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Summary 

The focus on renewable energy has only increased since the signing of the Paris Agreement in 2016. 
The use of fossil fuels and oil has increased over the previous 30 years and even thou most energy 
usage has become more energy efficient, CO2 emissions has increased as well. The challenges of CO2 
emission reductions are in the utilization of different kinds of fuel. Using a fuel cell allows one to 
utilize renewable energy sources, small fuel molecules such as methanol or formic acid. These fuels 
can be derived from a variety of organic sources, fruits and plants.  
 
The work presented here is a thorough investigation into the processes used to synthesize and control 
gold nanoparticles. Using state-of-the-art nuclear magnetic resonance, UV-visible light spectroscopy 
and computation chemistry, the reduction of HAuCl4 using 2-(N-morpholino)ethanesulfonic acid were 
examined and explained. The many biproducts of the reaction were analysed and presented, while the 
formation of AuNPs was monitored. The resulting reaction mechanism were used to understand and 
modify the reaction to produce different kinds of materials.  
 
One of these materials were a nanoporous gold film produced using the before mentioned reaction. 
The particles were synthesized with an elevated ionic strength forcing the nanoparticles to the surface 
where they aggregate and form a film. The nanoporous gold film were analysed and described using 
atomic force microscopy, electrochemistry and electron microscopy. The films CO oxidation 
electrocatalytic capabilities of were tested.  
 
Another material developed using this synthesis was a structured dendrimer gold network immobilized 
on reduced graphene oxide. The synthesis was the same but the dendrimer aggregation, graphene oxide 
reduction and immobilization was induced by illumination. The structured gold network material was 
characterized with electron microscopy, photoelectron spectroscopy and UV-visible light 
spectroscopy.  
 
A third material was synthesized by adding platinum to the nanoporous gold film. The surface of the 
film was investigated thoroughly, as well as the effects of electrochemical work on the surface of the 
film. The film was found to be an excellent methanol oxidizing electrocatalyst. The platinum 
deposition and location on in the bi-metallic film was examined with photoelectron spectroscopy, 
electron microscopy, electrochemistry and atomic force microscopy. 
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Resume 

Siden Paris aftalen blev underskrevet i 2016, er der kommet større fokus på grønne energi  
løsninger. forbruget af fossile brændsler og olie er steget gevaldigt over de sidste 30 år og på trods  
af at energieffektiviteten er steget så er CO2 udledningen steget i lige så høj grad. Udfordringerne  
ved reduktion i CO2 udledning ligger i brændslet. En brændselscelle gør det muligt at benytte  
grønnere og klimavenligere brændsler, i dette tilfælde træsprit og myrsyre. Brændslerne er let  
udvindelige af for eksempel, frugter og afgrøder.  
 
I den efter følgende afhandling kan i læse om materialer udviklet på baggrund af en syntese af guld 
nano partikler. Syntesen var mellem HAuCl4 og 2-(N-morpholino)ethanesulfonsyre hvor guld blev 
reduceret og dannede nano partiklerne. Reaktionen blev grundigt undersøgt og de mange biprodukter 
blev identificeret og præsenteret. En reaktions mekanisme blev foreslået og karakteriseringen af 
syntesen bliver brugt igennem hele afhandlingen.  
 
Et af de syntetiserede materialer var en nano porøs guld film. Partiklerne var syntetiseret ved højere 
ion styrke hvilket ville drive partiklerne til overflade. Ved overfladen aggregerer partiklerne og danner 
denne nano porøse guld film. Filmen blev analyseret ved hjælp af UV-vis spektroskopi, atomic force 
mikroskopi og elektrokemi. Det sidste blev brugt til at teste filmens CO oxiderende kapacitet.  
 
Et andet materiale der bliver præsenteret, er et struktureret guld netværk immobiliseret på reduceret 
grafen oxid. Syntesen er baseret på reduktionen af guld og grafenoxide ved hjælp af 2-(N-
morpholino)ethanesulfonsyre og kraftig belysning. Materialet blev analyseret med elektron 
mikroskopi, photoelektron og UV-vis spektroskopi.  
 
Et tredje materiale blev syntetiseret ved at tilføje platin til den nano porøse guld film. Overfladen af 
guld og platin filmen blev grundigt undersøgt. Det samme blev platins placering og deponering på 
filmens overflade. Materialet er glimrende til at oxiderer metanol og derfor velegnet til brug i en 
brændselscelle. Materialet blev undersøgt med photoelektron spektroskopi ved en synkrotron i Paris, 
atomic force mikroskopi og elektron mikroskopi. 
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1 Introduction 

At the climate conference in December 2015 an accord between 195 countries was signed in Paris. 
This agreement binds the governments of those countries to take measures, ascertaining that the global 
warming temperatures stay well below 2 °C over the 21st century1. The temperature increase is broadly 
believed to be connected to the emission of greenhouse gasses. These pollutants originate primarily 
from fossil energy consumption. The agreement is the initiation of a more extensive change from 
conventional energy than hitherto into alternative and renewable energies. The Paris agreement is not 
the only reason to change from conventional to renewable energy sources. The discrepancy between 
new oil discoveries and the current oil consumption is also a motivator for this change. Almost all 
sectors of the modern society are in need of change. The obvious sectors are energy and transportation, 
but agriculture, construction, infrastructure and many others, are also in need of reformation.   

 
Figure 1.1 – an overview of the energy distribution in different sectors, regions and fuel types. The unit (toe) is tonne of oil 
equivalence. One toe amount to 11.63 MWh or 7.4 barrels of oil (bbl)2. 

The different sectors have all had increasing energy consumptions, presented in Figure 1.1 in billion 
tonnes of oil equivalence (toe), over the past 50 years. A significant part of the energy consumption 
increase has happened in China and other regions, such as most of south America. The consumed fuel 
distribution still relies heavily on fossil fuels, with renewable energy sources in specific form, 
however, now increasing over time. 
 
The work described in this dissertation will focus on some aspects of renewable fuel technologies. The 
focus is on energy conversion, utilizing new electrochemical techniques and non-traditional electrode 
materials and electrocatalysts. 
 
1.1 Background 
The global temperature increase is connected to the increasing amount of CO2 in the atmosphere. The 
atmospheric levels of CO2 are monitored at different locations around the world. One such place it 
Mauna Loa in Hawaii, Figure 1.2.  



 
 

 

 
Figure 1.2 – The amount of CO2 in the atmosphere measured at Mauna Loa in Hawaii3. The red dots are measurements, subject 
seasonal change. The black line is the average.  
The increase from an average of 400 ppm to 410 ppm is an increase of 2.5% over 4 years, this trend is 
evident since the beginning of the measurements in 1955. CO2 is only one of many greenhouse gasses 
(GHG) partially responsible for the temperature increase but is here presented as a proxy for the 
general trend. The emission of GHG is strongly linked to the global consumption of energy. The 
consumption of energy generally produces GHG, but the energy consumed by animals and organisms 
is not the focus of the present work, where we shall only consider the consumption of energy in 
relation to human activity.  
 
The consumption of energy is intrinsically linked to the development of our society and the population 
growth. The predicted increase in energy efficiency, shown in Figure 1.3, will not be enough in 2040 
to offset the growth in the total energy consumption.  

 
Figure 1.3 – Deconvolution of the growth in energy consumption2. The prediction of energy efficiency will not be sufficiently high 
to offset the increase energy consumption per capita. This means that the world will still require increasing energy production 
between 2017-2040.  

 
When combined with the expected growth in the world population, Figure 1.4, this means that a 
significant increase in the world’s total energy consumption should be anticipated. 
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Figure 1.4 – The expected growth in world population4.  
The primary energy consumption presently comes from fossil fuels as noted, with the largest part from 
the combined amount of oil and natural gas. This poses other challenges, than the climate challenge, in 
the form of a discrepancy between discovered and consumed oil.  

 
Figure 1.5 - (left) Oil discoveries since 1950. (right) Distribution and amount of gas and liquid barrels of oil. The annual oil 
demand is approximately 35 Gbbl5. The ratio between the consumed and discovered oil reserves: 2013(8.7), 2014(7.4), 2015(5.6), 
2016(3.6), 2017(6.2) and 2018(4.9). 
The amount of discovered oil has been in steady decline over the latest decade. This is in contrast to 
the energy consumption, as shown in Figure 1.5.  
 
The best solution to accommodate these trends would be to increase the amount of energy used from 
renewable sources. By increasing the amount of renewable resources, one would reduce the likelihood 
of running out of oil, while also reducing the GHG emissions. Among smaller, but still significant, 
benefits of renewables are the availability of the fuels. Oil is only available in some specific locations 
and requires processing. Renewable fuels are readily available everywhere. While not necessarily 
available to everybody at all times, solar and wind energy are observed across the planet. Small 
molecular biofuels, such as methanol, can furthermore be derived from most plants and are thus 
readily available anywhere.  
 
 
 



 
 

 

1.2 Alternative energy sources 
The larger energy alternatives include particularly solar, wind, nuclear and biodiesel sources. Our 
focus in this work will be biofuel as electrical energy, and on glucose and methanol as fuels. Biomass 
is turned into glucose through pre-treatment and hydrolysis6 and glucose can in turn be fermented into 
alcohol fuels. The greatest strength of biofuels are the simple and easy production methods and the 
readily available raw materials. Another strength of biofuels, specifically when used in a fuel cell 
setup, is the autonomy of the system. Solar, wind and nuclear power all require large, reliable and 
expensive infrastructure to utilize. Solar and wind power requires large storage facilities, readily 
available and adjustable back-up systems as well as a large and integrated power grid capable of 
utilizing power generated at often very remote and/or specific places. Biofuels, specifically methanol, 
formic acid and equivalents, utilized in fuel cells, however, does not have these limitations. A fuel cell 
can be put down next to the vehicle, house or utility that you need power for. It can be run on chemical 
easily produced from products readily available.  
 
The autonomy of the fuel cell setup allows countries outside the OECD to expand and develop 
communities using a practical and sustainable energy source.   
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1.3 The Fuel Cell (FC) 
Fuel cells represent an alternative green technology for energy conversion. Fuel molecules work by 
electrochemically producing electrons from the fuel molecule. The electrochemical reactions, 
however, require efficient and stable electrocatalysts. The most common fuel cell catalyst is 
platinum7,8, used for both the anode and cathode reactions. Pt is an expensive metal though, and Pt 
rarity limits the fuel cell commercialization. Development of catalysts with less Pt are therefore 
important. Graphene and nanoporous gold (NPG) are both nanomaterials with high surface area and 
excellent conductivity and has proved highly suitable as supporting materials for electrocatalysis in the 
fuel cell.  
 
The general FC consists of the following components. The electrocatalysts catalyse the oxidation 
process of the fuel material, thus, delivering protons and electrons. On the cathode, the O2 in air is 
reduced, thus where the current is generated.  The electrolyte, often a highly polar solution such as a 
strong aqueous acid or base, conducts the reacting materials. The electrolyte can also be a proton 
conducting membrane, as in the case of the proton exchange membrane (PEM) an example of which is 
NafionÒ. In a hydrogen FC, the only bi-product of the reaction is water.  

 
Figure 1.6– Illustration of a fuel cell utilizing dihydrogen as a fuel9. 

A specific class of FCs is alkali, which operates on dihydrogen and dioxygen. Potassium hydroxide is 
used as electrolyte. The operation temperature is upwards of 90 °C, and fuels utilize a platinum 
electrocatalyst. Molten carbonate fuel cells (MCFC) use molten salts as electrolytes and operates at 
about 650 °C. This fuel cell utilizes a nickel electrocatalyst. Solid oxide fuel cells (SOFCs) utilize 
metal oxides as electrolytes, operate at about 1000 °C, and use a range of electrocatalysts. The fuel 
varies according to the FC type and electrocatalysts. The commercial fuel cells9,10,11 are mostly 
hydrogen based, with some methanol12 based FCs. 
 
The membrane electrode assembly (MEA) forms the core in a fuel cell in a power setup. The MEA 
consists of the two electrodes and the membrane assembled as shown in Figure 1.6. This can be done 
in multiple layers (3-, 5-, and 7-layers). The MEA is wedged between two flow plates, a thermally and 



 
 

 

electrically highly conductive plate that facilitates the fuel flow. The MEA and the flow plates 
comprises “the stack”. A single stack with hydrogen fuel produces around 1 V9, which can be 
increased by multiple stackings of fuel cell units and thus a system design that fits the specific 
application.  
 
The fuel used in this project was selected based on the parameters given in Table 1.1. The number of 
electrons per molecule is used to determine the impact of the reaction rate, electrochemical surface 
area (ECSA) and concentration of fuel molecules in the fuel stream. If few electrons are transferred per 
reaction, the reaction rate must be higher or the ECSA needs to be larger, and a higher concentration of 
fuel is required. If the number of electrons extracted per molecule is high, the need for a fast reaction is 
reduced, the ECSA is more effective, and the fuel concentration can be lower.  
 
Methanol was selected as the primary fuel. This was the choice because it is far easier to work with 
than liquid hydrogen and yields a larger electron output per molecule. Methanol was preferred over 
ethanol and glucose because it is a simpler oxidation process, and although the number of electrons per 
molecule, the energy density both per litre and per kg, are lower than that of glucose or ethanol.  
 
A list of fuels and essential data are given in Table 1.1. 
Table 1.1 – Electrochemical oxidation processes of fuels at the anode in a FC13,14. 

Fuel Molecules Anode reaction e-/n(mol) MJ/kg MJ/L 
Hydrogen H" → 2H% + 2e( 2 120 8.5 
Methanol CH*OH + H"O → CO" + 6H% + 6e( 6 20 15.6 
Ethanol CH*CH"OH + 3H"O → 2CO" + 8H% + 8e( 8 30 24 
Glucose C/H0"O/ + 6H"O → 6CO" + 24H% + 24e( 24 15.6 24 

The dioxygen reduction reaction (ORR) is the most common cathodic fuel cell process: 
0
"
O" + 2H% + 2e( → H"O  eq. 1.1 

The focus of this work is on the development of electrocatalysts for the anodic fuel oxidation reactions 
of methanol. The electrocatalysts for the PEM fuel cell is platinum on a gold or graphene support 
material. The bottom-up investigation into these materials started from the formation of gold 
nanoparticles using a state-of-the-art method, namely reduction of a gold complex by MES (2-N-
morpholino-ethanesulfonic acid). The reaction path was examined using a variety of spectroscopy 
techniques, and DFT calculations. It was discovered that a number of interesting by-products is formed 
throughout the synthesis, and even after the nanoparticles are formed. Unique to the nanoparticles 
formed by this synthesis is the formation of a nanoporous film on the air-water interface. This film is 
formed when the ionic strength is increased, and pH is lowered. The film is conducting and has 
catalytic properties resembling those of gold nanoparticles. Another feature of these nanomaterials was 
investigated namely the structural patterning that happens on immobilization on reduced graphene 
oxide during illumination. This was examined using XPS and TEM. The functionalization of 
synthesized nanoporous gold film by platinum for fuel oxidation was investigated. A bi-metallic self-
assembled film on the air-water interface with fuel oxidation capacity was synthesized using the 
previously investigated gold film synthesis with the addition of platinum. The subsequent nanoporous 
gold/platinum film was tested using XPS, TEM, synchrotron XPS, and electrochemical analysis.  
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2 Methods and Techniques 

Several advanced characterization techniques were exploited in the project. The approach to 
characterization of material, particularly when using advanced methods, is to combine several 
techniques to obtain the specific information relevant to evaluate the applicability of the material in 
this study. This will be described in detail in the following chapters, e.g. chapter 3, where the 
combined information from UV-vis, NMR and MS spectroscopies along with DFT calculations, were 
utilized to map out the convoluted reactions that happen in an otherwise simple system. None of the 
individual methods could explain the observed phenomenon alone, but in combination, the system was 
well characterized.  
 
2.1 Transmission electron microscopy (TEM) 
Electron microscopy in this work included transmission electron microscopy (TEM) and energy 
dispersive spectroscopy (EDS). Details about the instrument can be found at the end of this section.  
 
TEM is a technique that images the density of material. TEM allows for incredibly magnified images 
of materials where the contrast between densities allows for distinction between, for instance, metals 
and support materials. In TEM electrons are emitted from an electron gun15 and manipulated by a 
magnetic field, through a number of lenses, to form the electron beam that penetrates the sample and 
proceeds into a detector, generating the image. The lenses used in this system are electromagnetic 
lenses. An electromagnetic lens is a coil, through which an electron current flow. This generates a 
magnetic field that acts on the electrons in a way that resembles the way a traditional optical lens 
would act on photons. 
 
EDS is a technique that utilizes the same electron beam and sample interaction as in TEM, albeit with 
significant differences. The technique is based on the emission of X-rays specific to a chemical 
element. When the electron beam hits the sample, an electron will be ejected from the inner shells 
creating an electron hole. An electron from a shell further up in energy will then relax to fill the hole, 
releasing energy in the form of X-rays with discrete energies defined by the energy difference between 
the relaxing electron and the hole. The X-rays are picked up by an energy-dispersive spectrometer. 
This technique is highly selective to elemental composition and the detection is ultra-sensitive and 
goes right down to 10-19 g of the specific element mass (corresponding to a few hundred gold atoms for 
instance). In this work EDS has been used to establish the elemental composition of a sample, 
complementing TEM. 
 
The sample is best analysed if it is prepared as a dispersed solution. The TEM sample was prepared by 
drop casting 10-15 𝜇L of the solution on a TEM grid. TEM grids come in different varieties. Two 
primary grids were used in this work. One was the 200 copper MESH grid, the other one lacey carbon 
grid which has larger uneven holes that allows for easier contrast with vacuum in the image. The grid 
was held above ground by a pair of tweezers to insure even drying and reduce the formation of 
aggregates.  
 



 
 

 

 
Figure 2.1 – Schematic of an EDS in a TEM setup16. (SE) is secondary electrons, BSE is backscattering electrons both used in 
SEM. The X-rays are used in EDS. And the transmitted beam is used to generate the TEM image.   

The schematic in Figure 2.1 illustrates the possible effects of the electron beam upon hitting the 
samples. As the electrons interact with the sample, in the present work a metal nanoparticle or film, the 
electrons are scattered from the beam paths. The scattering patterns include: elastic scattering, in-
elastic scattering and back-scattering electrons. The transmitted electrons are used to produce the 
transmission electron microscopy image. The X-rays used in this technique can be generated from the 
entire sample. The secondary electrons (SE) are used in the scanning electron microscopy (SEM) 
technique. These electrons contain information about the topography of the sample and can yield 
resolutions down to 1 nm. The SE are generated from the top of the sample, the X-rays from the entire 
interaction volume.  
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TEM will be used primarily to look at different nanoparticles immobilized on graphene.  
 

 
Figure 2.2 – TEM image demonstrating some of the different magnifications. The image above illustrates gold film immobilized 
on a carbon grid.  

Figure 2.2 shows an example of the images studied in this work. (A) is an overview of the sample area 
of relevance. (B) is at medium magnification and one can see the entire aggregate, and where the 
carbon sheet ends, and vacuum begins.  (C) is a high-magnification area, shows macrostructure and it 
is possible to see the interconnection and continuation over a significant distance.  
 
The instrument used were a FEI Tecnai T20 G2 with an EDS from Thermo-Fisher scientific. The 
instrument is located at DTU Nanolabs.  



 
 

 

2.2 X-ray Photoelectron Spectroscopy (XPS) 
X-ray photoelectron spectroscopy (XPS) is a highly important surface technique used in the present 
work to describe the top atomic layers of the material.  
 
XPS identifies atoms by irradiating them with X-rays and ejecting core electrons. The energy of a X-
ray can be described as: 
 𝐸 = ℎ𝜈 Eq. 2.1 

 
The energy of the X-ray is determined by the material that generates it. The interaction of the ray and 
the material can be expressed as 
 
 𝐴 + ℎ𝜈 = 𝐴% + 𝑒( Eq. 2.2 

 
Where A is the atom and associated energies. Further,  
 
 𝐸(𝐴) + ℎ𝜈 = 𝐸(𝐴%)

+ 𝐸(𝑒() 
Eq. 2.3 

 
The kinetic energy,	𝐸(𝑒() = 𝐾𝐸, of the photoelectron can be expressed as  
 
 𝐾𝐸 = ℎ𝜈 − (𝐸(𝐴%)

+ 𝐸(𝐴)) 
Eq. 2.4 

 
The energy (𝐸(𝐴%) + 𝐸(𝐴)) can also be written as the binding energy of the electron, BE 
 
 𝐾𝐸 = ℎ𝜈 − 𝐵𝐸 Eq. 2.5 

 
The kinetic energy, which is the measurable parameter, can then be related to the binding energy, 
which is how the method identifies the elements.  
In an XPS experiment an X-ray source, and an electron energy analyser in high-vacuum environment, 
are required, Figure 2.3. 
 

 
Figure 2.3 – Schematic illustration of an XPS setup17. UHV is ultra-high vacuum.  

The X-ray source consists of either magnesium (Mg) with a maximum analytical energy output of 
1253.6 eV or aluminium (Al) with a maximum analytical energy of 1486.6 eV. The analytical energy 
is the maximum energy output available for analysis of elements with BEs in the range 0-1250 eV and 
0-1450 eV, respectively. The Al source is used in the present work. The X-rays produced go through a 
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monochromator before irradiating the sample. A monochromator is a quartz crystal with a specific 
crystal plane spacing, d. When the X-ray is reflected by the crystal at an angle 𝜃, the reflected X-rays 
interact constructively according to the Bragg equation: 
 
 n𝜆 = 2dsin(𝜃) Eq. 2.6 

 
where n is the diffraction order and 𝜆 is the X-ray wavelength. 
 
2.2 The electron energy analyser is a pair of concentric hemispherical analysers (CHA) of Ni-Fe 
alloy a soft ferromagnetic material. The CHA separates the photoelectrons using an electrostatic field 
to separate the electrons. The interaction between the field direction and the motion of the electrons 
and their kinetic energy, Figure 2.4.  
 

 
Figure 2.4 – Hemispherical Analyser, consisting of two concentric hemispheres, R1 and R2

17. R1 and R2 are the inner and outer 
radius of the analyser, respectively. The Rn is the effective direction the photoelectron will take when it is affected by the 
electrostatic field. 

