower frequencies.
Similarly, the sloping trend of the SHG response has a free electron contri-
bution that gains a coupled bound-free electron contribution at the second
interband transition edge, and the bound electron contribution remains at
frequencies above that edge.

The lack of agreement between our calculated value of 461 nm with the
literature value of 532 nm for the reverse behaviour could be due how the
model considers the surface bound electron polarizability. In the model it
is presumed that the polarizability remains at its bulk value, but this could
be incorrect. Variation in the polarizability would have little effect on the
low sum-frequency range since they do not influence the effective second
order susceptibility, but they would have more noticeable effects at higher
frequencies.
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3.3 Imsituinvestigation of electrochemically-formed gold
oxide from gold films with X-ray spectroscopies

In Paper III, the different stages of gold oxide formation were investigated
with both operando HERFD-XANES and in situ HP-XPS to expand upon the
observations from the ex situ XPS and operando SFG in Paper 1. Figure
(upper panel) shows operando HERFD-XANES spectra spectra of Au L3 edge
for metallic gold; oxidized gold at 1.38 Vand 1.72 V vs. the reversible hydrogen
electrode (RHE), and Au,Os as reference. Electrochemical treatments were
done in an acidic electrolyte (HCIO4, 1M), and the spectra collection started
after a stable anodic current was observed. When gold turns from its metallic
state into an oxidised one, its white line (around 11919 eV) acquires intensity
and becomes sharper, 147150 and this is seen in the upper panel in figure
As mentioned in section[2.1.3] the white line here is due to the transition
from Au 2p3/ to Au 5ds;2,3/2.

FEFF-computed HERFD-XANES spectra (in Paper III SI) for a metallic
gold surface and Au, O3 are in good agreement with the experimental ones,
while the computed spectrum of adsorbed OH groups on gold has a white
line that does not match the experimental data. Hence, a linear fit calculation
of the experimental spectra of gold metal and Au,Os3 to the experimental
HERFD-XANES spectra collected at 1.38 and 1.72 V vs. RHE was done, as
shown in the lower panel of figure[3.8] The weights for 1.38 V are 0.87 and 0.13
for gold metal and Au, O3, respectively. For 1.72 'V, the weights are 0.70 and
0.30 for gold metal and Au,Os, respectively. These results are in agreement
with the expected increased contribution of gold oxide at higher electrochem-
ical potentials. However, the component at 11933 eV is underestimated in
the fit, while the component at 11946 eV is overestimated. These variations
could be due to substantial contribution from the Au 5d — O 2p hybridized
orbital at the white line resonance, leading to a higher intensity from the gold
atom in the oxide than the metallic gold. Hence, the calculated weights from
the linear fit underestimate the presence of gold oxide.
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Figure 3.8: Upper panel: Experimental HERFD-XANES spectra collected in situ
and operando during CA. The legend shows the investigated cases: gold metal
surface, 1.38 and 1.72 V vs. RHE, while Au, O3 is a reference spectrum collected
to facilitate the analysis. Lower panel: The experimental data collected at 1.38
and 1.72 V vs. RHE was fitted with the experimental metallic gold and Au,03
spectra. Reproduced from Paper III.



A similar characterisation was done with in-situ HP-XPS with an incident
photon energy of 7 keV and a background pressure of 30 mbar of water vapour
to prevent the electrolyte from evaporating from the gold surface. Here, the
electrochemical potential was applied until a stable current was reached
while keeping the gold working electrode (WE) immersed in the electrolyte
(H3POy4, 1M). Then, the oxidation process was stopped and the WE was lifted
while keeping the bottom part in the electrolyte to form an electrolyte film on
the surface (dip-and-pull method), and then the XPS spectra were collected.
Figure shows the Au 3d5/» and O 1s spectra for the non-oxidised gold
surface (upper panel), and for an oxidised gold surface after applying 2.56 V
vs. RHE.

«  Exp.data —— fit @ AUt 1 AuC I H;0gas H20murti 0 H2044 = OH (0]

Au 3dsp
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Figure 3.9: In situ HP-XPS spectra of Au 3ds;» and O 1s core-levels before
(top panels) and after (bottom panels) electrochemical oxidation at 2.56 V
vs. RHE. All spectra were collected with 7 keV photons and in 30 mbar water
vapor. Metal gold was measured with f =4.3-10% ph-s~' - um~2. The oxidized
electrode was measured with higher X-ray beam attenuation (ftrenuared =
1.4-10% ph-s~!- um=2) to reduce impact from bream induced oxide reduction.
Reproduced from Paper III.