The CHA separates the photoelectrons by their kinetic energy. First the lens system aligns the 
photoelectrons going into the CHA, this is the fundamental step for the qualitative analysis. The 
photoelectrons enter the CHA and are directed by an electrostatic field, with a  𝑅(" dependency. The 
field is generated by applying potentials to the two concentric hemispheres. The kinetic energy of the 
photoelectron becomes the separating factor. The photoelectrons interact with the electrostatic field. 
Depending on the photoelectron’s kinetic energy, the path through the analyser will change. The 
change is determined as the deviation from the center line of the analyser, the line marked as 𝐸F in 
Figure 2.4.  
 
The potential as a function of radius for the inner hemisphere is17: 
 
 𝑉0(𝑅0) = 𝑉F H

2𝑅F
𝑅0

− 1J Eq. 2.7 

 
The potential as a function of radius for the outer hemisphere17. 
 𝑉"(𝑅") = 𝑉F H

2𝑅F
𝑅"

− 1J Eq. 2.8 

 
In Eq. 2.2.8 the 𝑉F is the pass energy potential, the specific energy required for the photoelectron to 
follow the center line of the analyser. The radial electric field in the gap of the hemispheres, 𝐸F = 𝑒𝑉F 
is then given by: 
 



 
 

 

 
𝐸(𝑅K) =

(𝑉" − 𝑉0)𝑅"𝑅0
(𝑅0 − 𝑅")𝑅K"

 
Eq. 2.9 

 
The energies of the electrons are thus separated as a function of the radii, 𝑅" and 𝑅0, of the 
hemispheres. Rn is the registered photoelectron path through the analyser, see Figure 2.4.  
 
XPS can be utilized in the surface characterization of various compounds. Specifically the technique 
can disclose information about the chemical state, oxidation state and elemental composition from the 
top 1-10 nm of the material18. In the present study the method was primarily used to determine 
elemental composition and oxidation state. The elements primarily in focus are gold, platinum, carbon 
and oxygen, while other elements, such as sulfur, chloride, nitrogen and potassium, were studied as 
they were present to varying degrees in the material.  
 
The spin-orbit effect of an atom can greatly affect the XPS spectrum of a given element. The spin-orbit 
effect is the phenomenon the electron spin states are split, due to a magnetic field, between parallel and 
non-parallel orientation. In the case of platinum, the 4f  L

"
 and M

"
 electron spin half-integers generate the 

splitting of ∆= 3.35𝑒V.  An example of an XPS spectrum of platinum nanoparticles is used in Figure 
2.5, to illustrate the XPS technique. Scan A and Scan B are the two different Pt species, PtO and PtO2, 
present in the spectrum.  
 

 
Figure 2.5 – XPS spectrum of Pt nanoparticles immobilized on rGO. The red line is the spectrum obtained, the green line is the 
background, the blue line is the fit and the yellow lines are the deconvoluted fit. The first peak is at 72.4 eV which corresponds to 
PtO (Scan A), and the second peak is at 74.9 eV (Scan B) which corresponds to PtO2. The third peak is at 75.75 eV (Scan A) 
which corresponds to the spin-orbit splitting of 3.35 eV characteristic of Pt. The fourth peak is at 78.25 eV (Scan B) which 
corresponds to the spin-orbit splitting of PtO2. 

Figure 2.5 shows the spectrum of PtNPs on rGO. The spectrum was fitted using the program 
Avantage. The fitting was done with four peaks, in sets of two, with each set representing an oxidation 
state of Pt.  



 
 

 13 

Table 2.1 - The XPS core shells energies relevant for the different elements.18 (a) is the area ratio between the first peak and the 
spin-orbit peak. 

Element Orbital Composition Energy 
(eV) 

Sulphur 2p, ∆= 1.13	eV, 0.511T M-S 161.5 
Au-S 162.5 

Oxygen 1s M-O 529-530 
MC-O 531.5-532 
C=O 533 

Nitrogen 1s M-N 397 
C-NH2 ~400 

Carbon 1s C-C 284.8 
C-O-C 286 
O-C=O 288.5 
C=O ~289 

Chloride 2p, ∆= 1.6	eV, ~0.5T Cl2 200 
M-Cl ~198.5-199 

Platinum 4f, ∆= 3.35	eV, ~1T Pt 71 
PtO 72.4 
PtO2 74.9 

Gold 4f, ∆= 3.7	eV, ~1T Au 84 
Au+ ~8619 
Au+3 ~86.5 

When utilizing XPS to analyse metallic samples, for example the film presented in chapter 5, it is 
important to take into consideration that the small measurement area just a few mm2, might not be 
representative of the entire sample. This can be remedied by multiple slightly displaced measurements 
on the same sample. Other common errors for this method include charging of the sample, as a result 
of the X-ray bombardment. When the X-rays strip the photoelectrons from the atoms, a positively 
charged hole is created. If the sample is isolated, these charges build up and slow down subsequent 
photoelectrons. This results in a shift in the ionization energies which makes it difficult to determine 
the specific atoms. Reabsorption of the ionized electron can also occur. The reabsorption is basically 
the ionized electron that gets reabsorbed by the same material that emitted them. This will reduce the 
signal from a specific element and interfere with any quantification. XPS has a penetration depth of 
about 1-10 nm. Therefore, any variation in elemental or chemical composition deeper in the sample 
would not be analysed and thus, erroneous conclusions might be drawn.  
 
In this work XPS was used to establish the surface elemental composition of the new materials. The 
added information about oxidation state, although also being limited to the surface, makes it a most 
valuable tool for materials surface characterization in combination with electrochemistry.   
 
Sample preparation involved immobilization of the sample on a conducting substrate, such as silicon 
or ITO, with conducting slides no larger than 5 mm x 15 mm and no thicker than 2 mm.  



 
 

 

2.3 Nuclear magnetic resonance spectroscopy (NMR) 
In this work the NMR spectroscopic research was primarily accomplished by Dr. Kasper Enemark-
Rasmussen at DTU Chemistry, but due to the impact of this technique on one of articles published 
during the project, it is included in the thesis with due credit given. The production and preparation of 
samples, for instance the de- and re-hydration of H2O to D2O, was done by PhD Student Frederick 
Stappen Nielsen. The subsequent programming, running of the NMR experiments and the analysis of 
the data were done by Dr. Kasper Enemark-Rasmussen. The discussion and significance of the data, 
the planning and designing of sequential experiments, including NMR techniques and synthesis 
changes, were undertaken jointly.  
 
Nuclear magnetic resonance spectroscopy (NMR) is a technique based on the spin angular momentum 
of certain atomic nuclei, which gives rise to an intrinsic nuclear magnetic momentum. The atomic 
nucleus adopts the property of spin angular momentum from the protons and neutrons of which it is 
composed, and thus the spin quantum number, I, for a given type of nuclei can be predicted based on 
the number of protons and neutrons. Nuclei with an odd number of both protons and neutrons will 
have integer spin (e.g. 14N I = 1), nuclei with an odd number of either protons or neutrons, and even 
number of the other one will have half-integer spin (e.g. 1H I = ½, 13C I = ½, 15N I = ½). Nuclei with 
an even number of both protons and neutrons will not have a spin angular momentum (e.g. 12C I = 0) 
and thus be NMR “silent”. When the nuclear magnetic moment of an atom interacts with an external 
magnetic field its spin energy states splits up according to the Zeeman effect, thus creating an excited 
and a relaxed state. The energy difference between these states is termed the larmor frequency and is 
given as wL = gB0, where g is the gyromagnetic ratio of the nucleus (e.g. g(1H) = 42.577 MHz/T) and 
B0 the external magnetic field. The applied external magnetic field in NMR spectroscopy is usually 
between 7 and 20 T corresponding to 1H larmor frequencies between 300 and 900 MHz. A 
radiofrequency (RF) pulse is applied “on resonance” to perturb the system. From the observed 
response small variations in the electronic environments around the different nuclei can be 
distinguished (due to magnetic field shielding effects from valence electrons). This can be used to 
extract information about the chemical and structural properties of the compound under study.  
 
Most of the techniques used are so-called 2D NMR experiments. The aim of 2D experiments is usually 
to correlate two or more spins using either “through bond” or “through space” magnetization transfer 
schemes. The correlated spins can either be homonuclear (e.g. between 1H and 1H) or heteronuclear 
(e.g. between 1H and 13C).  
 
1H-13C Hetero single quantum coherence spectroscopy (HSQC) is a “through bond” technique used to 
identify 1H and 13C spin pairs separated by a single chemical (covalent) bond. It functions by 
transferring the magnetization induced by the RF pulse, to nearby nuclei. If these nuclei are also NMR 
active this polarization can be detected, and a “coherency” determined. 
 
1H-13C Hetero multiple bond correlation (HMBC) is also a “through bond” technique somewhat 
similar to HSQC, except that it is tailored to weaker interactions, and thus identifies long-range 
bonding (2-5 bonds). Because each 1H usually correlates to multiple 13C atoms, the HMBC spectrum is 
typically more convoluted than the corresponding HSQC spectrum. As HMBC focuses on interactions 
over multiple bond length, the spectral resolution, which depends on the frequency of the instrument, 
is particularly important factor. The better the instrument the better HMBC data can thus be obtained. 
An NMR measurement resolution is limited by the frequency, in MHz, of the instrument. In this work, 
the measurements were performed with a pulse frequency of 800 MHz.   
 
1H-1H Homonuclear correlation spectroscopy (COSY) is a “through bond” technique except that 
utilizes the 2D capabilities of NMR instruments. It is employed to identify 1H-1H pairs separated 
typically by 3-bonds.  
 
1H-1H Total correlation spectroscopy (TOCSY) utilizes the same approach as COSY, except that it 
employs a spin-locking period (60 to 100 ms) where the magnetization can be transferred to nearby 
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hydrogens from the inital “acceptor” hydrogen atom. TOCSY thus allows for mapping of hydrogen 
networks in a molecule.  
 
1H-1H Nuclear Overhauser effect spectroscopy (NOESY) is a “through space” technique that identifies 
non-covalent interactions between atoms which are close in space (< 5Å). The 2D spectrum looks 
visually as a COSY or TOCSY spectrum, but observed correlations are usually weaker. NOESY is 
typically employed to solve absolute configurations and to extract 3D structural information.   
 
1H-1H Diffusion ordered spectroscopy (DOSY) is a technique that can help determine whether a 
compound has polymerized or to which degree it has polymerized. DOSY works by utilizing radio 
frequency pulses in combination with a pair of magnetic field gradient pulses. An initial RF pulse 
excites the nuclear magnetic moments, which are then exposed to the first magnetic field gradient. 
After a period of time, where the molecules are free to diffuse, the field gradient is reversed and 
followed by a second RF-pulse that refocuses the signal. The longer the molecule has moved in the 
time before the refocussing pulse, the less efficient the pulse will be, and the more the observed signal 
will be attenuated. Large molecules will thus, exhibit only minor signal attenuation, whereas smaller 
and more mobile molecules will exhibit a larger signal attenuation. 
 
The instrument used for most of the NMR spectroscopy work in this thesis is located at the NMR 
Center at DTU Chemistry. The NMR data presented were recorded using a Bruker AVANCEIII 
spectrometer operating at a 1H frequency of 799.75 MHz (Oxford Instruments superconducting magnet 
refitted for Bruker Biospin electronics). The system was equipped with a 5 mm TCI CryoProbe 
(Bruker Biospin)  
 
The samples were prepared by dissolution or dilution in about 0.5 mL of D2O. The solution was then 
placed in a NMR tube for measurements. If the sample were from the nanoparticle synthesis it was 
either dried at 80 °C in a petri dish before dissolution or, when drying was not an option, the synthesis 
was completed in a solution of D2O. 
 



 
 

 

2.4 Ultraviolet-visible light spectroscopy (UV-vis) 
Ultraviolet or visible light spectroscopy (UV-vis) is a technique used to identify molecules based on 
their light absorption characteristics. It is a simple and effective technique that can be used on organic 
and inorganic molecules alike. The strongest absorption peaks of organic molecules often originate 
from conjugated 𝜋-bonds. The primary molecules examined in this work are derivatives of MES, 
which do not originally contain any 𝜋-systems that absorb light in the measured spectral range (180 
nm to 1100 nm). The absorption of inorganic compounds can originate from different kinds of 
excitation, dd or charge transfer transitions between ligand and metal in transition metal complexes. In 
this work the primary form of inorganic absorption is from the plasmon band of gold nanoparticles. 
This absorption is not only associated with the concentration of the species, as are all absorption peaks, 
but also depends on the size of the nanoparticle. The size of our nanoparticles is around 15 nm, which 
corresponds to an absorption peak at 520 nm. The concentration of a compound or a nanoparticle 
(molecular “entity”) and the absorption of light is described by Lambert-Beers law. 
  

 A = 𝜀𝑙𝑐 (Eq. 2.10) 
 
where A is the absorbance,  𝜀 is the extinction coefficient, specific for each molecule, 𝑙 is the length of 
the cuvette in centimetres, usually 1 cm, and 𝑐 the concentration of the absorbing species in mol/L. 
 
The spectra were recorded using an Agilent 8453 (Santa Clara CA, USA) or PerkinElmer Lambda 950 
(Waltham MA, USA) spectrophotometer together with a quartz cuvette, and a single beam setup with a 
Tungsten filament and a deuterium lamp emitting light in the range of 190 nm up to 1100 nm. The 
light is channelled through a series of lenses, then through the sample and into a detector. After the 
light has passed through the sample, a grating separates the wavelengths, thus generating the resolution 
of the spectrum, before the light is detected by a diode array.  
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2.5 Electrochemistry (EC) 
Electrochemistry is a broad area of physical chemistry that focusses on the surface of an electrode 
using a variety of techniques and methods. Cyclic voltammetry (CV) was the primary focus in this 
work. CV records the current through an electrode surface, as a function of an applied potential. A 3-
electrode setup was utilized, with a working electrode (WE), a reference electrode (RE), and a counter 
electrode (CE). The working electrode was the electrode consisting of the new materials on a 
conductive substrate. The RE was a saturated calomel electrode (SCE). The counter electrode is where 
the counter reaction of the WE reactions occur. If fuel oxidation occurs at the WE, reduction reactions 
will occur at the CE. The electrolytes chosen for this work are potassium hydroxide and sulfuric acid. 
Nanoporous gold film is only an active methanol oxidation electrocatalyst at high pH, in this work 0.5 
M KOH. Platinum is active in aqueous H2SO4

- and KOH-electrolytes. pH of the electrolyte changes 
greatly the applied potential ranges of the electrochemical process. The function of our material will 
mostly be the anode fuel oxidation reaction, with methanol oxidation as an example. 
 

 𝐶𝐻*𝑂𝐻 + 𝐻"𝑂 → 𝐶𝑂" + 6𝐻% + 6𝑒( (Eq. 2.11) 
 
Cyclic voltammetry can be used to characterize a material to determine a range of parameters, such as 
interfacial capacitance, crystal structure, oxidation processes and electrochemical surface area. An 
example with platinum is shown in Figure 2.6. 
 

 
Figure 2.6 – Standard CV of a platinum electrode illustrating typical electrochemical characteristics of platinum20  in a solution 
of H2SO4.   

Figure 12 is an illustration of the electrochemical reactions expected when platinum is part of the WE. 
The positive current, all of the blue area, is generated when electrons move to the surface of the 
electrode to create an anodic current. The positive current generated is an anodic current, because the 
molecules on the WE surface are being oxidized. The negative current, the green and oxide reduction 
area, is generated when the electrons moves from the surface. A particular characteristic peak in a 
platinum scan, Figure 2.6, is the hydrogen atom adsorption and desorption peaks. These can be used to 
quantify the electrochemical surface area 
 

 
𝐸𝐶𝑆𝐴ab =

𝐴c[𝐴 ∙ 𝑉]
𝑣[𝑉 ∙ 𝑠(0	] ∙ 210[𝜇𝐶 ∙ 𝑐𝑚("] 

(Eq. 2.12) 
 
 

 
Where 𝐴c is the hydrogen adsorption area, which should be equal to the hydrogen desorption area as 
this is a reversible reaction, and 𝑣 is the scan rate. 210 𝜇𝐶 ∙ 𝑐𝑚(" (check this value and where it comes 
from!) is an empirical constant for this reaction on platinum20.  
 



 
 

 

The blue area and the green area + the white oxide reduction peak of pure platinum are approximately 
equivalent. This is because the  electrode reactions are reversible, e.g. with no fuel oxidation. This 
would not be the case for the dotted lines, which represents the evolution of H2 and O2, both 
considered as irreversible electrochemical processes. The double-layer charging is also known as the 
origin of the charging double layer capacity and stretches across the entire potential range. The work 
by Kumsa et al20, based on the work of Angerstein-Kozlowska21, has helped in the understanding of 
platinum electrochemical reaction chemistry and in the analysis of the results presented in this work.  
The currents generated by any electrochemical redox reaction are comparable, once normalized to the 
amount of active materials, i.e. number of platinum atoms, between different electrocatalysts.  
 
Electrochemistry in general, and cyclic voltammetry in particular, will be used in this work to 
characterize the surface of the new materials produced. Systematic CV will be used to determine the 
catalytically active surface area as well as the current generated on a per atom basis for the given 
reaction.  
 
The primary electrochemical set-up used is an in-house built photoelectrochemical setup. The 
potentiostat for these experiments was a PalmSense4. PalmSense4 is a small and easily portable 
potentiostat, ideal for the set-up. The system also includes a saturated calomel reference electrode, a 10 
mm x 5 mm quartz cuvette and a thorlabs fiber optic halogen light source.  
 
The first step in electrode preparation was the cleaning of the optically transparent indium tin oxide 
(ITO). The ITO was cut from a larger ITO slide, of about 1’’ x 1’’ into three slides of about 8 mm x 25 
mm and then cleaned by.  

1. Sonication of the ITO for 30 minutes in 0.1M HCl. 
2. Sonication for 30 minutes in deionized water. 
3. Sonication in acetone for 30 minutes. 
4. Sonication in ethanol for 30 minutes. 
5. Rinsing by sonication for 30 minutes in deionized water. 
6. The substrate is then blown dry with compressed nitrogen. 
7. 30 minutes of UV-ozone treatment. 
8. The electrode material was the immobilized on the ITO sheet 
9. Finally, dried either in an oven at 100 °C or under light vacuum in dessicator. 
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2.6 Optical emission spectroscopy 
Atomic absorption spectroscopy (AAS) and inductively coupled plasma optical emission spectroscopy 
(ICP-OES), are techniques used to quantitatively determine the elemental composition of a given 
sample. In this work ICP-OES and AAS were used to determine precisely small concentrations of 
metal ions in a solution. The quantification of these amounts allowed us to better understand the 
efficiency of some of the processes, such as deposition of metals on graphene or filtration of NPs. The 
ICP-OES and AAS samples were prepared by dissolution of the sample in a minimum amount of aqua 
regia and then diluted in 2 V% of nitric acid with a minimum of 10 mL of total solution.  
 
The instrument used for AAS was a Perkin Elmer Atomic Absorption Spectrometer 4100 and a light 
source obtained from S&J Juniper & Co (Au, 242.8 nm), and is based on an atomizer flame. The flame 
can be adjusted but is usually around 5 to 10 cm long. After dissolution of the sample is in aqua regia 
and dilution with nitric acid, the solution is vaporized and passed through the flame to be ionized. 
When the atoms are ionized they emit optical radiation at a wavelength specific for an element. The 
energized light is passed through a monochromator that separates it from interferences, and then to a 
detector.  
 
ICP-OES data were recorded using an iCAP 7200 from Thermo Fisher Scientific (Waltham MA, 
USA). The ICP flame is made by a coil that transmits high-power radio frequencies that generate an 
electromagnetic field. Argon gas is then passed through the coil and ignited, which ionizes the argon to 
form a plasma. The plasma is about 7000 K when mixed with the nebulized sample. The collisions 
result in a breaking up of molecules into their respective atoms. The atoms are ionized and emit optical 
radiation at elementally specific wavelengths. The specificity of the wavelength originates from the 
unique electron orbital structures of the different atoms.  
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3 The Unknown Peak 

Abstract of Ref.22: “Byproducts in metal nanoparticle synthesis can interfere with nanomaterial 
formation and self-assembly, as well as the nanomaterial properties. Such syntheses go through a 
complicated series of intermediates making it difficult to predict byproduct chemistry and challenging 
to determine experimentally. By a combined experimental and theoretical approach, the formation of 
organic by-products is mapped out for the synthesis of gold nanoparticles with the Good’s buffer MES. 
Comprehensive nuclear magnetic resonance spectral studies supported by mass spectrometry, 
ultraviolet-visible spectroscopy, and density functional theory reveal a number of previously 
unidentified byproducts formed by oxidation, C-N bond cleavage, and C-C bond formation. A reaction 
mechanism involving up to four consecutive oxidations is proposed. Oligomeric products with 
electronic transitions in the visible range are suggested. This approach can be extended broadly, and 
lead to more informed synthesis design and materials characterization.” – Stappen et al.22 
 
 
 

 



 
 

 

3.1 Motivation and background 
Gold nanoparticles are among the most studied nanomaterials with a large variety of applications, i.e. 
CO oxidation and surface enhanced raman spectroscopy23,24,25. Knowledge about the reduction of gold 
precursor complexes and the products of the reducing agent are crucial to properly characterize the 
AuNPs. The morphology, size and behaviour of AuNPs depend on the surface ligands, stabilizing 
agents and other solution factors such as dithiol aggregation inducers. Some of these will be presented 
in chapter 4. By-products from the AuNP formation might result in other effects, such as toxicity26, 
which emphasizes the importance of understanding the process. The NP separation and purification 
procedures often include washing and centrifugation. However, organic by-products cannot easily be 
removed from a solution27–29, particularly since the molecules in question were chosen for their affinity 
for gold. The morphology of AuNPs has been found to be controllable by stabilizing agents and other 
ligands. For instance, a superlattice formed when the synthesis of AuNPs involve t-butylamine30, while 
AuNP coated fibres are formed when trimethylamine is used31. The numerous ways that by-products 
can interfere with the formation and characteristics of the AuNPs has led to faulty conclusions, such as 
a failure to identify the origin of certain UV-vis peaks32.  
 