The Au 3ds,, region presents a single peak for metallic gold (Au°, 2206.1
eV) before oxidation, while after applying 2.56 V a new component at 2208.2
eV is observed due to Au®" species. Similarly, the O 1sregion (right side of
figure[3.9) shows contributions due to oxidation after applying 2.56 V, which
are OH and O on the Au surface at 531.0 and 529.5 eV, respectively; other
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than multi-layered and adsorbed water (H2O,,,;;; and H»Og,q4, 533 — 531
eV). B39ZI3N The new components in the O 1s-region due to oxidation are
mainly assigned to gold (hydr-)oxides with a potential minor contribution of
surface chemisorbed OH (OH, ;) and O (O, ).

High photon fluxes could cause beam induced changes which can affect
the data acquisition process. Spectra for in situ prepared samples need to be
collected in a short time to verify the presence of beam induced effects, since
in our case gold oxide is only continuously formed during operando HERFD-
XANES characterisation. The XPS Au 3ds,, region was chosen for the beam
damage study because it is recorded significantly faster than the HERFD-
XANES Au L3 edge. Figure shows the time evolution of Au 3ds5/, for an
oxidised gold surface during the exposure of two different photon fluxes:
f3 =4.3-10° ph-s™l-u m™2 and fo5 = 1.4-10° ph-s™!-uy m™2. The beamline
settings were kept the same. In both cases, the Au>™ component is reduced
and at the same time the metallic component grows, even if the overall ex-
posure time is within the time interval of gold oxide stability, 1! suggesting
that the reduction of the oxide is promoted by X-ray beam induced effects.
A similar effect was not observed during the operando HERFD-XANES mea-
surements, even if the flux was higher than the one for in situ HP-HAXPES
measurements. This indicates that working in operando conditions — in our
case, continuously oxidising the electrode — helps to prevent a net reduction.
This study shows the importance of developing operando HP-XPS methods
to allow the study of low-Z elements in reactants, reaction intermediates, and
products, which are difficult to obtain by XANES methods.
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Figure 3.10: HP-XPS beam induced reduction study using two different X-ray
beam fluxes fy;125 =1.4-10% ph-s~1-um=2 (left) and f,;;3 =4.3-10° ph-s7!-
wm™2 (right) in 30 mbar water vapor using a photon energy of 7 keV. (a) XPS
Au 3ds, core-level region at recorded at different X-ray exposure times. (b)
Compression of the time evolution of the beam induced oxide reduction. The
curves represent the relative integrated intensity for (left) metallic gold and
(right) gold oxide.
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3.4 Catalytic studies of low-temperature CO oxidation on
Au-Fe,03; and Au-TiO,

While the previous sections focused on gold nanofilms, this last section of
chapter 3 presents research on gold nanoparticles. Gold nanoparticles sup-
ported on metal oxides are used to catalyse low-temperature CO oxidation,
an important reaction to e.g. remove CO contamination from Hj fuel for fuel
cells. Paper IV aims to bring more clarity about the reaction steps involved
in the CO oxidation catalysed by Au-Fe;O3 and Au-TiO, by combining MS
and density functional theory (DFT).

Figure[3.11]shows CO oxidation tests performed at 25 °C on Au-y-Fe,03
and Au-TiO». In the presence of only CO (1 vol %) and H»O (2.8 vol %) with
balance N» in the inlet flow, Au-TiO; has an inert response (figure a, blue
circles), while Au-y-Fe, 03 generates 0.95 mmol CO, (mol Au)~'s~! within
the first hour, followed by a rapid decrease in activity (figure b, blue
circles) because (in the absence of O;) the support is slowly drained of oxy-
gen. The possibility of H, production was tested but not detected, ruling
out that the water gas shift reaction is involved in CO, production. Since Au-
TiO, does not participate in the CO oxidation process, it seems in line with
the previously proposed Langmuir-Hinshelwood (LH) mechanism where a
product is formed from adsorbed reactants on the catalyst surface. However,
Au-y-Fe; 03 has a different behaviour with respect to what was previously
reported, which can be classified as lattice Mars-van-Krevelen (MvK) mecha-
nism, meaning a product is formed from one or more constituents from the
support.