The synthesis selected for this study is based on the reaction between the nitrogen atom in 2-(N-
morpholino)-ethane-sulfonic acid (MES) and the Au(III) atom in tetrachloroaurate. This synthesis was 
first described by Zhang et al33. Here, a mixture of MES, starch and glucose is added to the gold 
precursor. MES were proposed to act as a buffer that facilitates the core reaction, and glucose proposed 
to be the reducing agent. It was later discovered that the redox reaction agent was in fact MES and not 
glucose. The original AuNP synthesis presented by Turkevich et al34 back in 1951 used a citrate-based 
synthesis, but numerous other synthesis pathways, based on sodium borohydride, glucose, aniline or 
amines35–37, have been discovered.  
 
The method based on MES was chosen due to the many applications of the NPs, which will be 
discussed in the following chapters, and the unique UV-vis spectrum of the resulting AuNP solution. 
The UV-vis spectral peak that initiated this investigation has a strong absorption maximum at 360 nm. 
We have denoted this as “The Unknown Peak”, because of how the project started. The peak was 
discovered during UV-vis spectroscopy following the synthesis of the AuNPs. Three peaks were found 
during the AuNP synthesis, two were assigned to the precursor and AuNP respectively while the third 
was “the unknown peak”. Depending on the synthesis conditions this peak would sometimes appear 
together with a number of other peaks.  
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3.2 Experimental 
Table 3.1 - List of chemicals used in this work. 

Name Chemical 
formula 

Molecular mass Purity Supplier 

Gold(III) Chloride HAuCl4 . 3H2O 393.83 > 99.9% Sigma-aldrich 
N-Morpholino-
ethane-sulfonic acid 

C6H13NO4S 195.24 > 99% Sigma-aldrich 

Platinum(IV) 
Chloride 

H2PtCl4 265.98 > 98% Sigma-aldrich 

Graphene Oxide   4.5 g/L In-house 
prepared 

Potassium 
Hydroxide 

KOH 56.11 > 99.96 Sigma-aldrich 

Sodium Hydroxide NaOH 40 > 97% Sigma-aldrich 

Methanol MeOH 32.04 > 99.9 Merck 
Water H2O 18 100% Milli-Q 

AuNPs were synthesized using a 100 mL round-bottom flask with magnetic stirring in an oil bath by 
adding 20 mM HAuCl4 stock solution to MES in water at the target temperature (Figure 3.1a)33. The 
concentrations of HAuCl4 and MES were varied. Three conditions were examined, i.e. standard (2 mM 
HAuCl4, 10 mM MES), high gold concentrations(10 mM HAuCl4, 10 mM MES), and high MES (2 
mM HAuCl4, 75 mM MES) concentration. After a certain reaction time, the AuNPs were removed by 
filtration through two sequential 0.2 µm polypropylene syringe filters (VWR international, Figure 3.1c 
and 1e) onto a petri dish or watch glass, where the sample was kept at 80 °C until dry. The dried 
powder was dissolved in H2O or D2O for NMR or chromatographic analysis. The efficiency of AuNP 
removal by the filtration method was verified by UV-vis spectra of the filtrates showing no detectable 
AuNP absorbance, and ICP-OES showing > 99.995% and > 99.974% removal of gold (corresponding 
to ~ 0.08 and 0.5 μM) for syntheses carried out at r.t. and 80 °C, respectively. These findings accord 
with previous results32. 



 
 

 

 
Figure 3.1 – (a) Time resolved photographs of the nanoparticle formation at r.t. (b) Photographs of the solution and (f) 
corresponding TEM images. (c) the solution after filtration. Notice the colour of the filter and the clear solution. (d) Photographs 
of the solution and (g)  corresponding TEM image for the reaction at 80 °C. (e) the solution retains its yellow colour after 
filtration. Notice that there are no distinguishable differences between the filters of the r.t. and 80 °C filtrations. 

Figure 3.1 shows no significant differences in the formation of the AuNPs. The r.t. NPs appear to be 
slightly larger, but nothing of particular significance. However, the colour of the unfiltered solution is 
purple in the r.t. synthesis, but burgundy coloured in the 80 °C synthesis. The r.t. filtered solution is 
clear and uncoloured, while the 80 °C synthesis is yellow. The differences in appearance of the 
synthesis solutions does not translate into changes of the AuNPs, as seen in the TEM images. 
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Figure 3.2 - TEM micrographs of AuNPs synthesized at (a-d) 21 °C, and (e-f) 95 °C. (c) and (g) show high-resolution TEM 
micrographs and fast Fourier transforms (FFT) of the particles indicated by red arrows are shown in (d) and (h).  

The nanoparticles appear slightly different in the high and low temperature TEM images. They do, 
however, both form uniform nanoparticles. The resolution of the fast Fourier transforms FFT shown in 
Figure 3.2 (d) and (h) demonstrates that the nanoparticles are in a metallic framework with a FCC unit 
cell.  



 
 

 

 
3.3 Spectral Analysis 
The colours were monitored using in-situ UV-vis spectroscopy and found to originate from a number 
of UV-vis peaks, namely, the 520 nm nanoparticle peak, the 360 nm peak which initiated our 
investigation, the 475 nm peak probably responsible for the yellow colour and a few other minor 
peaks.  
 
The time evolution was followed by UV-vis spectroscopy. The 475 nm peak is only present in the 80 
°C synthesis, where it appears together with “the unknown peak” at 360 or 365 nm, which are probably 
identical molecules under slightly different expressions. This could be a molecule containing 
conjugated double bonds allowing for the kind of resonance structures common in this absorption 
range. The development of these peaks were traced over time, before, Figure 3.3a, and after filtration, 
Figure 3.3b. The peak development after filtration, Figure 3.3e, were contrasted with the unfiltered 
solution with background and nanoparticle peak subtracted, Figure 3.3c.  

 
Figure 3.3 - Observation of byproduct dynamics following AuNP formation at 21 °C. (a) Evolution of the extinction spectrum of 
the AuNP sol from 4 to 300 min. (b) Absorbance of AuNP-free filtrates prepared after 20 to 160 min of reaction. (c) Difference 
spectra generated by subtracting the initial spectrum after 4 min, when the NPs have formed, in (a) from the following spectra 
revealing a series of absorptions bands. (d) Time- dependent intensity of peaks labelled in (c). (e) Evolution of the absorption 
spectrum of the filtrate when AuNPs are physically removed by filtration after 3 min. (f) Time-dependent intensity of peaks 
labelled in (e).  

The summary of the UV-vis study is that the 360 nm peak, as well as many of the other peaks, is 
formed after the AuNP formation and continues to increase as long as the AuNPs are present but is 
stable after the AuNPs are removed from the solution. This indicates that the by-products formation is 
facilitated by the gold surface, but not to an extent as to be a requirement. It strongly suggests that a 
reaction happens only after the reduction of gold. In turn this strongly indicates that MES oxidation 
products are involved, particularly since MES is the only other reagent in the solution.  
 
In (e): the 360 nm peak is convoluted with the 345 nm peak. The development of the 345 nm peak, in 
(f), is like that of the 360 nm peak seen in (d). The slower development might be due to the fact that 
the gold surface catalyse the formation. From this hypothesis a number of NMR measurements were 
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conducted by Dr. Kasper Enemark-Rasmussen and, after consultations with Prof. Mads H. Clausen, a 
reaction mechanism was suggested for the oxidation of MES, see Schematic 3.1.  
Schematic 3.1 - Proposed reaction mechanism of gold-catalyzed oxidation of MES to N-(2- sulfoethyl)ethanolamine and oxalic 
acid. The structure of the purple compounds has been determined by NMR/HILIC-MS. Blue indicates support from in situ NMR 
experiments. The first step is oxidation of MES, either directly to hemiaminal (2) or through an intermediate N-oxide as 
reported.38 The iminium ion (4) is formed by dehydration, and loss of a proton forms the dihydro-oxazine (5). Hydration of the 
enamine leads to two possible isomeric aldehydes (7, 8) that are easily oxidized to their corresponding acids (9, 10) under the 
reaction conditions. Cyclization and further oxidation eventually leads, via (12) and (14) to the N-substituted ethanolamine (13) 
and free oxalic acid (15). 

 
Using NMR techniques, see Figure 3.4, the various by-products were discovered and categorized, the 
blue and purple compounds. The by-products were used to formulate the reaction mechanism 
presented in Schematic 3.1. The oxidation steps, which makes up most of the reactions, can be driven 
by both gold reduction and oxygen reduction. Simultaneously, AuNPs have been found to catalyse the 
oxidising reactions with oxygen as the oxidizing agent. This has been demonstrated by Della Pina et 
al.39in water at 90 °C. The oxidation of the amine has also been found, taking place in water at elevated 
temperatures, in literature40.  



 
 

 

The 1D and 2D experiments of 1H, 13C and 15N measurements were carried out. The application of the 
different methods can be seen in Figure 3.4.  

 
Figure 3.4 – (a) Procedure followed for by-product structure identification by NMR. The data employed in a given step is 
indicated. c.s. = chemical shift. (b) Molecular structures of organic by-products identified with NMR spectroscopy. The most 
important correlations observed with 2D NMR, i.e. 1H-15N HMBC (blue), HSQC-TOCSY or -COSY (red), and 1H-13C HMBC 
(black), are indicated with arrows. The numbers correspond to molecules identified and presented in SI of the article22. The 
arrows are an illustration of the interactions from one atom to another. For a list of all identified molecules, see the article SI. 

All compounds that were successfully identified by NMR. The molecular masses found in HILIC-MS, 
which produced a large number of m/z values. The cross-referencing of the m/z with the possible 
correlations found in NMR there was a large number of identified molecules which can be seen in the 
articles SI22. 
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Table 3.2 – HILIC-MS m/z values found for the different experimental parameters.   
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141.8 2.87 . x . . . . . . . . . . 
143.9 2.41 . . . x x (x) . . x (x) . . 
150.0 1.97 . . . x x x x x x x . . 
150.9 1.17 x x . x x x x x x x . x 
151.9 1.79 . . x x x x x x x x x x 
156.9 1.74 . . . . . . . . . . . . 
166.0 1.91 . . . x x x x x x x . (x) 
167.9 1.30 . . . x x x x x . (x) (x) (x) 
169.9 1.78 x x x x x x x x x x x x 
171.1 1.56 . . . . x x x x x x x x 
176.9 1.17 x x . x x x x x x x (x) x 
179.9 1.14 (x) x (x) x x x x x x x x x 
185.1 1.66 . . . . . . . . . . . . 
191.9 1.78 . . . x x x x x . x x x 
194.0 1.72 (x) (x) . x x x x x x x x x 
196.0 1.63 x x x x x x x x x x x x 
207.9 1.78 x x . . . . . . . . . . 
210.0 1.17 . x (x) x x x x x x x x x 
211.9 1.59 x . x x x x x x x x x x 
214.8 4.00 x x . . . . . . . . . . 
217.1 1.17 (x) . . . . . . x . . . (x) 
218.0 1.65 x . (x) x x x x x . x x x 
221.9 1.21 . . x (x) (x) (x) . . . . . . 
225.9 1.14 . x . x x x x x x x x x 
227.9 1.68 . x x x x x x x x x x x 
233.8 1.72 (x) x . . (x) (x) (x) (x) . . . (x) 
239.0 1.24 x x . x x x x x x x . (x) 
245.9 1.76 x x . . . . . . . . . . 
246.7 2.87 . . . . . . . . . . . . 
249.9 1.69 . . x x x x x x (x) x x x 
255.0 1.04 . . . x x x x x x x x x 
266.0 1.81 . x . . . . . . . . . . 
267.9 1.47 . . x . . . . . . . . . 
273.8 1.72 x x . . . . . . . . . . 
275.2 1.55 . x . . . . . . . . . . 
277.1 1.44 . x . x x x x x x x x x 
283.0 1.68 x x . x x x x x x x x x 
290.7 2.35 x x x x x x x x x x x x 
291.0 1.49 (x) . x . . . . . . . . . 
300.1 1.17 x x . x x x x x x x . x 
303.9 1.82 . x . . . . . . . . . . 
312.0 1.84 . . x . . . . . . . . . 
337.3 1.53 . . (x) . . . . . . . . . 
339.0 1.79 . (x) x x x x x x x x x x 
380.5 1.52 . x . . . . . . . . . . 
385.0 1.57 . . . x x x x x x x x x 
387.2 2.02 . . . (x) . . . . (x) . . . 
391.1 1.63 x x x x x x x x x x x x 
397.1 1.54 . (x) x . . . . . . . . . 
399.0 1.54 . . x . . . . . . . . . 
403.1 1.54 . (x) x (x) (x) . x (x) x x x x 
407.0 1.59 x . x (x) (x) (x) (x) (x) (x) (x) (x) (x) 
319.1 1.46 x x . . . . . . . . . . 
413.0 1.60 x . (x) x x x x x . x x x 

It was not possible to separate the molecules in the HILIC column and it was also not possible to do a 
chemical isolation of the compounds. Given the amount of data about the possible molecules in the 
solution. TDDFT was used to examine which molecule could be responsible for the 360 nm peak.  
 



 
 

 

3.4 Conclusion 
Here an in-depth analysis of the reaction between MES and gold precursor have been presented. 
Important knowledge of the reduction of gold were presented. The reduction reaction is initiated 
through a gold and nitrogen interaction, that can only take place for the deprotonated form of MES.  
 
The presented data focus on the by-products generated. For this to be possible the AuNPs had to be 
removed from the solution through a filter. This technique was demonstrated to successfully purge 
AuNPs from the solution by filtration. These AuNP free filtrates were subsequently investigated by 
NMR, UV-vis spectroscopy, and HILIC-MS. Using the m/z values and cross-references with the NMR 
interactions, a number of structures and by-products were discovered. The by-products were presented 
together with a reaction mechanism that explains how they could be formed. This is how it was found 
that an individual MES molecule could be oxidized by up to four consecutive 2-electron oxidations.  
 
It was found that compounds appear after the formation of AuNPs and is thus, not formed directly 
through reaction with the gold precursor. The behaviour of the solution with AuNPs is different than 
without AuNPs. The approach presented here is generally applicable to other nanomaterial syntheses, 
and demonstrates how effective NMR, UV-vis spectroscopy and HILIC-MS can be, when combined, 
to describe by-product mixtures. Such efforts are important for accurate evaluation of nanomaterial 
properties, and crucial for the application of nanomaterials, e.g. in nanotechnology, nanomedicine and 
food industries.  
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4 Aggregation of gold nanoparticles 

4.1 Introduction 
The control over nanoscale material are of inherent interest for the possibilities it would provide41. 
Being able to design materials with certain characteristics on the nanoscale has been the focus in large 
parts of literature42–44. The different methods used to manipulate gold structures on the nanoscale are 
wide and variable45. The different nanoscale characteristics of gold, and other metals, changes the 
capabilities of the material46–48. Having gained understanding of the AuNP synthesis presented in the 
previous chapter 3 “the unknown peak”, the next step was the manipulation of AuNPs. The first step 
towards designing nanomaterials build of AuNPs49, is the controlled aggregation of one AuNP with 
another, to form a dimer. The focus were put on AuNP dimers for multiple reasons. One is because 
they are the first step in AuNP aggregation processes. Stopping the process after the first interaction 
would be an excellent starting point for the development of controlled aggregation processes50–53, see 
Schematic 4.1. Another reason is that gold dimers, i.e. two gold nanoparticles linked together, are an 
essential part of surface enhanced Raman spectroscopy (SERS). SERS is a phenomenon of enhanced 
Raman signal for Raman active species that are in proximity of localized excitable gold nanoparticle 
surface plasmons54. The dimer here doubles the amount of available plasmons by having two 
interacting nanoparticles available instead of one.   
 
Controlled production of gold nanoparticles (AuNPs) in dimer and higher aggregate forms is a 
cumbersome process. The commercial procedure for producing dimers is to force the aggregation of 
AuNP and then sort them by size, via centrifugation. Polymers and monomers are then discarded, and 
the dimers collected. This process includes a waste of AuNPs from all the non-dimer species 
discarded. This could be avoided by producing chemically only dimers instead of separating them 
mechanically.  
 
The specific objective of the present work is to induce slow aggregation of AuNPs capped by citrate, 
into AuNP dimers, and then halt the aggregation and sedimentation process, see Schematic 4.2. The 
process is initiated by addition of a dithiol to the AuNP solution. Thiols form strong Au-S bonds on the 
surface of the AuNPs. The dithiols, with a molecular bridge between the two thiol groups, can 
furthermore, link together two AuNPs, thus leading to the dimer formation. This is done by having one 
end of the dithiol attach itself to one AuNP, and then, once the AuNP gets into proximity of another 
AuNP, the other end of the dithiol attaches itself to the second AuNP. Ideally this process will 
continue until all thiols are linked to an AuNP surface, but the linking process is brought to a halt 
(“arrested”) before higher aggregates than the dimers are formed. The elimination of further reaction is 
done by introducing a maleimide that will react with any leftover thiol groups.  
Schematic 4.1 – The principle of arrested aggregation of dimers. Original file by courtesy of Professor Matt Law at UCI. 

 
The way to selectively arrest the aggregation, without blocking or stopping the aggregation of other 
monomers in the solution, is by utilizing the “click-chemistry” of maleimide and thiols. Click 



 
 

 

chemistry is a term used in macromolecular chemistry for chemical reactions that are highly selective 
and fast 55,56,57. The click reaction is temperature sensitive, and the principle for controlling the 
reaction and keeping it selective is to use low enough temperatures, for the reaction to have been 
practically prevented. A laser tuned to the dimers plasmon resonance, for the particles used in this 
work, approximately 650 nm, will then be used to activate the dimers for aggregation arrest by heating 
them to a temperature where the click chemistry is initiated. The laser will excite the plasmon bond of 
the dimer. This will heat the dimers and the maleimide will react with all the un-bound thiol groups 
and, thus stop any further aggregation. This principle is illustrated in Schematic 4.2. 
 
Schematic 4.2- Illustration of the laser induced arrest of the aggregation process. Original file used by courtesy of Professor Matt 
Law at UCI. 

 
This project is a proof-of-concept effort to determine if the arrest of aggregation at the dimer size, 
using maleimide, is in fact feasible, and is described in the present chapter. 
 
4.2 Experimental work 
Two slightly different AuNP syntheses are used in this work. Both originate from the work of Bastús 
et al.58 A 150 mL solution of 2.2 mM sodium citrate, in a 250 mL 3-necked round bottom flask, is 
heated to 90 °C, using a heating mantle. 1 mL of 25 mM gold precursor is added, followed by 15 
minutes of vigorous stirring, Figure 4.1. Every 30 minutes an additional amount of gold precursor was 
added. These cycles were repeated until the desired characteristics were achieved. High concentration 
is important, so that any reaction would only be limited by temperature and not by concentrations. 
Among other characteristics are size and stabilization molecule. The AuNP syntheses used in this work 
were completed in either 4 or 13 cycles, henceforth referred to as G4 and C13 and with a particle size 
of approximately 36 nm and 150 nm, respectively. The synthesis with G4 has around an order of 
magnitude lower concentration than C13, due to a larger particle size and thus fewer particles. 
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Figure 4.1– synthesis setup, the number of cycles is the number of times a precursor reaction volume was added, using a syringe, 
into the injection tube. 

4.2.1 Dimerization studies 
The experiments were mostly conducted in a quartz cuvette, with the exception of the experiments 
based on the temperature-controlled cuvette holder, which could only fit plastic disposable cuvettes. 
The experiments were carried out by preparing the solution in the cuvette, followed by a start-point 
measurement in the UV-vis setup. The time-resolved UV-vis measurement program was then 
monitored with as little disturbance of the sample as possible. Additions to the solution were done with 
an auto-pipette following by stirring after each addition by emersing and re-injecting the solution once 
or twice into the cuvette.   
 
The nanoparticle solutions were all kept at 4	°C in a refrigerator in a vial sealed with foil or film to 
limit sedimentation.   
 

Thermocouple Condenser

Heating
mantle

Stirrer

Injection
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4.2.2 Instruments 
The primary instrument for characterisation is ultraviolet–visible (UV-vis) spectroscopy. 
The focus of this work has been on the monomer and dimer AuNP plasmonic peaks, at 
approximately 534 nm for the monomer and at 650 nm for the dimer AuNPs presently 
studied59. 
 
The Laser Spectroscopy and the UV-vis instruments in the Matt Law Labs59, were used 
in this work. During the measurements, the samples were disturbed as little as possible, 
with no shaking or stirring. To perform the experiments at elevated temperatures, a 
chiller/heater was added to the spectrometer controlling the temperature of the water 
pumped through the cuvette holder.  

 
Figure 4.2 – Heating element used to control the temperature of the samples throughout the measurement. 

The heating element only fits disposable cuvettes, which was a minor inconvenience. The 
laser setup is based on a pulsed laser with a wavelength of 650 nm or 700 nm, 80 fs, 1 
kHz, 150 mW, 150 μJ/pulse. The 650 nm wavelength was chosen because it aligns with 
the absorption band of the gold dimer. The 700 nm was chosen because it would be 
slightly off the absorption band, in case the 650 nm laser overheated the NPs. Also, the 
higher wavelength might benefit catching polymers, in case dimers do not stabilize under 
these conditions.  
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4.3 Results and discussion 
4.3.1 Chemistry and reactions 
The principal reaction is between the AuNP surface and the aggregation agent, hexa-
ethylene-glycol-dithiol (HEGDT). HEGDT was chosen as the dithiol because the length 
between the thiol-groups, six C-C bonds is approximately 10 Å. If each end of the 
dithiol attaches to a different AuNP, then the distance between these two NPs would on 
the same order of magnitude as six C-C bonds. By computational methods the group at 
UCI, had determined this distance between NPs to be optimal for surface enhanced 
Raman spectroscopy. The chain distance of HEGDT was chosen to give the calculated 
optimal distance between the AuNPs.  
Schematic 4.3 - The reaction between the AuNP surface and HEGDT to aggregate into dimers and, 
subsequently, polymers. Original file courtesy of professor Matt Law from UCI. * is the last step observable by 
UV-vis. The last step “crash” happens, when all the NPs leave the solution and form a precipitate.  