When O, (20 vol %) is also included in the inlet flow (figure orange
squares), the rates of both catalysts are in agreement with literature. 122153l
For Au-y-Fe» 03, the maximum rate without O, (0.95 mmol CO, (mol Au) —1g—1
is =13 % of the maximum rate with Oy, but in the presence of O, this rate
might be higher due to the continuous loading of lattice-oxygen.

DFT is used to verify the feasibility of the reaction steps for the observed
water-promoted CO; production through a w-MvK mechanism. Figure[3.12]
depicts the suggested w-MvK mechanism in the presence of Au-y-Fe,03. In
reaction 15 (R15), CO is adsorbed on gold nanoparticle. In R16, CO adsorbed
on the gold nanoparticle interaction with a oxygen from y-Fe,O3 to produce
CO,, with an estimated activation energy of 0.98 eV.

When water is included, a low-barrier lattice-mediated scheme is avail-
able (R17 — R19). R17 is a dissociative absorption of H,O onto an Fe;;,—0;4;
motif in the y-Fe, O3 surface where water is split into a hydroxyl on top of
Fe;,:(OH,4) and a lattice-hydroxyl (OH;,;). In R18, the CO adsorbed on gold
reacts with the water-derived OH 4, in this way a carboxylic group (COOH) is
formed on the Au nanoparticle. In R19, this carboxylic group reacts with the
OH;,; formed in R17 to produce CO» and form H»O, creating a lattice oxygen
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Figure 3.11: (A) Transient CO oxidation rates over Au-TiO;. (B) Transient CO ox-
idation rates over Au-y-Fe;O3. Reaction starts immediately upon introduction
of CO, and terminates immediately upon removal of CO (at 3 h 45 min). Orange
squares: 1 vol % CO, 2.8 vol % H»0, 20 vol % O,, balance N,. Blue circles: 1 vol
% CO, 2.8 vol % H, 0, balance N;. Reaction temperature was 25 °C, and pressure
1 atm. Reported curves are averages of three independent measurements. Error
bars are 2 standard deviations wide. Reproduced from Paper IV.

vacancy. In R17-19, there is no net consumption of water, since it is first
consumed then formed again using oxygen from the y-Fe,Oj3 lattice, hence
R17-19 and R16 have the same stoichiometry. R18 has the highest barrier
(0.44 V) in R17-19, which is lower than R16 (0.98 eV). In R20, an oxygen
vacancy is filled with oxygen from O,(g), depositing an oxygen atom (O*) on
the Au nanoparticle. In R21, the Au NP with O* reacts with CO to form CO,.
Both R20 and R21 are almost without energy barriers.

The activation energies for both the LH paths suggested by Chandler
and Iglesia have been calculated in this study.©%15% They have the same
rate determining step, that is O»(g) activation by water to form OOH with
activation energy of 0.55 eV. This means that both an LH mechanism and
a w-MvK mechanism could be present at the same time when Au-y-Fe,O3
is the catalyst with our previously-found result of at least 13 % CO, coming
from a w-MvK mechanism.

Measurements of CO oxidation in the presence of H,'80 were conducted
to further discriminate between the three considered mechanisms. Figure
shows transient CO oxidation experiments on Au-y-Fe, O3 in the pres-
ence of C'%0, 60, and H}30 with conditions as[3.11] Figure[3.13|a depicts the
transient production rates of C'%0,, C'80!%Q, and C'®0,. But, CO, also di-
rectly exchanges oxygen with H,'80 in the reactor piping and on the catalyst.
This exchange in our reactor has been quantified for Chandler’s and Igle-
sia’s mechanisms, and for our w-MvK mechanism. Figure[3.13|b shows their
transient relative abundances in the reactor effluent. In contrast with the
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Figure 3.12: Schematic representation of our proposed mechanism for w-MvK
CO oxidation (R15, R17 - R21) over Au-y-Fe,O3. The non-feasible, non-water
promoted, MvK mechanism is represented by R15, R16, R20, R21. Reproduced
from Paper IV.

predicted abundances of Chandler’s and Iglesia’s reported LH mechanisms
reported in figure[3.13]c, our suggested w-MvK mechanism is in agreement,
within one percentage point, with the experimental data.