 

 
The chemistry between the thiol and maleimide is commonly referred to as click 
chemistry, due to the fast and selective nature of the reaction and is commonly used in 
the fields of biology and organic chemistry. The reactions go as shown in Schematic 4.4. 
Schematic 4.4- Reaction between HEGDT(R-SH) and Maleimide-PEG(poly-ethylene-glycol), R-PEG-OH(di-
ethylene-glycol alcohol) and R-PEG-COOH(hexa-ethylene acid). 
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4.3.2 Optical response to dimerization 
The spectral changes during AuNP dimer formation have several origins: 
 
Sedimentation: 
AuNPs which are not stable, precipitate on the bottom of the container. This 
phenomenon is initiated when the force of gravity of the NP is larger than forces in the 
Brownian motion. The mass is a result of the size of the particle during formation, but 
also changes when stabilizing agents are attached to the surface, or when NPs 
aggregate. Aggregation happens naturally but can be induced or increased by an 
increase in ionic strength, concentration, isoelectric changes or chemical reactions. It 
has been estimated that sedimentation occurs naturally at the synthesized AuNP size 
and that the high concentration of AuNPs increases aggregation and thus more 
sedimentation. 
 
Aggregation: 
Aggregation of AuNPs, hopefully induced by the addition of HEGDT, results in an 
increase in the nanoparticles size, and eventually to particle sedimentation. This is 
described as “crash out”, see Schematic 4.3 of the suspension due to the suddenness of 
the phenomenon, it is visibly obvious as the solution goes from burgundy to clear. 
During the increase in size, a blue-shift up to around 650 nm is expected, according to 
calculations in Matt Law’s Group59. The linking of the NPs results in a red shift of the 
nanoparticle peak up to around 650 nm. This is due to the dimers axially size increase. 
It is an axial increase because going from a monomer to a dimer is only a size increase 
in one direction. 
 
Arrest of aggregation: 
Along with aggregation an isosbestic point appears, indicating the change from mono- 
to dimers. The isosbestic point indicates a change from one single specie to another 
single species. This was expected to appear as a broadening as well as a blue-shift of the 
monomer peak. The isosbestic point, therefore, is essential for many of the reaction, but 
might appear different due to the unique optical properties of the dimers. This difference 
would originate from the difference in absorption due to the elongated nature of the 
dimers, as well as the 2 to 1 exchange rate between monomers and dimers. This would 
probably change the character of the isosbestic point, possibly widening it to an 
“isosbestic-line”.  
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Figure 4.3 - The G4 Aggregation reaction observed over 15 hours, [HEGDT] = 1 𝜇M, ∆t is 10 minutes. 

The AuNPs used in Figure 4.3 were synthesized using the G4 procedure. The trend in 
the general decline in absorbance throughout the 15 hours is very uniform. This is likely 
due to sedimentation, as there is no apparent blueshift. The lack of a blueshift is 
surprising and could originate from the dimers falling out of solution faster than the 
dimer concentration can reach observable amounts. Another possibility is that the 
HEGDT chain is too short, resulting in both thiol groups attaching to the same NP 
surface. This would mean that the mass of the NP would increase with the addition of 
HEGDT, but be locked from the beginning, thus, inducing sedimentation but no 
aggregation.  
 
The maleimides considered were R-PEG(poly-ethylene-glycol), R-PEG-OH(di-
ethylene-glycol alcohol) and R-PEG-COOH(hexa-ethylene acid), where R is maleimide 
functional group. The maleimide used in these studies were a maleimide with a terminal 
acid, alcohol and alkane.  

 
Figure 4.4 – (left) Maleimide attached to PEG mixed with AuNPs. The sedimentation is slow and steady 
throughout the measurement. (Middle) Maleimide acid mixed with AuNPs. A fast and significant 
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sedimentation is observed and it does not appear to stabilize over the two hours. (right) Maleimide-alcohol 
mixed with AuNPs, the spectrum is stable after the third scan. Measurements over a two-hour period.  

Maleimide-alcohol was chosen as the primary arrest agent on the basis of several simple 
tests, see Figure 4.4. Looking at the decrease in absorbance the maleimide alcohol was 
chosen because it appears to arrest the sedimentation of the AuNPs. The stability of the 
solution was the primary parameter for why this maleimide was chosen. The stability 
was determined based on the number of spectra, before the final six spectra are 
identical, shown by the color of the lines goes from black to light green. The number of 
measurements were the same in all three images, with the left most presented in a 
progression plot to illustrate the slow progression of the sedimentation. The next step 
was the addition of the arrest agent, see Figure 4.5. 

 
Figure 4.5 – 2 𝜇L of 1M HEGDT [1 𝜇M], 0.4 𝜇L of 10M M-OH [2 𝜇M] (added from spectrum 6 and forward), 
diluted (1:2) with ultrapure water, [M-OH]/[HEGDT]=2, [HEGDT]/[NP]=2.5*106, ∆t is 10 minutes, last 
spectrum (green) measured at t=18 h 8 hours after 2nd last.  

The development in the > 650 nm region, where the dimer absorbance would be 
expected, is meagre.  The expected result was not as significant as the tendency 
observed with the C13 synthesis in Figure 4.9 which will be presented later. The 
specific monomer peak at 534 nm and dimer peak at 743. The dimer peak is expected to 
be around 650 nm, so the peak at 743 is probably a larger aggregate of AuNPs or a 
AuNP polymers, were traced and are presented in Figure 4.6. An isosbestic point might 
be present around 630 nm. The argument for why an isosbestic point might be present is 
that the general trend for these AuNPs are that of continuing sedimentation, as seen in 
Figure 4.3. The continuing decline in the absorbance of the monomer peak, at 534 nm, 
combined with the rise in the polymer peak at 743 nm makes it difficult to determine if 
there is in fact an isosbestic point.  
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Figure 4.6 - (left) Tracking of the monomer peak (534 nm) and the assumed dimer peak (743 nm). From the 
experiment presented in Figure 4.5. (right) Tracking of the monomer peak with added HEGDT but no arrest 
agent. From the experiment also presented in Figure 4.3. 

There is a difference between the trend in the two figures in Figure 4.6. It appears as if 
the system behaves significantly differently when an arrest agent is added. The 
anticipated reaction would have been a blueshift followed by a stop in aggregation and a 
decline in the rate of sedimentation. The 743 nm peak would increase and a clear 
isosbestic point would be determined. The lack of this isosbestic point could be an 
indication that the observed decline is sedimentation. The initial increase in the 743 nm 
peak is a sign of polymerization, which was expected, albeit probably not forming 
dimers. The increased rate of sedimentation of the 534 nm peak was somewhat to be 
expected, but the observed increase in the sedimentation rate was unexpected. The 
maleimide had been based on the stability, which apparently was not retained under 
experimental conditions.  
 
The continuous sedimentation and the duration of the experiments motivated an 
investigation of the behaviour of the system at elevated temperatures. The system was 
examined ex-situ after having been heated to 80 °C on a hot-plate. The solution was 
then transferred to the UV-vis set-up. After the first measurement the solution was kept 
at r.t. for 30 minutes and measured again, then heated for 45 minutes and measured, 
kept again at r.t. for 45 minutes and measured. The results are shown in Figure 4.7.  
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Figure 4.7 – AuNPs of the G4 batch with HEGDT + M-H. The temperature was set at 80 °C for 30 min, then 
off for 30 min, then on for 45 min then off for 45 min. 

The stabilization of the spectrum after 105 min, see Figure 4.7, and the absence of 
decline in absorbance, after exposure to heat, lead to the assumption that the arrestation 
“click-chemistry” reaction happened faster at elevated temperatures and that the 
maleimide acid had successfully arrested the aggregation process, so there is only slight 
evidence of further dimerization. This is based on the isosbestic point at 600 nm. This 
indicates that the increase in absorbance above 600 nm could be a small amount of 
dimer and polymer formation. The otherwise lack of absorption > 650 nm could be 
because maleimide effectively reacts with thiols and somewhat prevents the dimer 
formation and polymerization of the AuNPs. The maleimide acid was chosen because 
the experiment seen in Figure 4.7 indicates that the nanoparticles are stable at elevated 
temperatures.  
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Figure 4.8 – (left) A comparative ex situ study of the system at 80 °C without an arrest agent as a reference. 
(right) The experiment where an arrest agent M-H was added after an hour of heating. The experiment 
presentation is [sample] followed by [time], Day 2 was measured after 24 hours at r.t. 

Figure 4.8 shows that the system behaves very differently with and without the arrest 
agent at elevated temperatures. Without the arrest agent, see Figure 4.8 (left), the 
AuNPs crash out after 3 h with only a minor amount of dimerization, seen in the region 
above > 650 nm. With the arrest agent, see Figure 4.8 (right), the NPs are stabilized in 
solution; even after 24 h. There is, however, less increase in the dimer region, > 650 nm, 
when compared to Figure 4.8 (left). The reason the nanoparticles are stabilized could be 
that click chemistry happens so fast that the dithiols are prevented from bonding to a 
gold surface, leaving the AuNPs light enough to slow the sedimentation on this time 
scale. 
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Figure 4.9 – Comparison between the behaviour of C13 AuNPs and the AuNPs synthesized by Zhongyue 
Luan59, diluted by a factor of two, after addition of HEGDT, represented by the green lines. The slow 
polymerization over two hours is shown, first dimers, 650 nm, and then polymers, at 700 nm or above. The 
degree of polymerization is different. Zhongyues NPs polymerize further, while Fredericks NPs form more 
dimers than polymers and appear to be stabilizing, represented by the red lines. 

These AuNPs prepared by Zhongyue Luan and Frederick Stappen Nielsen, were 
synthesized like G4 NPs, but with 14 cycles instead of four cycles. The dimerization is 
now much more significant when HEGDT is added, see Figure 4.9. An isosbestic line is 
observable at around 575 nm, this is a smeared line which might originate from the 
axial shape of the dimers. The conversion from the 534 nm peak into the 650 nm peak. 
The dimerization could have several causes, such as: higher concentration of NPs 
leading to more rapid formation of dimers, higher ionic strength leading to stronger 
shielding of charged AuNPs also resulting in more dimers, or perhaps a different 
size/shape of AuNPs more inclined to bind with HEGDT. The difference between 
Zhongyues NPs and Fredericks NPs are in the relative concentration of monomers, 
dimers and polymers.  
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Figure 4.10 - [10 𝜇M] and M-H [20 𝜇M] in 3 mL of AuNPs G4, dt=5 min, laser at 650 nm. During the 
experiment the main monomer peak slowly declines, simultaneously the dimer peak, as well as polymer peak, 
both increase over time to a substantial degree, imitating the behaviour of the C13 solutions, shown in Figure 
4.9. 

Figure 4.10 shows an increase in absorbance around 700 nm as a function of time of 
exposure to the laser and could indicate an increase in dimer formation. There are no 
apparent isosbestic points, however, at 575 nm and 625 nm there are indications. The 
former has an intersection point; however, it might be due to peak broadening. Peak 
broadening would not be observed during traditional aggregation, however, the laser 
heating up the solution might induce some peculiarity. At 625 nm has some of the lines 
form isosbestic appearing points. It is difficult to discern because the decrease in 
absorbance of the 535 nm peak does not correspond to the increase in the 650 nm or 700 
nm peaks. For reference a similar experiment under comparable conditions is presented 
in the middle of Figure 4.4, the only difference being the total volume and the lack of 
laser radiation.  
 
NMR experiments were attempted, but not successful. The investigation into the reaction 
between disulphide and maleimide under these circumstances, will have to be 
investigated further. 
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4.4 Conclusion and Perspectives 
In this chapter we have described the proof-of-concept for the arrest of aggregation of 
AuNPs, induced by addition of HEGDT, with maleimide. The results presented in 
Figure 4.7 and Figure 4.8 demonstrate some of the expected behaviour of an arrested 
aggregation, namely for maleimide acid and maleimide alcohol. The data indicates that 
at elevated temperatures the maleimide acid did stabilize the AuNP solution after the 
addition of HEGDT. In Figure 4.7 and Figure 4.8 there are possible isosbestic points 
indicating that dimers were successfully formed. There is more work to be done towards 
the understanding of the effects of reactant concentration and the sedimentation. It does 
appear that multiple effects contribute to the increase in sedimentation of AuNPs. Based 
on this study the ionic strength, concentration of NPs, stabilizing agent and temperature 
all affect the rate of sedimentation. Many of these factors contribute indirectly, by 
increasing the NP size or contributing to dimerization or polymerization. The challenges 
presented by sedimentation could perhaps have been circumvented by stirring, but this 
option was disregarded for multiple reasons. First, most of the experiments were done in 
a UV-vis cuvette, which complicates the addition of a stirring magnet; in-situ 
measurements would also have required the UV-vis chamber to be fitted with a 
magnetic stirring device. These were engineering challenges that could have been 
solved. However, due to the proof-of-concept nature of the study it was concluded that 
the diffusion, aggregation and sedimentation rates of dithiols and other reagents were 
not significant enough to mitigate with i.e. stirring. Secondly, the laser set-up was less 
accommodating for magnetic bars; due to the dimensions of the sample cuvette stirring 
was thus impossible. Third, any changes in the sedimentation rate would give 
information about the AuNPs. This was exemplified by the high-temperature 
measurements, where the sedimentation was dramatically slowed. Based on these 
decisions, the maleimide side group was changed from the alcohol group to the acid 
group. 
 
Better understanding of the sedimentation would be of great interest. This could be 
achieved by systematically controlling the sedimentation and using the NanoSight 
technology to determine Brownian motion and concentration, whilst monitoring the 
sedimentation rate. This type of experiment was attempted, but it proved not to be 
feasible to deconvolute the different effects that contribute to the Brownian motion.  
 
Further understanding of how to control the rate of the click chemistry so that only the 
HEGDT on the dimers react fast enough to stop aggregation is also desirable. This 
would require a thorough NMR study so that the reaction rates for different maleimide 
side chains, at different temperatures, concentrations etc., could be determined. With 
such knowledge a more precise set-up could be designed. 
The laser experiment showed promising results and the laser light appears to have an 
effect on the absorption in the > 650 nm region, see Figure 4.10. The data indicates the 
laser induced formation of dimers. There is however, the possibility that the observed 
increase in absorption above 650 nm, was fusion of AuNPs into dimers, polymers or 
structured gold networks. This could be investigated by TEM. If the effect observed 
were from fusion instead of click-chemistry, it could prove valuable in the design of 
gold nanostructures. This will be discussed in Chapter 5. The intense energy absorbed 
by the plasmonic bands heats the gold to high temperatures which changes aggregation 
and mobility and might induce the fusion of NPs.  
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5 Nanoporous gold films 

Abstract from Ref.52: “Nanoporous gold (NPG) is an effective material for 
electrocatalysis and is commonly made via	a dealloy method such as etching of silver–
gold alloys. Dealloyed NPG may contain residual silver that affects its catalytic 
performance. Herein, a different approach is reported for the formation of NPG at the 
liquid/air interface starting from gold nanoparticles (AuNPs) in an aqueous solution, 
providing silver-free gold films. Chloroauric acid is reduced to AuNP building blocks 
by 2-(N-morpholino)ethanesulfonic acid, which also acts as a protecting agent and pH 
buffer. By adding potassium chloride before AuNP synthesis and hydrochloric acid to 
the resultant AuNP solutions, we can reproducibly obtain continuous gold networks. 
The sintered AuNPs produced by this method result in chemically synthesized 
nanoporous gold films (cNPGFs) that resemble dealloyed NPG in terms of morphology 
and porosity; additionally, they can be controlled by the temperature, chloride 
concentration, ionic strength, and protonation of the buffer. cNPGF formation is 
attributed to the destabilization of AuNPs at the air–	liquid interface. The developed 
method generates electrochemically stable cNPGFs up to 20 cm2 in size with an average 
thickness of 500	±	200 nm, areal density of 50–150 mg cm2, and porosity as high as 
85%. Importantly, cNPGFs can effectively catalyze both CO2 reduction and CO 
oxidation electrochemically. The developed synthetic method thus offers large-scale 
production of pure bottom- up NPGFs for multifarious electrocatalytic applications.” –  
Zhang et al.60 
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5.1 Introduction 
The single-pot synthesis of a nanoporous gold, utilizing benign chemicals, is of great 
interest as a support material for fuel cell catalysts61,62. The control over the AuNP 
synthesis, that allows for the selective aggregation of gold at the air-water interface is of 
great relevance and builds upon the knowledge obtained in Chapters 3 and 4. The 
nanoporous film can have a high specific surface area while retaining many of the 
AuNP facets. The high porosity results in a large electrochemical surface area which 
can adsorb a large number of molecules and thus, is desirable as a support material. The 
fact that it is built of AuNPs results in the film maintaining some of the AuNP 
characteristics, such as large amounts of facets conductivity and structure of AuNPs. 
This means that the plasmonic features could be retained in the film, which would then 
allow the film to heat up and produce hot electrons when illuminated. The ability to 
selectively heat up a catalyst, without heating up the entire solution, is of great interest. 
These characteristics would result in a support material that could be an excellent 
photocatalyst, when doped with relevant catalytic materials. The first step in developing 
this material is the chemical assembly of AuNPs into a nanoporous gold film. The 
development of this material was focussed on the AuNPs behaviour in a liquid and the 
possible ways to manipulate it. Among the tested parameters is the surface tension. A 
lowering of the surface tension was attempted using a few different surfactants. The 
surfactants resulted in sedimentation of the AuNPs and no film were formed so this 
approach was not pursued. Another approach was to use a two-phase system, with oil as 
the supernatant. The idea was for the film to form in the oil-water interface instead of 
air-water interface. However, this however, appeared to prevent the film from forming. 
The approach that eventually was successful was to adjust the ionic strength of the 
solution, driving the AuNPs to form the film, and then adding of HCl to coarsen the 
film formation by severing the Au-N interactions that stabilized the AuNPs.  
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5.2 Experimental 
The synthesis was carried out using a round beaker with ∅ = 50	𝑚𝑚 which was heated 
to 80 °C in an oil bath. The solution consists of 12 mL of ultrapure water, 4 mL of 100 
mM KCl solution and 2 mL of 100 mM MES adjusted to pH 8.0. After 5 minutes 2 mL 
of 20 mM HAuCl4 solution was added. The AuNPs were formed almost instantly. The 
reduction was described in Chapter 3. A thin gold film is formed on the air-water 
interface over the next 30 minutes. 75 𝜇L of 4.0 M HCl was then added to the 
chemically self-assembled nanoporous gold film (cNPGF), changing the morphology to 
a single coherent piece of film. The film was originally cleaned by liquid transfer to a 
very large beaker, 3 L, to dilute the solution. This method was later changed to a 
pumping system, where ultrapure water was pumped into the solution to increase the 
volume and fill the beaker. After a certain total volume was reached, an outlet was 
added that pumped liquid out of the beaker to maintain a constant volume. This was 
kept running for long enough that the total reactor volume was exchanged a minimum 
of two times.   
 
Electrochemistry was recorded in a three-electrode system by immobilizing the film on 
a glassy carbon electrode, Pt coil as the CE and a reversible hydrogen electrode (RHE) 
as RE. The CO2 reduction was carried out in a saturated 0.1 M NaHCO3 electrolyte.  
 
Samples were prepared for TEM by depositing the film directly from the cleaned 
solution surface onto the TEM grid, using a pair of tweezers. The deposition was carried 
out when the liquid height in the beaker had reached 4-5 cm. It was performed by 
scooping the film up from the surface using the desired substrate, ITO or copper mesh.  
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5.3 Results and discussion 
5.3.1 Synthesis 
The synthesis was initially without KCl or HCl. These agents were added, after a 
number of different theories had been tested. The introduction of KCl was based on the 
observation that in syntheses where film formation had not or only sparsely happened, 
film formation evolved, as the solution evaporated over time. This led to a series of 
experiments that tested the effects of ionic strength on the film formation. KCl was 
selected since K+ and Cl- were already present in the solution, and no new ions would 
be introduced into the solution. Other additives were tested but found to have negative 
impacts on the film formation. A number of different concentrations were examined, see 
Table 5.1. Other than KCl a variety of surfactants were examined and found to have a 
negative effect on the film formation. This accords with the fact that the surface energy 
must be high to capture the nanoparticles, which is necessary to facilitate the 
aggregation.    
 
HCl was added based on prior knowledge on the reduction of the gold precursor, see 
chapter 3. Deprotonation of nitrogen in MES is vital for the reaction. If pH of the 
solution is below 6 the reaction does not take place. When the nitrogen in the 
morpholine ring is protonated the initial reducing step is blocked, because the Au3+ ion 
loses access to the nitrogen. The hypothesis for addition of HCl was thus that MES 
stabilizes the AuNPs in solution by N-Au interaction. When pH drops enough below 6 
nitrogen is protonated. During the reaction a significant decrease in pH is observed63. 
pH is reduced to approximately pH 3,63 so it would have to be a stronger acid to 
produce the destabilizing effect, which is why HCl was added. The destabilizing effect 
is when the N-Au interaction, which stabilizes the AuNPs in solution, is broken due to 
protonation of the nitrogen.  
Table 5.1 – Summary of cNPG synthesis parameters, chemical concentrations and experimental observations. 

Type of additive Concentration range [mM] Observed effect 

KCl 10-50 Increased amount of film 

formation, and increase 

ligament thickness. 

HCl 10-20 Larger macropore-to-

mesopore ratio. 

KH2PO4/K2HPO4 (pH 

8.0) 

5-25 Suppression of film formation. 

KClO4 10-25 Suppression of film formation. 
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5.3.2 Theory of interfaces 
Understanding the behaviour of NPs in solution is essential for control of the formation 
of nanostructures. We present briefly the some aspects of the interfacial self-assembly 
of NPs64. In 1906 a theory that should work for any kind of interface about 
nanoparticles in emulsions of oil and water was published by Pickering. This work was 
later taken up by Pieranski who formalised the connection between a single particle, 
with radius r, and the differences in energy as a function of the water-particle interfacial 
energy and oil-particle interfacial energy65.  
 

 
𝐸0 − 𝐸F = ∆𝐸0 =

𝜋 ∙ 𝑟"

𝛾n/p	
∙ q𝛾n/p − r𝛾a/p − 𝛾a/nst

" Eq. (5.1) 

 
𝛾u/v, 𝛾w/v and 𝛾w/u are the interfacial surface tensions of oil/water, particle/water, 
particle/oil, involved in the emulsion. ∆𝐸0 is the energy of the NP at the interface, as it 
changes depending on wetness and particle size. 𝐸F is the energy of the NP in solution. 
Eq. 5.1 demonstrates that the size of the nanoparticles, r, has a significant effect on the 
interfacial energy barrier, ∆𝐸0. The surface tensions are all connected through Young’s 
equation66. 
 
 𝛾w/u 	= 𝛾w/v + 𝛾u/v ∙ cos	(𝜃) Eq. (5.2) 

 
Where 𝜃 is the contact angle between oil and water, see Schematic 5.1. Change in size 
is the easiest and most effective way to capture NPs at the surface. Large microscopic 
particles will be locked at the interface, due to a combination of thermal energies and 
the free energy on the surface. Nanoparticles are more mobile and, while the 
concentration on the surface does not necessarily change, the individual particles could 
be exchanged from the surface to the bulk and vice-versa. This technique has been used 
to create self-assembled colloidosomes at the water-oil interface67.  
Other significant effects on the self-assemblies are the wettability of the particles, 
described as an angle, 𝜃, between the surface and the NP. 
Schematic 5.1 – An illustration of the nanoparticles located at the surface of the oil-water interface, and the 
angle between the NP and the surface of the solution68. This is the definition of wetness expressed as the angle 
𝜽 between the particle and the interfaces. 

 
The wettability of the NPs changes the desorption energy on the surface. The further 
from 90° the lower the desorption energy. The higher desorption energy, the lower the 



 
 

50 Functional gold nanomaterials and graphene platinum catalysts for electrochemical energy conversion 

mobility from the surface to the solution. This effect depends on a homogeneous surface 
of the NP and a uniform wettability, which might increase as the film is formed, so that 
the interconnected film becomes stabilized at the interface. 
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5.3.3 Mechanism of nanoporous gold Film formation  
A schematic for the proposed film formation mechanism is shown in Schematic 5.2. 
First the formation of NPs first happens in a high ionic strength solution. This was 
found, experimentally, to increase film formation, likely due to aggregation as a result 
of electrostatic screening. Based on the knowledge from Chapter 3 the increase in ionic 
strength from reactions of the by-products and changes in stabilizing agents, contributes 
as well. The NPs are driven to the surface by a concentration gradient, where they are 
captured according to the mechanisms discussed in the previous section. The wetness of 
the NPs, presented as the angle 𝜃, is probably increased to or above 90° due to the 
continuous evaporation from the surface of the solution. The drop in pH that occurs 
during the reaction, from the by-product formation, and even more when hydrochloric 
acid is added, destabilizes the NPs causing them to aggregate and form the film. These 
steps are summarized in Schematic 5.2. 
Schematic 5.2 – Schematic of the synthesis of cNPGF. MES buffer and KCl are pre-heated prior to gold 
precursor addition69. The precursor is added, and MES reduces H[AuCl4] to the AuNPs. KCl increases the 
ionic strength, decreasing both electrostatic repulsion between the AuNPs and the adsorption barrier for 
interfacial adsorption of AuNPs. Bulk AuNPs diffuse towards the surface driven by the concentration 
gradient, creating interfacial AuNPs. As they aggregate, they get trapped at the interface due to the wetness 
adsorption effect. Addition of HCl increases the aggregation by removing the stabilizing effect of MES. 
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5.3.4 Microscopic Characterization 
The film was investigated using various microscopies. TEM was used to determine the 
effects of ionic strength and HCl concentration on the film formation. The effects are 
evident and can be observed in Figure 5.1. The increase in film formation, as well as the 
coarsening, followed the increased concentration of KCl of the film, up a certain point. 
Another factor was a result of the addition of HCl. The increase in film formation was 
estimated qualitatively during the synthesis of the film. This was confirmed with TEM, 
that demonstrates the increase and coarsening in the film formation, as more and denser 
film.  

 
Figure 5.1 – TEM images showing the changes to the film following the KCl and HCl concentrations69. The 
first row, follows the increase in KCl concentrations, added to increase the ionic strength of the solution. The 
addition increases the amount of film formation, until the concentration reaches 30 mM, at which point the 
KCl appears detrimental. Following the columns is the increase in the amount of HCl added. The same effect 
is observed where at 20 mM HCl the effect appears to stiffen the formation of film rather than increase or 
coarsen it. 

Based on these observations the optimal synthesis parameters described in the 
experimental section were determined to be 20 mM KCl and 75 𝜇L of 4 M HCl (15 mM 
HCl). The film was also characterized with an optical microscope, see Figure 5.2, to 
complement the electron microscopic observations. In the optical microscopy the film 
appears to be homogeneous and consistent on all scales. 
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Figure 5.2 – Microscopy images of the film at different magnifications and using different techniques69. (A) 
Photograph, (B) visible light micrograph and (C) TEM image. The marked areas in the upper right corner in 
(A) and (B) represent the size of the area observed in the subsequent image, (B) and (C).  
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5.3.5 Electrochemical Characterization 
The film was also characterized electrochemically to determine its viability as a support 
material for electrochemical catalysts.  

 
Figure 5.3 – Cyclic voltammograms of Au (111), AuNPs, and cNPGF in (A) narrow and (B) broad potential 
windows. 50 mV s-1. 0.1 M H2SO4

69. The current density of Au(111)  was increased four-fold for better 
comparison. 

The CV demonstrates that the cNPGF has a much larger capacitance than the AuNPs 
used for reference and the single-crystal Au(111)-electrode. This is likely due to the 
larger volume and higher porosity, leading to a larger surface area (roughness). The 
electrochemical area is, however, only a few multiples higher and not orders of 
magnitude, this could be due to the AuNP loading being higher than a monolayer, since 
the film should have a much larger surface area, as well as contain more metal. The gold 
oxidization peaks of cNPGF in the broad scan, appear similar to those of the AuNPs, 
and different from the single-crystal Au(111) facets. This is another indication that 
corroborates the TEM observations, and the theory of film formation, that the cNPGF 
retains some of its NP characteristic.  
 
The oxidation of CO and the reduction of CO2 were also investigated electrochemically, 
see Figure 5.4. These reactions were selected as well-studied Au catalysed reactions that 
could demonstrate the benefits of the nano-porosity of the material. The reduction of 
CO2 was accomplished using a three-electrode setup with the film immobilized on a 
glassy carbon electrode (GSE) in a rotating disk electrode (RDE) configuration. The 
cathodic current density for cNPGF is comparable to that of argon, simultaneously with 
current efficiency of 88% CO2 reduction at -1.2 V which is in the same range as for 
other gold structures70. The current efficiency is the amount of CO2 reduced compared 
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to the theoretical amount of possible CO2 reduction. The theoretical amount of CO2 
reduction is calculated from the total amount of electrons put into the system. The total 
amount of electrons introduced into the system is calculated from the gold reduction 
peak.  

 
Figure 5.4 – Cyclic voltammograms of electrocatalytic (A) CO2 reduction and (B) CO oxidation on the 
cNPGF69. (A) Cyclic voltammograms obtained at 20 mV s-1. 0.1 M NaHCO3. (B) Cyclic voltammograms at 20 
mV s-1. 0.1 M KOH. The film was immobilized on an RDE for the experiments presented in this figure.  

The anodic currents in CO oxidation, Figure 5.4(B), correspond to a limitation of CO 
mobility to the active gold sites in the cNPGF. This is observable by the increase in 
current density as a function of the rotations per minute (rpm) of the RDE. The anodic 
current plateaus in the potential region from 0.5 to 0.35 V are limited by CO(aq.) 
diffusion to the Au active sites, which is controlled by the rotation rate. The onset 
potential of the cNPGF was -0.71 V, while others have reported an onset for single 
crystal gold at -0.61 V71. The earlier onset potential as well as the increase in current 
density as a function of rpm, are both indications of an improved catalyst compared to 
single-crystal Au(111). This corroborates the hypothesis that the material has an 
abundance of active sites. The drop off above 0.35 V is probably due to Au oxide 
formation inhibiting the catalyst.  
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5.3.6 Characterization by atomic force microscopy (AFM) and other techniques 
Using AFM, see Figure 5.5 the average thickness of the cNPGF was found to be 500 
nm ± 200 nm. Using this knowledge and the results from quartz-crystal microbalance 
(QCM) the areal density of the material was estimated to be around 100 ± 50 𝜇g cm-2. 
The mass of NPG film was estimated using quartz-crystal microbalance (QCM). In this 
technique, the change in the frequency of the oscillating quartz crystal is related to the 
change in mass exerted by the analyte. When NPG film was immobilized on QCM 
crystal, the value of negative shift in frequency of oscillating crystal in air was used to 
calculate areal density of the film. The resulting density is 1.0-3.0 g cm-3 and the 
porosity 85-95%, while the porosity of dealloyed NPG and Ag-Au is usually around 60-
80 %72.  These numbers are fraught with high variance, due to some of the obvious 
fallacies of the method. For example, it does not take into account macroscale holes or 
lacerations in the material. Nor does it accommodate variance in the film thickness or 
shape. Another way to establish porosity would be the BET (Brunauer-Emmett-Teller) 
method, but this method was not feasible due to the nature of our material. The BET 
method thus requires a fractionated powder and it was not possible to turn the film into 
a usable powder. The AFM images demonstrates that the material is porous and consists 
of an aggregate of AuNPs. 
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Figure 5.5- AFM images of the cNPGF69. (A) A large area (10  µm x 	10 µm) 3D image showing the microscale 
uniform film. (B–C) Height analysis of the AFM image, showing a thickness of around 400 nm. The dashed 
line in (B) indicates the place of the cross-section plot in (C). (D) High-magnification image of the cNPGF. 
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5.4 Conclusion and Perspectives 
The film formation theory, discussed in section 5.3.2, gives a foundation for discussing 
the effects of the by-products based on the data presented in Chapter 3. The molecules 
presented in Chapter 3, are formed during the AuNP synthesis and many of them can 
affect the parameters that influence the film formation. The molecules are mostly 
electrostatically charged which would increase the ionic strength of the solution. Some 
of them are acidic, which would change pH. The first oxidation of MES has an 
electronic resonance that would remove the buffering effect of the molecule. The 
change in pH during the MES oxidation goes from 7, stabilized by the buffering of 
MES, to approximately 324. The simple change in pH could be a major driving force in 
the film formation and the delicate balance between stable AuNPs and the easily 
induced aggregation and subsequent formation of gold film. The effect of the by-
products also includes the possibility of NP surface changes. The by-products, the 
secondary amines for example, might have a strong gold affinity, this could alter the 
surface of gold nanoparticles, which might have an impact on the aggregation of 
AuNPs. In addition, the numerous by-products would result in a dynamic increase in 
ionic strength that becomes even more pronounced when the evaporation of the solvent 
is taken into account. The challenges of deconvoluting the NMR spectra to obtain the 
specific knowledge of each individual by-product concentration was unfortunately not a 
possibility. However, the hypothesis is that some of these by-products interacts with the 
surface of the AuNPs, or the film, and possibly affects the formation or morphology of 
the film. The protonation of the by-products could also increase the effect of HCl 
addition. MES binds to gold via the nitrogen lone-pair, and it is expected that the 
nitrogen containing by-products would bind to gold in the same way. When HCl is 
added, this bond might be severed if the proton has a higher affinity for the nitrogen 
than the gold surface. The observations from Figure 5.1 support this view. The effect of 
by-products on the film formation is hard to determine but there are many ways in 
which the by-products could contribute.  
 
Another factor in the film formation according to the theory presented in Schematic 5.1 
is the continuous evaporation of the solution. Apart from increasing the ionic strength 
and the chemical concentrations of the solution, this could increase the wetness of the 
NPs are the surface. This would happen when a NP is capture at a lower degree of 
wetness, 90>𝜃. As the surface evaporates around the NP the degree of wetness increases 
and so does the interfacial energy barrier ∆𝐸0. 
 
The material was found to be nanoporous and conductive. The number of active sites, 
and the resulting increased catalytic activity, seem present. The formation of the film 
appears to follow the hypothesis of ionic strength dependency and the capture of the 
AuNPs at the surface when the aggregation is initiated. There is some indication that the 
acidic stripping of the stabilizing MES and MES derivatives, as the film coarsens and an 
increase in aggregation happens fast when the pH drops. The gold film was found to 
have a catalytic activity on the same level as other gold materials.  
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6 Structured gold nanoparticles 

6.1 Introduction 
Based on our acquired understanding of the AuNP synthesis, attempts were made to 
control the aggregation patterns and functionalize the aggregates on GO. This was done 
based on observations presented in the previous chapters as well as observations during 
illumination of AuNP solutions. The observations revealed formation of gold networks 
already in AuNP solutions that were illuminated by visible light. The light induced 
process was used to prepare a new material with immobilized gold networks on reduced 
graphene oxide. 
 
Two dimensional (2D) materials are in intense research focus for use in electronics, 
sensors and fuel cells (FC)73–75. One recent and central candidate in these efforts, is 
graphene, based on the key characteristics of this material, high electronic conductivity, 
high tensile strength, and high abundance,76,77,78 and highly favourable electrochemical 
and mechanical properties.  
 
As noted in Chapter 1, fuel cell technology is one of many ways to tackle the challenges 
of transitioning to renewable energy. FC technology is based on the electrochemical 
oxidation of a fuel to release electrons to drive a current. As also noted, the fuels are 
generally small organic molecules such as formic acid, methanol, or dihydrogen. FC 
technology depends heavily on the properties of the electrode on which the fuel is 
oxidized.  These electrodes are often made of metal NPs immobilized on a conductive 
support material79,80,8. 
 
The chemistry and mechanism of catalysed fuel molecule electrooxidation on AuNP 
surfaces have been studied comprehensively.81 The electrocatalysis is sensitive to the 
NP surface morphology, such as size, facets, etc., which affects the catalytic activity. 
Molecular adsorption of the fuel molecules on the AuNP surface is the first step, 
followed by oxidation in principle all the way to CO2, while the electrons are conducted 
through the material to the outer circuit, generating a current to the cathode reaction, 
typically the dioxygen reduction reaction.  
 
AuNPs have particular characteristics, size, shape and atomic organization. Extensive 
knowledge has been gathered on the specific properties of gold surfaces82, AuNPs and 
nanoclusters and nanoporous gold films. The project aims at studying the kind of gold 
structures, described in previous chapters, for potential use in proton exchange 
membrane fuel cells (PEMFC). These gold structures have been targeted because of 
their large surface area, porosity, and nanoparticle substructure. The approach to this 
new material is to build upon a well-studied AuNP synthesis and then to use light to 
induce controlled AuNP aggregation into a highly structured gold network (SGN). The 
ultimate aim of the study is to further explore the limits of electrocatalytic properties of 
the new wired 2D network Au aggregate structure, in central FC oxidation processes. 
Particularly the SGN could offer prospects for improved catalytic efficiency via light-
induced reaction channels. 
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Graphene oxide is an important precursor for AuNP immobilization because it is water 
soluble, and available for interaction with the NPs in solution. By exciting the plasmon 
of metallic NPs, using a light source, the NPs and their immediate environment will 
selectively heat up. Thermal reduction of GO to reduced graphene oxide (rGO) is well-
known,83 and expected to occur around the NPs, while NP anchoring to the graphene 
sheets. The NPs will furthermore combine into structured dendrimer nanowires, 
increasing the AuNP/rGO loading and the strength of the interaction. When GO is 
reduced to rGO it is, however, no longer water soluble, and the AuNP/rGO hybrid will 
precipitate, but the AuNP/rGO aggregates maintain high conductivity, and can be 
collected from the suspension and deposited on a support electrode, for example a 
glassy carbon electrode. The gold nanowire dendrimer maintains the facets and size 
(nanowire diameter) of the NPs. The catalytic activity can thus be expected to be 
comparable to the AuNPs or perhaps improved in the aggregated network form. This 
scenario is schematically shown in Schematic 6.1. The hypothesis is backed by 
observations with a heat sensitive camera showing intense heat during illumination, 
Figure 6.1.  

 
Figure 6.1 – (left) The UV-vis cuvette, seen through a heat sensitive camera, with a solution of AuNPs under 
illumination. (right) A zoom of the center of the cuvette.  

The data from Chapter 3, allows for conjectures that the oxygen from GO might also be 
reducible by MES. This supports the hypothesis that a simultaneous reduction and 
formation of the gold network, could be anchored in GO.  
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Schematic 6.1 - Schematic of the formation of structured gold networks. (a) The nanoparticles form in a 
solution. Interaction with GO by van der Waals forces begins in (b). (c) Illumination excites the plasmonic 
band of the gold nanoparticles. When they heat up, they reduce GO and form the SGN network (d). The 
networks penetrate rGO and are anchored. 

  
Researchers in industry and academia have introduced the use of metal functionalized 
graphene kept together by strong van der Waals forces for fuel cell technology84. The 
simple immobilization of metal NPs on carbon is, however, not strong enough to 
prevent the NPs from falling off under fuel cell conditions or similarly straining 
electrochemical processes. One way of circumventing this problem is by connecting the 
graphene with the NPs using a cysteine linker85, but this is not an efficient way to link 
large amounts of NPs, because of the extra synthesis steps and chemicals.  
 
The AuNP/rGO material, presented in Schematic 6.1, should allow for strong and non-
covalent immobilization by anchoring the gold structure to rGO i.e. by van der Waals 
forces which are strong for Au86,87. This ability to anchor non-covalently the NPs while 
maintaining the size and facets of NPs is a primary merit of this material. Anchoring 
must withstand the strains of electrochemical and catalytic operation in a fuel cell 
environment, and the metal must be anchored in a way that high electron transfer rate 
between metal and graphene, preferably across multiple layers, is maintained. This will 
be done using SGN. The important parameters of the support material in PEMFCs are 
presented in Table 6.1. 
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Table 6.1 – Parameters for the PEMFC catalyst supporting material. 

Parameter Improvement with SGN/Graphene 
Electrochemical Stability Both gold and graphene are stable under EC 

conditions. 
Surface area TEM of SGN suggests a high surface area. 
Conductivity Gold and graphene are highly conducting 

materials. 
Nanoparticles Facets Structured gold networks maintain the 

nanoparticles properties, after formation.   
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6.2 Experimental 
The syntheses were conducted using a 100 mL round-bottom flask in an oil bath at the 
selected temperature. The temperature and stirring were controlled by a hot plate. The 
duration and temperature is described under each experiment. First 2 mL of 100 mM 
MES solution with a pH = 7 and then 2 mL of 20 mM H[AuCl4] were added to the flask 
containing 16 mL Milli-Q water, Schematic 6.2. The illumination was by a Thorlabs 
HPLS 245 at 100% intensity at 5 cm distance, which results in a power of 
approximately 85 mW. The length of illumination varies and is given under each 
experiment.  
Table 6.2 – List of synthesis procedures of SGN. 

Name Primary 
Parameter 

Temperature SGN 
formation 

Characterization 

Procedure P1 Short synthesis 
time 

80 °C or 95 °C Yes TEM, XPS, UV-
vis 

Procedure D1 Addition of Pt 
to the mixture 

80 °C Yes TEM, EDS 

Procedure P2 Slow process 
and long 
reaction time 

0-5 °C No  TEM 

Procedure P3 Encapsulation 
short reaction 
time 

80 °C No TEM 

The illumination setup is shown in Schematic 6.2. It was designed so that the light beam 
has an uninterrupted path to the solution.  
Schematic 6.2 – Schematic of the illumination setup. The light source is inserted into the top of the round 
bottom flask. 

 
This setup was chosen over experiments where the light beam came in through the sides 
of the flask, which resulted in aggregation at the side of the flask, blocking the light 
beam from the rest of the solution. 
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6.2.1 Plasmon induced aggregation 
The proposed process for light-induced formation of the SGN is illustrated in Schematic 
6.3. The photons first hit the nanoparticles and excite the plasmons. Plasmon relaxation 
results in heating of the AuNPs. This allows a given NP to fuse with another NP and 
form a rod. This gold rod’s plasmon resonance changes character, and when the photons 
excite the newly formed rod, the oscillating properties of the electron cloud will be 
unique at the ends of the rod driving end-attachment of another AuNP. This leads to the 
formation of the structured gold networks observed.  
Schematic 6.3 - Illustration of the SGN formation process. Step 1 is the illumination of the plasmonic band at 
520 nm of the 18-20 nm AuNPs. In step 2, excitation results in heating of the NP. Step 3, Two NPs interact and 
fuse. Step 4, Excitation of the plasmonic band of the dimer. Step 5, Heating of the dimer is focused at the end, 
because the amount of plasmons per gold atom is here the largest. 

 

 
This hypothesis indicates that temperature is an essential parameter in the network 
formation. This is due to the high mobility of the nanoparticles leading to more 
branching out, and faster induced NP aggregation and fusion. GO also absorbs light 
and, when reduced, absorbs even more light, so the concentrations need to be managed. 
The reduction of GO happens simultaneously with the reduction of gold, so this process 
is convoluted. The numerous oxidation steps of MES and MES derivatives, as 
investigated in chapter 3, might continue the reduction of GO 
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6.3 Results and Discussion 
The following section present a variety of results obtained during the study of the SGN 
material. These results have not been published. 
 
6.3.1 Synthesis and characterization of structured gold network 
6.3.1.1 Synthesis – standard procedure P1 
The chemicals are mixed in a round bottom flask with a total reaction volume of 20 mL. 
Illumination is delivered through a liquid optical fibre directly onto the solution, 
orthogonally to the air-water interface, see Schematic 6.2. After the synthesis, 
Schematic 6.4, the sample was transferred to 2 mL plastic tubes for the cleaning 
procedure. The procedure takes the sample through centrifugation at 1200 rpm for 10 
minutes followed by washing with ultra-pure water. This is repeated three times or until 
no colouration of the washing water is observed.  
Schematic 6.4 - Illustration of the SGN syntheses, referred to as P1. 

 
Preparation of TEM samples were done by extracting 10 𝜇L and drop casting on a TEM 
grid. A TEM image is shown in Figure 6.2.  
 

 
Figure 6.2 - TEM image of the sample produced using the method from 



 
 

66 Functional gold nanomaterials and graphene platinum catalysts for electrochemical energy conversion 

Schematic 6.1- Standard Synthesis P1, Schematic 6.4. The interconnected network is clearly observable. The 
one-on-one fused NPs branch out in a dendrimer shape, forming the structured gold network.   

It is evident from Figure 6.2 that the NPs have fused into an elongated chain-like 
structure. The structure has multiple branches and includes most of the NPs visible in 
the image. Due to the cleaning procedure, it can be assumed that all the NPs are 
immobilized on the rGO.  