Gold nanoparticles supported on two different metal oxides were consid-
ered for catalysing CO oxidation: Au-TiO, behaved as previously suggested
following a LH-mechanism at room temperature; Au-y-Fe;O3, considering
the results in figures[3.11)and[3.13} exhibited a lattice reaction, which can be
described with our proposed w-MvK mechanism (figure[3.12).
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o7






4. Conclusions and Outlook

Gold-based materials have recently gained revalued interest for their catalytic
properties at the nanoscale. However, full comprehension of the mechanistic
processes underlying these properties is still lacking. In this thesis, three
types of gold materials are investigated: electrochemically-formed gold ox-
ide, electrochemically-formed oxide-derived gold, and gold nanoparticles
supported on metal oxides.

Through a combined investigation using operando sum frequency gen-
eration (SFG) spectroscopy and ex situ high-pressure X-ray photoelectron
spectroscopy (HP-XPS), subsurface gold oxide remnants were found to re-
main after electrochemical formation of oxide-derived gold from gold films,
which might help explain its enhanced catalytic activity over pure metallic
gold. The SFG signal variation together with elctorchemical gold oxidation
processes were further studied using mathematical models. These models
provide some insight about the origin of the SFG oxidation response, which
seems to be due to changes of the free surface electron density by adsorbed
oxygen. In addition, they suggest that the oxide forms from small islands that
are centres for 3D oxide growth.

Further, in situ HP-XPS and operando high energy resolution fluorescence
detected X-ray absorption near edge structure (HERFD-XANES) spectro-
scopies were employed, adding information about the changes in chemical
composition of gold after electrochemical treatments. In addition, these two
methods were compared with respect to beam induced effects, showing that
operando conditions are needed to maintain a stable oxidised sample during
measurements.

Gold nanoparticles supported on metal oxides (y-Fe,O3 and TiO,) were
studied to understand the catalytic mechanism of CO oxidation to CO, on
their surface. This research was performed using mass spectrometry mea-
surements. This study suggests that different reaction mechanisms happen
between the two different samples: a water-promoted Mars-van-Krevelen
reaction on y-Fe,0O3, and a Langmuir-Hinshelwood reaction on TiO.

This work sets the basis for future studies of gold-based materials. It
would be interesting to investigate the electrochemical behaviour of OD-Au
formed at different pH values to get a better understanding of formation of
subsurface oxide remnants, and to verify their possible role in CO, reduction
to CO. In addition, different gold nanoparticles sizes and metal oxide supports
could be tested to better elucidate the reaction steps and find more efficient
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catalysts for CO oxidation to CO,.
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Populdrvetenskaplig sammanfattning

Denna avhandling omfattar fyra elektrokemiska och katalytiska studier av
olika guldytor. En introduktion av de experimentella teknikerna foregar
diskussion av resultaten fran studierna.

I Artikel I undersdks oxidhérlett guld (OD-Au), som framstillts elek-
trokemiskt under sura forhallanden (1M H3sPOy, pH 1), med operando op-
tisk summafrekvensgenerering (SFG) och ex situ rontgenfotoelektronspek-
troskopi vid hogt tryck (HP-XPS), varvid det pavisas férekomsten av guldox-
idrester (som Au, O3 eller Au(OH)3) under det 6versta guldlagret av OD-Au.
For att battre forklara SFG-data genomfors ytterligare undersdkningar av
bildning av guldoxid under sura férhallanden och tillh6rande férandring i
elektronstrukturen genom matematisk modellering kombinerad med experi-
mentella matningar i Artikel I1. Dessutom, for att battre forsta den kemiska
sammanséttningen av guldoxiderna som bildas under oxidation samt stral-
ningsinducerade effekter pa provet, anviandss in situ HP-XPS och operando
hogupplost fluorescensdetektion kombinerat med nira bandkantrontgenab-
sorption (HERFD-XANES) i Artikel III.

I Artikel IV gors experimentella studier av katalytisk oxidation av CO pa
Au-y-Fey03 och Au-TiO, vid laga temperaturer. Masspektrometri anvands
och olika syreisotoper (1°0 och '80) anvinds for att sérskilja reaktionsstegen
fér CO och H»0. Denna studie tyder pa att vattenmedierad CO-oxidation pa
Au-y-Fe, 03 sker via en Mars-van-Krevelenreaktion, vilket innebér att produk-
terna har en eller flera bestandsdelar fran st6doxiden och vatten. P4 Au-TiO»
dédremot forloper CO-oxidationen via en Langmuir-Hinshelwoodmekanism,
vilket innebdér att reaktionen istéllet sker mellan intilliggande adsorberade
reaktionsintermedidrer pa ytan av katalysatorn.
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