 
Figure 6.3 – (left) AuNPs produced using MES in a solution with GO. The AuNPs aggregate. (right) A sample 
of AuNPs in a solution without GO. The synthesis follows the P1 procedure, at 90 °C with the only difference 
from 6.3.1.1 is the lack of GO see (right). 

6.3.1.2 Standard Synthesis P1 with different illumination pattern 
The two experiments, shown in Figure 6.3 were different from the P1 synthesis by 
having 10 ´ more GO, 4x the illumination time, and by 5 ´ dilution post-illumination. 
The results show some degree of the structured gold network aggregation pattern, in the 
sample without GO. The slightly bulky appearance of the sample with GO, might be a 
sign of SGN being forced together because of GO aggregation happening after the SGN 
formation. The focal point of the illumination of the solution was from the bottom of the 
round bottom flask. This might have caused GO to be reduced and aggregate on top of 
SGN leading to the agglomerate appearance seen in Figure 6.3 (left).  
 
6.3.1.3 Synthesis procedure P2 low temperature 
To investigate the effects of temperature the synthesis was performed at 0 oC. This was 
done to see, how the network formation would change when the temperature was 
significantly lower, and the NPs motion and the redox reactions both slower, Schematic 
6.5.  
Schematic 6.5 – Illustration of the second SGN syntheses, referred to as P2 – low temperature. 

 
The TEM images from samples produced using procedures, P1 and P2, are shown in 
Figure 6.4 and Figure 6.5. The images in Figure 6.4, were synthesised using P1, and 
give a strong dendritic characteristic with most of the NPs being part of the network. In 
contrast, the structures prepared by P2, shown in Figure 6.5, are clearly more spherical 
and have lost their NP character.  



 
 

Functional gold nanomaterials and graphene platinum catalysts for electrochemical energy conversion 67 

 

 
Figure 6.4 - TEM of the P1 sample produced using the procedure shown in Schematic 6.4. The individual NPs 
are distributed across the carbon film. The networks consist of NPs fused in chains.  

 
Figure 6.5 - TEM of the sample P2 produced using the procedure shown in Schematic 6.5. The fused NPs have 
aggregated in all directions and not seen as fused NP.  



 
 

68 Functional gold nanomaterials and graphene platinum catalysts for electrochemical energy conversion 

6.3.1.4 Standard Synthesis – P1 – with illumination prior to Au precursor addition. 
Proceeding with the high-temperature P1-based synthesis, the amount of light absorbed 
by GO, might impact the reduction of GO or increase the temperature of the GO and 
possibly the solution. To investigate this effect it was attempted to start the illumination 
before the addition of the gold precursor in synthesis P1, Schematic 6.6 and Figure 6.6. 
Schematic 6.6 – illustration of the modified illumination procedure of P1. 

 

 
Figure 6.6 – (left) Oil bath and light emitting fibre protected from splashes and vapor by a glass slide. (right) 
Overview of the entire experimental setup, oil bath and reactor to the left and the light source to the right. 

 
Figure 6.7 - TEM of the sample from the early illumination of P1, see Schematic 6.6. The increased 
illumination appears to have changed the morphology of the NP aggregates. 

Figure 6.6 shows that the early illumination of procedure P1, Schematic 6.6, results in 
some notable aggregations, different from SGN. These aggregates have a distinct 
geometric form, hexagonal, pentagonal and trigonal. The aggregates have different 
sizes, which indicates that they are aggregates and not shapes of AuNPs. 
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6.3.2 Synthesis P2 – low temperature and early illumination. 
The change observed of procedure P2, compared to early illumination applied to 
procedure P1 at 95 °C to the formation of SGN, was investigated for the same procedure 
at 0 °C, Schematic 6.7 and Figure 6.7. These results would indicate the effects of  
lighting and local heating on the formation of SGN, Figure 6.8. 
Schematic 6.7 – Synthesis P2 - Illustration of the procedure with early illumination at low temperature. 

 

 
Figure 6.8 – Set-up used for Synthesis P2. The light source is supported with multiple levers and the light path 
is unobstructed. The round-bottom flask is placed in an ice bath. 

The images obtained from these samples showed a reversion back to the familiar AuNP 
characteristics as opposed to the previously observed disfigurement, compare Figure 6.5 
with Figure 6.9, when produced using the procedure from Schematic 6.6. This could 
indicate that the early illumination might have counter-effected the cooling. This is 
based on the observation, that during cooling and late illumination the immobilized gold 
were spattered and specific NPs difficult to discern, while during early illumination the 
individual NPs were clearly observable. In turn this could be the effect of plasmonic 
excitation leading to strong local heating, which maintains the size and spherical NP 
shape when they are immobilized on the GO.  
 



 
 

70 Functional gold nanomaterials and graphene platinum catalysts for electrochemical energy conversion 

 
Figure 6.9 - TEM of the sample procedure P2 with early illumination. The NP characteristics have been 
retained, but the aggregation is bulky and network formation was scarce. 

 
6.3.2.1 Standard synthesis – P1 – early illumination and starch encapsulation. 
It was then conjectured that the timing of the aggregation is important. If aggregation 
happens early, during the first 10 minutes of the reaction or so, as suggested by the 
effect of the early illumination, then preventing of aggregation and immobilization is 
expected. The idea is that aggregation can be delayed by adding a capping agent. The 
capping agents considered were citrate58,88,89 and starch33,63,90 based on literature and 
experience within the group. The reaction would then not start until the starch capping 
is removed. Starch is unstable even in the presence of small amounts of ethanol. Ethanol 
will thus be injected subsequently. This procedure is named procedure P3, Schematic 
6.8.  
Schematic 6.8- illustration of procedure P3. Starch and glucose added to protect the NPs during the reaction. 
Subsequently ethanol is added to remove the protection and facilitate controlled aggregation. 

 
Figure 6.10 and Figure 6.11 show that the SGN structures, before and after ethanol 
addition, are different. It can be noted that ethanol is added after the extraction of the 
first TEM sample, shown in Schematic 6.8 and Figure 6.10.  
 
Figure 6.10 shows that there is only a certain degree of SGN formation. P3 is thus an 
inferior method compared to P1. This is most likely due to starch from the synthesis 
delaying the structured network aggregation. The only aggregation is therefore NPs 
with the starch coating released. 
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Figure 6.10 – TEM of SGN from procedure 3 from before addition of ethanol to remove the starch. The 
individual NPs are clearly visible. There is only a small degree of fusion and network formation.   

Figure 6.11 indicates that there might be a slight increase in SGN formation after the 
addition of ethanol, but still not near the same level as for Synthesis P1. The type of 
SGN is also much shorter, usually around 5-10 nanoparticles in the primary chain. 
These results are, however, largely inconclusive, and the immobilization process is 
probably over by the time the starch stripping took place. No further reaction that 
happens after this point.  
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Figure 6.11– TEM of procedure 3 after the addition of ethanol and two more hours of illumination. (left) The 
NPs have not formed any larger networks and do not appear to be fused. The aggregates are bulky and follow 
the fold in the rGO sheets. (right) Some NP fusion is observed, but only few NPs were found to be fused 
together, and not in a network. 

The NPs thus seem far less fused, and the separation between the NPs are clearly 
observable. The NPs that are aggregated appear to be aggregated in bulks or clots, and 
not in a structured network. 
 
6.3.2.2 Towards optimization of Synthesis Procedure P1. 
To further optimize the synthesis for more SGN formation, based on the procedure P1, 
presented in Schematic 6.6, the temperature was lowered to 80 °C, to counteract the 
evaporation of the solvent. After NP formation the solution is transferred to the 
illumination setup and illuminated for 120 minutes. Samples were withdrawn every 10 
minutes, 30 minutes and 120 minutes, rinsed, and prepared for TEM imaging, see 
Figure 6.12 - Figure 6.17. 
 
The TEM images were obtained for syntheses with, Figure 6.12 - Figure 6.14 , and 
without, Figure 6.15 - Figure 6.17 the addition of 0.1 ml of GO solution. It was 
observed that the time dependence is important, particularly after 10 minutes. In the 
synthesis without GO the changes in the images over time is significant. After 10 
minutes large gold structures are present with a few non-fused smaller AuNP 
aggregates. After 30 and 120 minutes, the amount of NP fusion and network structuring 
is significant. It is hard to see whether or not they are three-dimensional structures but 
the darkening of certain parts of the structures could be indicative of wires also growing 
in the third dimension.  
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Figure 6.12 - The synthesis in Schematic 6.6 with GO after 10 minutes. (A) The NPs have been immobilized on 
GO and form mild aggregates but is otherwise quite dispersed. (B) Small amounts of aggregation, minor 
amount of fusion. (C) Some fusion observed, but not on a significant scale. 

 
Figure 6.13 - The synthesis in Schematic 6.6 with GO after 60 minutes. (A) Significant immobilized gold 
network formation observed. (B) Individual NPs are immobilized on the rGO with some fusion. (C) Smaller 
fused networks of NPs. 

 
Figure 6.14 - The synthesis in Schematic 6.6 with GO after 120 minutes. (A) Significant immobilized gold 
network formation observed. (B) Network formation and fusion at most places in the film. (C) The darkening 
at some parts of the network could be indicative of significant three-dimensional network structure.  

When GO is present, Figure 6.15-Figure 6.17, far smaller structures survive the washing 
procedure, indicating that the NPs are immobilized on rGO. Surprisingly, it also appears 
as if there are more interconnectivity and structured networks in these samples. This is 
surprising, because it was hypothesised that the presence of GO would absorb a large 
amount of the illumination and thus reduce the amount of SGN formation. A possible 
explanation could be that the smaller SGN are lost in the washing procedure. The results 
here indicate, however, that the fixation of SGN on rGO does increase the yield of 
SGN. A large amount of the SGN is also found in smaller strings, which could be 
assumed to be fragile and thus break off and are lost during the washing procedure.  
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Figure 6.15– The synthesis in Schematic 6.6 without GO after 10 minutes. The large structure in (A) indicates 
that the cleaning procedure has eliminated the smaller NPs from solution. In (C) it is seen that very few small 
aggregates are left. In (B) the few aggregates are fused, but not in a chain or network. Note the scale bars. 

 
Figure 6.16- The synthesis in Schematic 6.6 without GO after 30 minutes. (A) The aggregates have formed 
more structured networks and maintain more of the NP characteristic. (B) The networks are formed and the 
NPs fused. (C) There are still aggregates of NP.  Note the scale bars 

 
Figure 6.17 – The synthesis in Schematic 6.6 without GO after 120 minutes. (A) The aggregates have formed 
more structured networks and maintain more of the NP characteristic. (B) The networks have been formed 
and the NPs have fused. (C) The smaller aggregates are present and show fusion and the beginning of network 
formation.  
 



 
 

Functional gold nanomaterials and graphene platinum catalysts for electrochemical energy conversion 75 

6.3.2.3 Attempts towards structural bimetallic Au/Pt networks. 
The optimized procedure, P1, was the method further developed by addition of platinum 
as a catalytically active metal. The procedure was to incorporate platinum around the 
Au nanoparticles, followed by illumination induced aggregation to form a structural 
bimetallic Au/Pt Network.  
 
Procedure for incorporating platinum into gold 

1. Mix 2 mL of 100 mM MES, 8 mL of 100 mM Glucose and 0.1 mL of 4.5 
mg/mL GO in 6 mL of Milli-Q water. 

2. Heat the mixture to 80 °C. 
3. Add 2 mL of 20 mM H[AuCl4] and 3 ml of 20mM H[PtCl6]. 
4. Wait 5 minutes. 
5. Transfer to light set-up and illuminate the sample for 120 minutes. 
6. Take out sample for TEM (Au/Pt GO 1). 
7. Take out 4 ´ 1.5 ml samples in 2 ml centrifuge container. 
8. Centrifuge the two samples at 1200 rpm for 10 minutes and wash the sample 

three times with Milli-Q to remove all AuNPs not attached to GO. 
9. Prepare another sample for TEM (Au/Pt GO 2). 

The removal of starch was done because of the inhibition of the formation of SGN.  
 

 
Figure 6.18– TEM images of Pt/Au GO 2 at low magnification, 5000 ´. The Au/Pt GO 2 procedure was 
investigated by TEM and shows signs of structured gold network formation, but not as dominant as in the 
Synthesis procedure P1.  

The synthesis did not produce structured metallic networks in the usual amount, Figure 
6.18. The addition of Pt or glucose must have changed the reaction dynamics and 
counteracted the light induced aggregation. It is also evident that omission of the 
washing has left organic impurities. This can be seen on big plagues of aggregates.  



 
 

76 Functional gold nanomaterials and graphene platinum catalysts for electrochemical energy conversion 

 
Figure 6.19 – Images at increasing magnification, starting with 43000x line one and two, and 145000x in line 
three, sample is Au/Pt GO 1. 

In Figure 6.19 there is no significant SGN formation. When this sample is investigated 
with EDS, see Figure 6.20, the absence of a Pt signal indicates that the doping of Pt was 
unsuccessful. The AuPt SGN were designed based on the experience from Au-Pt core-
shell NP synthesis in the group85,91. An explanation could be that the network does not 
form when platinum coats the AuNPs, possibly preventing or reducing the dendrite 
network formation and NP fusion. The effect could originate from plasmonic 
excitations being transferred to the Pt atoms in the shell-structure, affecting the NPs 
ability fuse or interact with light in the same way as before Pt was added. This 
explanation is partially supported with the successful incorporation of Pt, as a thin 
outermost later, on the gold film presented earlier, which is presented in the next 
chapter. Another explanation could also be that the SGN is formed early in the process, 
since the core-shell synthesis is on a thirty-minute timescale, while the AuNP synthesis 
happens within a couple of minutes. If all the SGN is formed before the Pt is reduced, 
then the samples might not contain any Pt.  
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Figure 6.20 – EDS of the AuPt structured networks on GO. As it can be seen no Pt is present. The spectrum is 
otherwise like those found of regular SGN. K and Cl are from the synthesis, while Cu are from the TEM grid.  
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6.3.3 The evolution of the UV-vis spectra 
The formation of SGN was investigated by in-situ UV-vis spectroscopy addressing the 
reduction of GO, the interaction of MES and the change once the gold reduction 
reaction is included. The amount of reduction required to change GO to rGO is in a 
sense a philosophical question. For the point of this section it is defined as the change 
from a water dispersible state to that of a precipitate. 

 
Figure 6.21– The GO reference series of a 45	𝝁g/L GO solution. Approximately 80 mW illumination was 
constant at a distance of 5 cm. A slow decline in the high wavelength range is evident. The direction of the 
development is illustrated by arrows. 

Figure 6.21 shows that the time development of the GO spectrum is subtle. The 
difference spectrum is inserted to clarify the decrease in absorption of the 210 nm peak 
and of the increase of the tail, above 500 nm. The spectral evolution indicates that a 
small amount of reduction of GO does take place to a degree that the GO becomes 
reduced enough to precipitate.  
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Figure 6.22 – GO and MES references with 0.1, 0.5 and 1.0 mM MES, top, middle and bottom, in 3 mL 45 
𝒎g/L GO solution. The direction of the development is illustrated by arrows. Illumination is 80 mW constant 
at 5 cm distance.  

The GO MES references, Figure 6.22, illustrate that the distinct GO peaks change under 
illumination. The absorbance of the lower wavelength peak, 220 nm. The 380 nm peak 
increases at lower concentrations and decreases, marginally, in the 1.0 mM MES and 
GO solution. The magnitude of the changes is different in each of the measurements, 
and a clear trend is not obvious. However, it does appear that the absorbance in the 300-
500 nm range is higher for low concentrations and lower at high concentrations. This 
indicates that the presence of MES induces an absorbance increase, while a 
concentration above 0.1 mM reduces the effects of illumination. Deconvolution is 
difficult because the peaks overlap strongly, but the effect of illumination is significant. 
GO has two significant peaks at 230 nm and 266 nm and an absorption tail above 400 
nm. The low-wavelength peaks are pp* excitation and the high-wavelength are probably 
the collective excitation of conjugated bonds, C=O or C-O bonds network in the GO. 
This indicates that the MES does not significantly reduce the GO, but the UV-vis data 
indicates that some affect happen. 
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Figure 6.23 – AuNP + GO 1, 2 and 3. (top) Reference spectra with 0.02 mM H[AuCl4] and 0.1 mM MES in 15 
𝒎g/L GO solution under illumination over two hours. (middle) Reference spectra with 0.02 mM H[AuCl4] and 
0.3 mM MES solution under illumination over two hours. (bottom) Addition of GO (concentration 45 𝒎g/L) to 
the (middle) solution, under illumination over two hours. The direction of the development is illustrated by 
arrows.  

When gold nanoparticles are introduced, either synthesized simultaneously as in Figure 
6.23 top, or before the addition of GO, Figure 6.23 middle and bottom, the spectrum 
changes. The peak around 230 nm, attributed to GO, is still decreasing, while the other 
GO peak at 260 tailing up to 400 nm appears to change only slightly, as in the case 
without gold. This effect could come from formation of the 360 nm peak, that would 
then degrade over a shorter time than previously observed, as discussed in Chapter 3. 
The decrease in absorption above 600 nm, is assumed to be an effect of the gold 
synthesis, but this is not compatible with the decrease also in the absorbance tail (the 
bottom spectrum), despite the fact that all of AuNPs should have been formed by now. 
One explanation could be that the effect is caused by sedimentation of the GO. 
However, as discussed in Chapter 3, the oxidation of MES derivatives continues long 
after the formation of the NPs. Sedimentation could then come instead from continued 
reduction of the GO, because rGO is insoluble and would sediment faster than GO. To 
summarize, the reduction of GO is significantly higher when AuNPs are present in the 
solution during illumination. This indicates that AuNPs and possibly MES by-products 
affect the reduction of GO in solution during illumination.  
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6.3.4 X-ray photoelectron spectroscopy (XPS) of GO 
Preparation of samples for XPS was done by washing the solid substrate, silica wafers, 
in ethanol to remove potentially interfering organic compounds. 5-10 𝜇L were then drop 
casted on the silica and dried in atmospheric air overnight.  
 
The XPS investigations were carried out during an illumination experiment, where a 
sample was taken every 30 minutes to monitor the evolution of the reaction, Figure 
6.24. Thorough stirring with the pipette tip before the extraction of the sample 
ascertained that the sample should be a reasonable representation of the entire solution, 
without diffusion limits. This was done to counteract sedimentation which could 
otherwise be an issue. 
 

 
Figure 6.24 – XPS spectrum of 4.5 mg/L GO reference solution. The scans A, B, C and D are described in 
Table 6.3. 
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Table 6.3– XPS of 4.5 mg/L GO solution. Scan A, Scan B, Scan C and Scan D refer to the specific peaks seen in 
Figure 6.24. 

Name  Species 
t = 0 
Atomic % 

t = 30 min 
Atomic % 

t = 60 min 
Atomic % 

t = 90 min 
Atomic % 

t = 120 min 
Atomic % 

C1s Scan A C-C (sp3) 47,74 48,37 48,28 51,02 52,28 
C1s Scan B C-O 41,52 41,03 40,75 40 38,49 
C1s Scan C C=O 7,78 8,12 7,96 7,6 7,91 
C1s Scan D C-C (sp2) 2,96 2,48 3 1,38 1,32 

Table 6.3 and Figure 6.24 show the changes of the distribution of carbon species 
initially and after 30, 60, 90 and 120 minutes of illumination. The changes observed are 
slight reduction of GO, as the C-O bond turns into C-C bonds. sp3 and sp2 
hybridizations are associated with GO and graphene respectively. However, to 
determine the reduction of GO, the decrease in oxygen species C-O and C=O, were 
used. This trend becomes more prominent over time, and after two hours of continuing 
illumination the XPS data show a small, yet quite distinguishable effect. The reduction 
of C-O relative to an increase of sp3 is observed. The C=O and sp2 species are low and 
the sp2 species is further reduced over time. The effect of illumination is observable, 
however small, and possibly due to reduction via light induced heat absorption. 
 
The influence of MES on GO was also studied to examine if MES would coordinate to 
or be immobilized on the GO surface or if it could reduce it to rGO. The examination 
was based in changes in atomic ratios in the material studied by XPS, see Figure 6.25 
and Table 6.4.  
Table 6.4 – 4.5 mg/L GO Solution with 0.02 M MES. The XPS data as atomic ratios. 

Element  
t = 0 
Atomic % 

t = 120 min 
Atomic % 

N 3.3 3.5 

C 69.7 72.7 

O 20.8 15.6 

S 3.5 2.7 

Other 2.7 5.5 
 
After the addition of MES nitrogen and sulfur signals were observed, see Table 6.4 and 
Figure 6.25. The effect of MES after two hours appear to be a reduction of the oxygen 
in the material. Another observed effect is the reduction in sulfur while the amount of 
nitrogen is increased. This could be explained by the presence of by-products from the 
oxidation of MES, as discussed in Chapter 3.  
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Figure 6.25 – (left) XPS spectrum in the sulphur range. (middle) XPS spectrum in the nitrogen range. (Right) 
XPS spectrum in the oxygen range. From the MES and GO sample, also presented in Table 6.4.  

Some of the by-products of MES oxidation do not include the sulfonic acid chain, 
which could, to an extent, explain the reduction in sulphur and in oxygen. However, no 
sedimentation was observed indicative of no significant reduction by MES. Subsequent 
the MES, illumination and GO investigations, the nanoparticle synthesis procedure P1, 
see Schematic 6.6 were investigated using XPS, see Figure 6.26.  

 
Figure 6.26 – XPS of the carbon peaks of SGN P1 synthesis. Sample is the raw data XPS spectrum two hours 
after the reaction was initiated. The background is subtracted in the quantification. The specific scan labels 
are explained in Table 6.3. 

Figure 6.26 shows the XPS spectrum of carbon as part of structured gold network 
immobilized on graphene. The spectrum shows the potassium peaks at approximately 
293 eV. The ratio of the two major carbon peaks, C-C sp3 and C-O is different from that 
in Figure 6.24. The relative reduction in C-O bonds, scan B, compared to the relative 
increase in sp3 hybridization, scan A, indicates that rGO has been reduced. This is with 
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the SGN immobilized on the rGO. The gold XPS spectrum of the SGN sample show 
one significant and one less significant species, Figure 6.27. This could be an indication 
of the presence of Au(0) as well as Au(I).  
 

 
Figure 6.27 – XPS spectrum of SGN in the gold range, 79 eV – 99 eV. The two peaks suggest that both Au0 
Scan A and B, and Au1 Scan C and D are present. 

The two peaks, corresponding to Au0 and Au1,92 indicate that some gold was either not 
completely reduced or was later re-oxidized to Au1. This could be, because MES 
interacts with GO thus reducing the amount of MES available for the reduction of gold. 
The amount of MES that would be required to interact with GO for this effect would be 
of a magnitude much larger than what is seen in Table 6.4, as the concentration of MES 
is 5 times the concentration of Au. This could also be due to a secondary effect. If MES 
reacts with GO, pH decreases, and gold reduction stops as pH drops below 6. It could 
finally also stem from oxidation, but this is less likely. A case for this would be the 
continued illumination, heating and availability of oxygen on the surface of the rGO, 
that is then reduced further when gold is present in the solution.  
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6.4 Conclusion and perspectives 
Nanoscale structured gold networks have been prepared and characterized by TEM and 
UV-vis spectroscopy. The TEM investigations yielded data that suggest that 
temperature is an essential parameter and can be used to control the formation of the 
gold network. The different reaction conditions strongly indicate that many of the gold 
formations are temperature sensitive. This could be a reflection of the energy barriers 
required to form the different structures. To take these findings further one could 
investigate the possibility of controlling the shape and size of the structures by adjusting 
the temperature, illumination and the ionic strength, based on the data from Chapter 5. 
 
Illumination of the sample heats up the NPs making them hotter than the solution. This 
allows for a solution of NPs in an oil-bath heated to 90 °C to, under illumination, be at a 
higher temperature. The temperature of the NPs during the illumination is, however, 
difficult to determine precisely. If the temperature of these superheated NPs could be 
better controlled, morphology control or even the general chemistry of the SGN 
network structure formation might also be achieved. Together these studies led to an 
optimized procedure, Synthesis P1 for SGN formation among a considerable number 
tested. 
 
The reduction of the GO substrate itself by illumination is possible but seems not to be 
significant under the conditions used. MES can also reduce GO, but only to an 
insignificant degree. However, during the reduction of gold, the GO is reduced to rGO. 
This is probably due to a combination of the before mentioned factors, heat of the 
solution, the chemical reduction the GO by MES, MES by-products and gold precursor 
and on top of that the heat generated by the illumination of the NPs, which is probably 
the major factor. The By-products of MES oxidation could also enhance the reduction. 
Many of the steps presented in Schematic 6.1 thus involve MES oxidation. If GO 
contributes the oxygen for some of these oxidation steps, this would contribute 
significantly to the reduction of GO observed during the AuNP formation. 
 
The procedures tried out did not successfully incorporate platinum into the SGN support 
material. Without the incorporation of a thin outer-most layer of Pt, the material will 
never be a competitive fuel oxidation electrocatalyst. This problem needs to be resolved 
for SGN to be relevant as a support material. There are other techniques to incorporate 
Pt, one of which will be presented in Chapter 7. 
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7 The fuel oxidation catalyst 

7.1 Introduction 
As the concerns about climate change grow93, so does the focus on sustainable 
solutions1. The proton exchange membrane fuel cell (PEM-FC) is one element of these 
solutions that is currently being implemented in several aspects of society. The 
performance and cost of the FC depend crucially on the efficiency of the electrocatalyst 
and utilization of their precious metal constituents, mainly platinum. Pt is a catalyst for 
fuel oxidation41,94–98 as well as many other reactions, including nitrogen reduction99 
used for NOx removal in selective catalytic reduction (SCR). Pt is, however, a rare and 
expensive metal, and to optimize the metal utilization is thus relevant for its 
applicability as a catalyst on a large scale. A commonly sought solution is the 
immobilization of Pt on a supporting material, such as graphene7,100, silica101 or other 
materials102,103,104.  
 
Gold at the nanoscale has unique properties, which could improve the performance of 
platinum. The ability to absorb light and produce hot electrons enhances the catalytic 
efficiency of gold. It would be advantageous if platinum could be incorporated in the 
gold structure while maintaining this capability. Pt-Au systems have been investigated 
with a view on increasing the efficiency and stability of Pt-based catalysts. Different 
approaches have been attempted to combine Pt and Au. These include nanoparticle 
arrays of Au- and Pt-NPs101, laser induced NP alloys105, core-shell nanoparticles 
immobilized on rGO85, as well as bimetallic thin films106. Au-Pt bimetallic films are 
often fabricated via a multistep process involving electrochemical, or chemical, 
deposition of platinum onto a gold substrate107.  
 
To improve these aspects, we have prepared a bimetallic film via an interfacial self-
assembly procedure based on our previous protocol for nanoporous gold film 
synthesis69. This Au-Pt bimetallic catalyst is produced in a single synthesis step. Two 
metal precursors are mixed in aqueous solution at elevated temperature and ambient 
pressure, which provides a simple and easily scalable production method. The 
incorporation of Pt into the nanoporous gold framework results in atomically thin 
platinum decoration on the surface of the material. This leads to a high catalytic activity 
via synergetic interaction between Au and Pt, and high Pt utilization. Pt is the primary 
catalytic component at low pH but under alkaline conditions, both Pt and Au are 
catalytically active. After the sequential synthesis cleaning and preparation of the 
material in the synthesis pot, the catalyst should be directly usable in a fuel cell. This 
was accomplished and the simplicity of the catalyst production demonstrated.  
 
The attempt to incorporate Pt into the structured gold network, described in Chapter 6, 
failed. The reason for this was discussed and two hypotheses were formulated. One was 
that the AuPt core-shell nanoparticles did not respond to illumination in the same way 
as AuNPs. In this work the formation of the material will be driven by ionic strength, 
see Chapter 5, and not by light, so this challenge should be avoided. Another hypothesis 
was that the problem could originate from the timing of the Pt reduction reaction. 
Simply, the SGN formed before the platinum was reduced and thus, Pt was included in 
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the material. The discrepancy in the timing of the reduction of gold and platinum should 
not be significant when synthesizing the material described in this chapter. This is 
because the film formation is far slower than the AuNP formation, so the Pt would have 
time to be reduced before the film had formed and synthesis was finished. The Pt was 
successfully incorporated as a thin outer most layer surrounding the material.  
 
The bi-metallic film was tested for electrochemical methanol oxidation, where it 
delivered a current of 5 A/mgPt with a Pt loading of 5 ±	2 wt% on the nanoporous film. 
The combination of atomically thin Pt supported on a nanoporous film of fused AuNPs 
allows for efficient utilization of Pt and excellent performance. Indium tin oxide (ITO) 
was chosen as the substrate for the electrochemical experiments due to its optical 
transparency, ease of immobilization and high conductivity, which makes it ideal. The 
material is primarily glass slides with a thin layer of ITO on one side to provide the 
conductivity.  
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7.2 Experimental 
7.2.1 Synthesis 
The synthesis of the PtAu film was carried out using a 70 mm crystallization dish at 90 
°C in an oil bath. The dish rests on a steel setup so that only the lower 1 cm is in the oil. 
The total reaction volume was 40 mL. 0.078 g of glucose was first added to the beaker 
with 28.8 ml of ultra-pure water followed by the addition of 4 mL 100 mM MES 
adjusted to pH 8.0. The solution was allowed to pre-heat to 90 °C in the oil bath for five 
minutes followed by addition of 4 mL 20 mM H[AuCl4] solution. After the solution had 
turned burgundy red and almost completely opaque (ca. 10 s), 3.2 mL of 20 mM 
H2[PtCl6] solution was added. The reduction of gold and platinum, and the film 
formation occurred over the next 90 minutes, until the film and solution appeared as in 
Figure 7.1 

 
Figure 7.1– Photograph of platinum gold film. The film is synthesized in the beaker and subsequently cleaned 
by replacing the reaction solution under the film with ultrapure water.  

The film was cleaned by replacing the reaction solution with ultra-pure water using a 
peristaltic pump. The solution was first drained almost completely. Ultra-pure water 
was then added by a second tube. When the solution once again filled the beaker, the in- 
and outlet flow rates were adjusted, and the solution replacement was continued, until 
the solution volume had been replaced at least twice or more. This is approximately 1% 
of the solution is left after the replacement. The cleaning typically took 1 to 3 hours.  
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7.2.2 Indiumtinoxide (ITO) Cleaning Procedure 
The ITO is the substrate for immobilization of the bimetallic gold platinum film (AuPtf) 
for electrochemistry and XPS. A 1 × 1 inch2 ITO slide was cut into ~ 25 × 9 mm2 slides 
followed by the following cleaning procedure, where the slides were sequentially 
sonicated for 15 min in:  

1. 0.1 M HCl to remove oxide impurities.  
2. Ultra-pure water. 
3. Acetone 
4. Ethanol  
5. Ultra-pure water  

The ITO slides were blown dry with compressed nitrogen followed by 60 minutes of 
UV-ozone treatment as close in time as possible to the AuPt film immobilization step. 
To enhance immobilization a couple of linkers were tested. In the cases where a linker 
was added, the ITO was left overnight in an isopropanol solution of the linker molecule. 
The linker tested in this work were trimethoxysilane propanethiol and trimethoxysilane 
aminopropanyl.  
 
7.2.3 Electrode preparation 
The cleaned AuPt film was immobilized on cleaned ITO slides. This was done by 
scooping up a piece of the AuPt film from the top of the solution using the ITO slide as 
a spoon. Dielectric paste was then added to reduce the total electrode surface area to 
around 1 cm2. For some experiments, a heating procedure was introduced, where the 
samples were put in an oven at 100 °C for 30 minutes. The result was a uniform film 
immobilized on a transparent and conducting substrate limited to a known area, see 
Figure 7.2.   
 

 
Figure 7.2 – Image of the PtAu film immobilized on the ITO slide. The film is immobilized on the ITO side of 
the glass slide and submerged into the electrolyte of 0.5 M KOH. 
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7.4 Results and discussion 
7.2.4 Characterization of Pt/Au films 
Characterization of the AuPtf was carried out using photoelectron spectroscopy (PES), 
Figure 7.3, at the ANTARES beamline of synchrotron SOLEIL (Paris). PES is a 
technique based on the same principle as XPS. In PES the photons are better collimated 
in the synchrotron and intensified by orders of magnitudes. The synchrotron allows for 
precise tuning of the photon energy, which makes it possible to look at the very top 
layers of the material. This makes it possible to analyse the top few atomic surface 
layers of a material. 𝜆 is the depth of the analysis, which determine how far into the 
sample photoelectrons are generated and thus, essential for determining the location of 
the Pt. The penetration depth is based on a calculation by Seah108 which depends on the 
atomic number of the element and the energy of the X-ray.  

 
Figure 7.3 – PES data obtained at the synchrotron in France using their PES beamline. The ratio of Pt to Au 
was around 0.8-0.6 at the surface layer, 𝝀 < 𝟎. 𝟒	𝒏𝒎, it drops exponentially over the 2nd layer, 𝝀 < 𝟎. 𝟖	𝒏𝒎 and 
is similar to the bulk levels after the 3rd atomic layer	𝝀 < 𝟏. 𝟐	𝒏𝒎. The bulk is demonstrated by the broad 
green line at 0.05 Pt/Au ratio. Data generated by staff at the ANTARES beamline of Soleil.  

According to the PES data it is evident that the concentration of Pt is highest at the 
surface and declines to the bulk concentration after 2-3 atom layers, Figure 7.3. The 
bulk concentration was determined by ICP-OES, see Table 7.1. Data from Figure 7.3 
corroborates data obtained for Au and Pt core-shell NPs109. which records the 
distribution of Pt in a core-shell NP and comes to the same conclusion as the present 
study.  
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Figure 7.4 – EDS elemental mapping of the AuPt film. (A) Au distribution is shown in red, with the higher 
intensity being lighter and lower intensities being darker. (B) Pt distribution is shown in yellow, with high 
intensity being lighter and lower intensity being darker. (C) The combination of the Au and Pt. The overlap 
results in pure Au remains red, pure Pt remains yellow and overlaps turn orange. From the images it is 
evident that the distribution of Pt is even across the material.  

Elemental mapping by different techniques all corroborate that platinum is evenly 
distributed across the material, see Figure 7.4. This shows that platinum incorporation 
occurs evenly across the material and disproportionately on the surface, see Figure 7.3, 
and indicates that the film formation is driven forward by AuNPs and not inhibited by 
the inclusion of platinum. This could be because the formation of the film is driven by 
different forces than the formation of SGN, see Chapter 6.  
 
Pt is incorporated through one of two ways. One way is that the formation of core-shell 
AuPtNPs that subsequently form the film, allowing for the platinum to be 
predominantly on the surface of the film. The other way would be for the film basically 
to have formed, before Pt is reduced. As Pt is reduced over time, the formation of a 
core-shell film commences.  
 
AFM was used to investigate the morphology of the film and resembles the film 
presented in Chapter 5. The NPs are of a size where PtNPs are unlikely to contribute in 
a significant way. The size of AuNPs would explain the rough surface of the film, while 
the smaller PtNPs would not.  
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Figure 7.5 – AFM images of the AuPt film. (left) A 2D image of a 5x5 𝝁m area of the film. (right) The 3D 
images of the same area. The “spotted” surface indicates that it consists of interconnect or aggregated NPs. 
The NPs are of a significant size since they are distinguishable on the 100 nm size scale.  

AFM was also used to determine the average film thickness in this image to 228±175 
nm with a minimum of 53 nm and a maximum of 382 nm, Figure 7.6. 

 
Figure 7.6 – An AFM cross-section of the PtAu film as well as an overview used to determine the average 
height of the film.  

The thickness of the film is on a similar level as the cNPGf presented in Chapter 5. The 
similarities with the cNPGf is another indication that AuNPs are primary driving force 
of the film formation.  
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Figure 7.7 - SEM imaging of the AuPt film at different magnification, (A) an edge view of the AuPt film, x10k 
magnification, (B) Another edge view at a magnification of x5k, (C) a close up of a part of an area of the film, 
x40k magnification and (D) an overview of the film at a magnification of 150.  

The SEM imaging presented in Figure 7.7 corroborates the hypothesis that the film 
consists of interconnected NPs. The generally “spotted” appearance of the film is 
particularly evident in Figure 7.7 (C), where the high magnification makes it easier to 
observe.   
 
The fused NP morphology suggests a film formation path through the NP intermediate, 
possibly the AuPt core-shell intermediate. The large size of the NPs, » 12 nm33, 
corresponds with a AuNP or a core-shell NP aggregate dominating the film surface, and 
not the smaller » 2 nm PtNPs90. If PtNPs were the Pt source for the film, one would 
expect the film surface to appear “spotted” or “hairy” from the deposition of small 
PtNPs.  
 
ICP-OES, Table 7.1 was used to determine the bulk composition of the film and, in 
combination with the known area of the sample, to determine the total amount of 
material deposited on the electrode and the amount of platinum on the electrode.  
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Table 7.1 – The results from multiple ICP-OES quantification of the AuPtf. The average wt % of Pt is 5.8 % 
with a standard deviation of 2%. *The area (cm2) was determined from a photograph of the electrode. 

AuPtf cm𝟐 mg Au mg Pt 
 
mgtotal Au∙cm(𝟐 Pt∙cm(𝟐 Metal∙cm(𝟐 Pt wt% 

Sample 1 0.68* 0.16 0.01 
 
0.17 0.24 0.02 0.25 6.5% 

Sample 2 0.96* 0.27 0.01 
 
0.28 0.28 0.01 0.29 4.8% 

Sample 3  0.05 0.0023 
 
0.05    4.7% 

Sample 4  0.01 0.0038 
 
0.01    4.1% 

Sample 5  0.25 0.02 
 
0.27    8.74% 

 
The ICP-OES quantification, Table 7.1, suggests around 5 wt % Pt. An important 
indicator is that the variance, however large, remains sub 10 wt % and super 4 wt %. 
This is notable, because when Pt is successfully incorporated into the film, the 
mechanism for incorporation are all of the same order of a few wt %. The Pt available in 
solution would allow for up to 40 wt %.  
 
7.2.5 Surface changes during electrochemistry 
The changes observed in Figure 7.17, Figure 7.19 and Figure 7.20 (the range of CV’s 
where a change over-scans is observed) indicates that the electrochemical measurements 
changes the electrocatalytic area. This is observed particularly in differences between 
Figure 7.19 and Figure 7.23, where the change of procedure between a KOH CV 
followed by a MeOH CV, compared to a sample directly in MeOH. An examination 
into whether or not these changes in electrocatalytic behavior could be identified as a 
change in the surface of the film. These changes were examined with Scanning Electron 
Microscopy, which utilized the secondary electrons for detection. The samples tested 
are presented in Table 7.2.  
Table 7.2 – overview of the samples and their electrochemical treatment. *EC is electrochemical procedure, 20 
scans at 50 mVs-1. EOR is ethanol oxidizing reaction, MOR is methanol oxidizing reaction and a blank is a CV 
without fuel.  

All the samples presented in Table 7.2, were immobilized on ITO, following the 
procedure described in section 7.2.2. The dielectric paste was then subsequently used to 
minimize the electrochemical area of the AuPt film. This was carried out based on the 
observations from Figure 7.21 and Figure 7.22 which indicates that the amount of 

# Electrolyte Fuel First 
EC* 

Second 
EC 

Morph. 
change 

Relocate 
area 

1 0.1 M H2SO4 1.0 M EtOH EOR - No No 
2 0.1 M H2SO4 1.0 M EtOH Blank 

CV 
EOR Yes Yes 

3 0.1 M H2SO4 1.0 M EtOH EOR - Yes No 
4 0.1 M H2SO4 1.0 M EtOH EOR - Mild No 
5 1.0 M KOH 0.5 M MeOH MOR - No No 
6 1.0 M KOH 0.5 M MeOH Blank 

CV 
MOR yes yes 
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current generated is excessive for our system to handle. By limiting the electrochemical 
area, the currents would be smaller and thus, this problem would be avoided. Another 
benefit of the paste was that it would be easier to map and relocate the area for SEM 
imaging. The fuel was changed for some of the samples to ethanol. This change was 
made to test if the material would catalyze the oxidation of ethanol. It did not.  
 
The sample presented in Figure 7.8 shows the changes in the film after electrochemistry 
with EOR in 0.1 M H2SO4. Before the treatment the film appears as expected and 
corresponds to the AFM and other pervious characterization. After EC the material has 
been cracked, and “waves”, from where the film has been loosened from the ITO, have 
appeared.  

 
Figure 7.8 – SEM image of sample 4, the image before and after change of the material after 20 scans with 1.0 
M EtOH in 0.1 M H2SO4.  

The images presented in Figure 7.8 were typical for samples that were only scanned in 
fuel. A close up of a similar sample, in MeOH fuel, is presented in Figure 7.9 and 
Figure 7.10. Here it can be observed that the effects of electrocatalytic work is minimal. 
Even if the low magnification image of the sample appears to have worked hard.  

 
Figure 7.9 – SEM image of sample 5 before and after 20 scans with 0.5 M MeOH in a 1.0 M KOH solution.  

The higher magnification image, Figure 7.10, shows little to no difference.  
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Figure 7.10 – SEM image of sample 5 before and after electrochemistry.  

However, the difference between samples exposed to fuel CV scans, as in Figure 7.10, 
compared to samples exposed to blank CV scans, see Figure 7.11 - Figure 7.13, is 
evident. When examining the samples exposed to blank CV scans at a high 
magnification, the changes become more apparent. At low magnification the changes 
appear as a coarsening of the material. The morphology changes from being clearly 
made up of NPs, to being more of a uniform film with holes or pores. This can be seen 
in Figure 7.11 and Figure 7.12. In both figures a specific characteristic has been 
highlighted.  

 
Figure 7.11 – SEM image of sample 6 before 20 scans of 0.5 M MeOH in 1.0 M KOH solution. The small 
triangle has been highlighted.  

The small triangular gold structures, observed in Figure 7.11 and Figure 7.12 is pointed 
before electrochemistry, after electrochemistry it has lost its tip. The truncated triangle 
is an indication of the amount of energy passing through the material, as well as the 
mobility of the Au atoms. Whether this effect is solid diffusion or dissolution of ions is 
difficult to determine.  
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Figure 7.12 – SEM image of sample 6 after electrochemistry.  

In Figure 7.13 a direct comparison of the triangles before and after electrochemistry is 
presented. The changes demonstrated in the image is indicating that the truncation of the 
triangle is structural, probably due to either the dissolution of ions or solid diffusion. 
The general coarsening of the film is also observable in the form of a more uniform 
surface with less distinguishable NPs.  

 
Figure 7.13 – SEM image of the change in specific morphology of the AuPt film, see Figure 7.11 and Figure 
7.12.  
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7.2.6 Spectral Analysis of the film assembly 

 
Figure 7.14 – In-situ UV-vis spectra of the AuPt film formation. The dark green are the initial measurements 
going lighter over time, for reference see the scalebar to the right. The H2PtCl6 269 nm peak is observable, 
rising to an absorbance of 4 also immediately after it was added. The 520 nm peak is associated with the MES 
stabilized AuNPs, while the 575 nm is the shoulder peak, which increases as a result of peak broadening, in 
this case associated with the addition of Pt to form AuPt core-shells. The 725 nm peak is the polymer peak, 
which indicates the aggregation of NPs which eventually forms the AuPt film. 

The UV-vis data presented in Figure 7.14 are indicative of a process involving the 
aggregation of AuNPs into polymers, disclosed by the 725 nm peak, during the 
experiment. This can be seen simultaneously with the peak broadening of the main 520 
nm AuNP peak. The timing of the reaction with first the formation of 520 nm peak of 
AuNPs, followed by the broadening at 575 nm and then by polymerization, along with 
the increase in absorbance of the 725 nm peak. These developments can be seen more 
clearly in Figure 7.15 where the peak absorbances over time are illustrated.  
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Figure 7.15 – UV-vis absorbance tracking of the peaks designated in Figure 7.14. (left) is the total experiment 
time, while (right) is zoomed in at the first 150 s.  

The data indicates that the film does form later in the process, while the AuNPs increase 
in size, possible due to a layer of Pt or the growth of the NPs or polymerization. The 
AuNP size increase is based on the increase in the 575 nm peak. Particularly on the 
trend within the first 100 s where the AuNPs are formed within the first 25 s and then 
grow over the next 75s until it starts polymerizing, see the increase in the 725 nm peak 
after 100 s. Many of these mechanics were also discussed in chapter 4. After 10 minutes 
all of the peaks are declining until the experiment is ended. This corresponds with the 
observation that the solution is transparent and clear at the end of the experiment.  
 
Changes in the morphology of the gold films during electrochemistry could also explain 
these changes. The morphology of the film was examined by AFM, see Figure 7.5 and 
Figure 7.6. The potential loss of Pt was investigated by varying the fuel concentration, 
see Figure 7.21, based on the idea that the loss of Pt at higher fuel concentrations might 
be prevented when a fuel molecule is attached to the Pt active sites. 
 
XPS used to determine the surface composition of the electrode material before and 
after electrochemistry was carried out, Table 7.3.  
Table 7.3 – The platinum to gold ratio before and after electrochemistry determined by XPS.  

Sample number Pre-EC Ratio 
Pt:Au 

Post-EC Ratio 
Pt:Au 

Sample 1 1:10 1:50 

Sample 2 1:10 No Pt 
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7.2.7 Film formation theory 
The formation of the film is believed to happen according to Schematic 7.1. The core-
shell NPs form the building blocks that assemble into the film. The formation of the 
film is further enhanced by the constant increase in both the ionic strength and the NP 
concentration and decreasing pH, all important factors in the formation of film, see 
Chapter 5, driven by the evaporation of the solution and reduction of the metal 
precursors. The formation from core-shell NPs results in platinum covering most of the 
surface, Figure 7.3, yet only making up 5±2 wt% of the material, see Table 7.1. The 
theory is a modified version of the model presented in Chapter 5, with focus on details 
of the Pt reduction and incorporation into the film.  
Schematic 7.1– Schematic of the formation of AuPtf. AuNPs are first formed by MES reduction of H[AuCl4] 
followed by addition of Pt and over the next 30 minutes the formation of core-shells. The film starts 
assembling over the following 60 minutes. The core-shells that do not assemble into a film, precipitate out of 
the solution, which is clear by the end of the experiment.  

 
Alternatively, PtNPs form alongside AuNPs and are subsequently attached to the film at 
the surface. The morphology of the material, Figure 7.6, small and bumpy, indicates 
that the film is built up of AuNPs since the size is significantly larger than that of 
PtNPs, which is usually 1-2 nm90, indicates that the film is based in core-shell NPs. If 
PtNPs are formed, they precipitate and are not included in the film. Another Pt 
incorporating effect, in addition to that of the core-shell NP synthesis, is the seeded 
growth of Pt on the AuNPs that have formed the film before being encapsulated in Pt.  
 
The schematic is based on the observations discussed in this chapter. In addition the 
timing of the film formation during the synthesis is important. The AuNPs are formed 
during the first two minutes after gold addition. If H2[PtCl6] is added before H[AuCl4], 
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then the drop in pH will prevent the AuNPs formation, as discussed in Chapter 3. 
H2[PtCl6] is reduced at a much slower rate than H[AuCl4], under these conditions, see 
Figure 7.14. The film becomes visually discernible at the earliest after 20 minutes. This 
indicates that film formation and Pt reduction might proceed in parallel and thus, the 
film could consist of a combination of core-shell NPs as well as a Pt layer reduced 
directly onto the gold film.  
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7.2.8 Electrochemistry of the Pt/Au films  
Electrochemistry was carried out using two different set-ups. One was an in-house built 
set-up involving a glass cuvette fitted with a 3-electrode set-up, Figure 7.16. This was 
used to test the electrocatalyst in a setup with in-situ illumination. A traditional three-
electrode electrochemical cell was utilized when the illumination feature was not in 
focus. The reference electrode (RE) was a saturated calomel electrode (SCE) and the 
counter electrode (CE) a platinum wire.  
 

 
Figure 7.16 – Photograph of the electrochemical illumination setup. The three electrodes are attached to a 
PalmSens4 potentiostat. Illumination is applied orthogonally from a distance of 5 cm from the electrode.  

7.2.8.1 Voltammetric scans of Pt/Au films without fuel  
0.5 M KOH was the electrolyte and 0.5 M MeOH the fuel. The scan rates were 10 or 50 
mVs-1 in different potential ranges. The initial electrochemical procedure involved first 
a number of scans, without fuel or light from -1.1 V to 0.7 V. This scan range was 
determined based on the hydrogen and the oxygen evolution reactions, -1.1 V and 0.7 
V, vs. SCE, respectively, under the conditions of the experiment, Figure 7.17. This step 
was designed to determine the presence of the characteristic gold peaks and omitted 
later because the continuous scanning procedure was found to change the 
electrocatalytic properties of the material before the fuel oxidation procedure could be 
investigated, Figure 7.20. 
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The hydrogen adsorption peak for platinum was not apparent in most of the scans. This 
is probably because the electrolyte is basic with no protons available for the 
adsorption110. A tiny ripple might be seen in the reverse scan right before hydrogen 
evolution peak, at -1.0 V, see Figure 7.18 and Figure 7.19. This could be Pt reduction or 
hydrogen adsorption. However, the characteristic gold oxide peaks were observable 
after 19 scans from 0.2 V up until dioxygen evolution at 0.6 V, Figure 7.17. The initial 
scan shows significant current in the gold oxide range which, however, disappears over 
the first few scans. This could be due to a stripping of molecules from the surface. 
However, based on the data presented in Figure 7.17 - Figure 7.20 restructuring of the 
surface could also be an explanation. A third possibility could be a net loss of Au in the 
form of AuOHx, AuOx or Au+3 ions. If the surface changes as the electrochemical 
experiment occurs, the change would most likely be towards a more stable structure, 
thus, fewer corners, edges and a general reduction in surface. This would in turn result 
in less activity. The data from Table 7.3 suggests that the electrochemical stress might 
remove Pt from the surface, an observation described, for core-shell NPs, by Li et al111.  
The loss of electrocatalytic activity from the first scan onwards could indicate that there 
is a change in the active sites. If the trend observed originates from stripping of the 
surface, an initial increase in catalytic activity would be expected in experiments such as 
the ones presented in Figure 7.20 - Figure 7.23. This is because the experiments were 
initiated without any characterizing scans without fuel, so that the surface would be 
preserved.  

 
Figure 7.17 – CVs of PtAu film with and without fuel. 0.5 M KOH electrolyte. 0.5 M MeOH fuel. Scan rate 50 
mVs-1. The first scan shows a large anodic peak from 0.2 V to 0.6 V, which disappears over time to a plateau in 
the same range. When fuel is added two oxidation peaks are observed at 0.1V and 0.25 V, respectively. 
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7.2.8.2  Electrochemical investigation of immobilization techniques 
The behaviour of the PtAu film under different conditions was examined using different 
immobilization techniques, as well as during and after illumination in the presence of 
fuel, see  Figure 7.18 and Figure 7.19, respectively. Immobilization was in focus 
because initial electrochemical experiments had suffered from the AuPt film 
delaminating. Different immobilization enhancing techniques were therefore 
investigated.  
 
The original immobilization technique was to heat the film in an oven at 100 °C for 30 
minutes. This method was not optimal, and delamination would happen during 
experiments, particularly during the second insertion into liquid. Due to concerns that 
heating would affect the performance of the AuPt film electrode, other methods were 
also examined. There was no noticeable effect from heating, but in the end this 
technique was found to be too troublesome.  
 
A second technique was to chemically link the film to the ITO as described in section 
7.2.2. The linker was a small molecule, trimethoxysilane propanethiol, consisting of a 
thiol group, that was to be attach itself to the gold surface while a silane group would 
bind to the ITO surface. An amine-linker, trimethoxysilane aminopropanyl, was also 
tested but it failed to immobilize the film on the ITO. The procedure was as described in 
section 7.2.2, with the ITO being immersed overnight in an linker and IPA solution. 
Then the ITO slide was used to scoop up a piece of film from the crystallization dish 
and left in a vacuum desiccator overnight. The linker did appear to immobilize the AuPt 
film successfully on the ITO. The linkers effect on the electrochemical properties was 
then tested and when the material was completely submerged in the linker, the 
electrochemical activity was found to be significantly inhibited, see Figure 7.18.  
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Figure 7.18 – CV of the AuPt film electrode in a 0.5 M MeOH in 0.5 M KOH. The linker procedure was used 
to immobilize the AuPt film and the film subsequently submerged in an IPA and linker solution. Scan range -
1.2 V to 0.6 V. Scan rate 50 mVs-1. 

Figure 7.18 shows CVs of 0.5 M MeOH in 0.5 M KOH of the PtAu film linked 
covalently to ITO after submersion into the linker molecule and IPA solution. It is noted 
that the gold oxide peaks have largely disappeared. The reduction current from -0.9 V to 
-1.2 V also appears significantly different. The current is significantly higher than the 
expected peaks, such as the gold oxidation at 0.2 V to 0.6 V in the spectrum, which has 
not been observed for other samples, for instance Figure 7.19. The latter differences 
could be associated with reduction of the thiol linker. Further development of the 
immobilization procedure could involve drying the sample overnight, but this was not 
pursued.  
 
Following the outcome of the investigation into the effects of the linker, the 
immobilization procedure was changed. The immobilization procedure was changed to 
simple drying the film in vacuum without the linker. The electrochemical procedure was 
also changed to circumvent the delamination of the film by adding fuel to the electrolyte 
instead of changing to a fuel electrolyte solution. This was done because delamination 
were particularly observed upon the second insertion into liquid.  
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7.2.8.3 Voltammetric scans of MeOH fuel oxidation on Pt/Au films 

 
Figure 7.19 – CV of AuPt film immobilized on ITO in 0.5 M MeOH and 0.5 M KOH. Scan rate 50 mVs-1. 
(Blue) third scan with fuel and without illumination. (Pink) first scan and (dark blue) third scan with 
illumination. (Purple) first scan and (brown) third scan after illumination was terminated. The experiments 
were all run continuously with no pauses between conditions.   

In Figure 7.19 the stable illumination fuel oxidation CV of AuPt film, after a 
characterization scan without fuel, is presented. The gold oxide peak, as well as the first 
and second fuel oxidation peaks in Figure 7.19, decline relative to the gold oxidation 
peak when illuminated. This is significant because the drop in the fuel oxidation peak 
seems to not be simply correlated with a loss in gold, platinum or film area. The 
reappearance of an anodic peak at -0.2 V, observed at third post illumination scan, 
indicates that this peak could be the second fuel peak, based on its relative position, size 
and shape, which indicates that the process initiated by illumination, is reversible. The 
first fuel oxidation peak, at -0.5 V, does not reappear after illumination. This could 
indicate that the active site responsible has disappeared during illumination. The 
difference in peak positions between Figure 7.19 and Figure 7.17 is significant. The two 
fuel peaks, at -0.5 V and -0.2 V, observed in Figure 7.19 are not present in Figure 7.17. 
This could indicate that the CVs in pure KOH (no fuel) have significantly reduced the 
electrocatalytic capacities of the material. The fuel peak observed at 0.2 V, affecting the 
shape of the gold oxide peaks, are similar to the effect observed in the fuel scan in 
Figure 7.18. For the further investigation of the effects of illumination on the oxidation 
of fuel, the samples were not characterized without fuel or light before the scans in the 
following experiments. The freshly prepared electrodes were instead tested in 
electrolyte containing 0.5 M MeOH and 0.5 M KOH directly. 
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Figure 7.20 – CV of the AuPt film immobilized on ITO without initial characterization. Scan rate 50 mVs-1. 0.5 
M KOH. 0.5 M MeOH. 

Figure 7.20 shows the CV of the AuPt film with fuel, followed by CV during 
illumination. In the first fuel scan, without illumination, the highest current is above 
1500 𝜇A at 0.4 V. In the last fuel scan the highest peak is slightly above 1000 𝜇A at -
0.05 V, a shift of 500 𝜇A and 0.45 V. The gold oxide characteristics, usually observed 
in the 0.2 V - 0.6 V range, are not observed in the first number of scans, but appear after 
10 scans. During illumination the maximum current starts at 500 𝜇A at -0.1 V and 
remains almost steady over the 19 scans. The dominant peak in the gold oxide range is 
shifted from 0.25 V to 0.1 V. The gold oxide reduction peak is at -0.05 V and the 
reverse scan fuel peak at -0.1 remains steady. The reduction in oxidation currents 
observed in Figure 7.20 indicates a loss of electrocatalytic activity. The changes could 
originate from a loss of platinum, which corresponds to the data presented in Table 7.3. 
The loss of electrochemically active Pt could be a result of Pt dissolution by oxidation, 
platinum solid diffusion into the AuPt film material or surface restructuring of Pt away 
from active sites. This could explain the differences in CV when fuel is added before or 
after the first set of scans, Figure 7.17 and Figure 7.19. The changes in peak oxidation 
potentials could be explained by the reduction of active sites with different stabilities 
and onset potentials, this is an observation shared by Li et al111.  
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Figure 7.21 – CVs with variable fuel concentrations. 0.5 M KOH electrolyte. Scan rate 10 mVs-1. The 
experiments were conducted in succession with the addition of additional fuel between each scan.   

The reduction in current and shift in peak position shown in Figure 7.21 follow the 
same trend as observed in Figure 7.20. The conspicuous slope of the CV baseline were 
explained by Duan and associates.112 as being an indicator of a resistance in the film 
material from the interconnected NPs. As the film is stressed the slope decreases and, 
according to Duan and associates the sheet resistance increases. The reduction in the 
slope from the first to fifth scan would then coincide with either an increase in the 
resistance of the film or a reduction in current. An increase in resistance could originate 
from changes to the electrode, wear and tear of the ITO layer or something similar. A 
reduction in current is more likely as it could be facilitated by a loss of Pt from the 
surface or changes in the surface morphology, the former has been observed by XPS, 
see Table 7.3.  The linearity of the CV’s is because when the resistance is the limiting 
factor, the shape of the scan reduces to Ohms law, of 𝐼 = �

�
, with I being the current in 

amps, V the potential in volts, and R the resistance in ohms. Since the material is gold, 
the resistance is most likely from another part of the system. Experiments showed that 
the ITO is a very likely limiter. Another possibilities are the connection with the 
potentiostat.  
 
The challenges of conductivity were further examined, see Figure 7.22. It was found 
that the current passing through the system was in fact above the capacity of the Palm 
Sense 4 potentiostat or the ITO electrode. This resulted in the sloped CV, demonstrated 
in Figure 7.23 with a fresh AuPtf electrode sample with an area of upwards of 10 mm ´ 
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10 mm. The currents take on an approximately linear appearance due to the resistance 
of the material becoming the limiting factor.  
 
 

 
Figure 7.22– Fuel oxidation CV. Scan rate 10 mVs-1. 0.5 M MeOH in 0.5 M KOH electrolytes. The scans went 
from -1.1 V to 0.6 V, 1.0 V, 1.5 V and 2.0 V respectively. 

The sloped and linear shape of the CV in Figure 7.22 were found to be caused by 
resistance limitations, as noted in the discussion of Figure 7.21. The high current, 
however, is quite interesting because the material in other similar measurements, see 
Figure 7.23, does not produce these abnormally high currents above a potential of 0.5 
V. The ability to maintain such high currents above 0.5 V might be because the effect 
that normally inhibits the current in this region, primarily gold oxide formation, is 
somehow prevented or slowed down. The experiments were repeated using a traditional 
electrochemical cell and a more powerful potentiostat from Metrohm (maximum 
measurable currents of 400 mA vs 30 mA for the PalmSens). The film was immobilized 
on a glassy carbon electrode (GCE) with a smaller surface area, Ø = 4 mm, and the CV 
measurements then repeated, see Figure 7.23. This setup should not be limited by any 
resistance limitations.   
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Figure 7.23– (left) Fuel scan. 0.5 M MeOH in 0.5 M KOH. Scan rate 10 mVs-1. (right) Fuel scan of 0.5 M 
MeOH in 0.5 M KOH. Scan rate 50 mVs-1. These measurements were done after the CV shown to the (left). 
The scan range was set from -1.1 V to -0.1 V. The measurements were carried out using a traditional 
electrochemical cell with the AuPtf immobilized on a GCE. The trend observed in Figure 7.20 and Figure 7.21 
is still present. The peak current at -0.1 V is reduced from 6 mA to 2.5 mA and the peak shifts from a 
maximum above -0.1 V to -0.15 V.  

The two measurements presented in Figure 7.23 demonstrate that the AuPtf material has 
a high electrocatalytic capacity. The currents reached in this setup were much larger 
than what was obtained previously further stressing that the previous setup was not able 
to handle the large catalytic currents produced by the AuPtf electrodes. The decline in 
current over time is a normal trend among catalysts that partially deactivate during 
operation113. The AuPtf data were quantified based on the size of the electrodes, the 
bimetallic loading, and the platinum loading, see Table 7.4. The categories of 
importance are; synthesis steps, Pt mass activity, total electrode current and loading. 
These categories were chosen with a view on solving a large-scale problem. The 
number of synthesis steps is therefore an important factor in predicting the scalability 
challenges. Activity per mg of Pt is important, because optimization of Pt is and 
applicability factor due to the price and abundance of Pt. The total mass activity is 
important for its utilization in a fuel cell stack. A bimetallic material might thus provide 
challenges in the incorporation of the membrane electrode assembly (MEA) in the fuel 
cell stack. It was found that the catalyst has significant strengths in all the areas 
described above and are in the same magnitude as state-of-the-art catalysts.  
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Table 7.4 – Table of parameters comparable with reported catalysts. Depositing, washing and sample 
preparation are not included as synthesis steps. 

 
  

Catalyst 
Fuel/ 
Electrolyte 

Synthesis 
Steps mA/cm2 A/mgPt mg/cm2 Pt wt % Comment 

AuPtf 
0.5 M MeOH/ 
0.5 M KOH 1 80 5 0.27 5  

Pt-NPG114 
0.5 M MeOH/ 
0.5 M KOH 3 0.9   4.7 

Dealloyed, 
electrodeposited, Pt 
loading is for 50 
cycles 

Pt-NPG107 
1.0 M MeOH/ 
1.0 M KOH 1 51   N/A 

Porous Au by O2 
bubble formation, 
electrode diameter = 3 
mm 

Au@PtAum
115 

1.0 M MeOH/ 
1.0 M KOH 3  4  70 

Core-Shell structured 
network. Produced 
using photo-
illumination. 

Pt/Cu 
Nanowires113 

1.0 M MeOH/ 
1.0 M KOH 5 6 1.5  50 

Pt/Cu Nanowire 
network produced 
using a polymer 
template.  

Pt-
monolayer116 

1.0 M 
CHOOH/ 0.1 

M H2SO4 3 10   N/A 

Electrochemical 
deposition with 
varying cycle.  

Au@Pt-
GCE117 

1.0 M MeOH/ 
1.0 M KOH 3  0.13  N/A 

Linking of Core-Shell 
NPs to an electrode 
surface. 
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7.3 Conclusions and perspective 
A bimetallic gold and platinum based nanoporous film was successfully synthesised, 
characterized and electrocatalytically applied. The incorporation of Pt into the 
nanoporous gold film, described in Chapter 5, was successful. The reason for this was 
discussed and two hypotheses were formulated, either the AuPt core-shell nanoparticles 
did not respond to illumination in the same way as AuNPs, or there is a discrepancy in 
the timing of the reduction of gold and platinum, which should not be significant when 
synthesizing the AuPt film. This is because the film formation is far slower than the 
AuNP formation, so the Pt would have time to reduce before the film formation is 
finished.  
 
A suggestion for how the film was formed through a core-shell nanoparticle synthesis 
was proposed, see Schematic 7.1. The mechanism was hypothesised based on the 
morphology findings presented in Figure 7.6. The different techniques point towards a 
morphology of welded NPs resulting in a film with a rough surface. The data presented 
in Figure 7.3 demonstrate that the Pt distribution is even across the film. PES data show 
that Pt is located in the outer three atomic layers of the film surface. From the third layer 
and deeper the amount of platinum does not change and the Pt wt% of the sample 
corresponds to what was determined by ICP-OES, Table 7.1. These findings led to the 
conclusion that Pt was successfully applied as a thin surface layer. The electrochemical 
activity of the material was found to be high, Table 7.4. The electrochemical 
experiments were done for 0.5 M KOH and 0.5 M MeOH. The basic solution did not 
allow for EC characterization of the ECSA. The fuel oxidation peaks were in fact very 
significant, and the quantification of the electrode suggests a catalyst with high 
utilization of the relatively low Pt wt%. The electrochemical characterization, Figure 
7.18 - Figure 7.23, shows a very active electrocatalyst capable of oxidizing fuel 
exploiting a variety of active sites. This is based on the different peaks observed under 
stress, see Figure 7.20 and Figure 7.23  These intriguing strong peaks revealed during 
scanning with and without fuel indicates that the material have multiple 
electrochemically active sites available. The loss of Pt on continued scanning might be 
due to oxidization. If this is the case, it could be offset with a higher fuel concentration 
or a different fuel. This could be investigated further and would be particularly 
interesting if combined with an investigation into the nature of the active sites, and 
whether the presence of these could be increased through changes in the synthesis.  
DFT, and other computational methods, would undoubtedly be very useful to shed light 
on the active sites and whether they leave the supporting electrode during the fuel 
oxidation process.  
 
Gold has finally been speculated to be able to prevent or decrease certain types of Pt-
poisoning. As an additional merit, platinum poisoning might therefore be minimized in 
an AuPtf. This could be investigated further. The effects of illumination were 
investigated, and it does appear that there is a change to the electrochemical capabilities 
of the material. However, it is difficult to disentangle what the precise effect of the 
illumination is. Heating could induce some surface mobility reducing the catalytical 
effects, as seen in Figure 7.19. The illumination might speed up possible changes to the 
surface and might induce the peak shifts observed in Figure 7.20. The illumination was 
found to increase the electrocatalytic capabilities, but it was not possible to reproduce 
these observations.   
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8 Conclusions and Perspectives 

Nanoporous films of gold (NGFs) and other metals offer great perspectives as new and 
nontraditional electrode materials in pure and applied electrochemistry by their large 
surface and abundance of catalytic sites for important electrochemical processes such as 
fuel cell processes. NGFs are most commonly prepared by a Au/Ag dealloying process 
in which the silver component is dissolved. This procedure may, however, leave 
residual Ag with unwanted but so far elusive interference in the target electrocatalytic 
processes. The overarching objective of the present Ph.D. project is to address NGF 
preparation by a different, bottom-up purely chemical synthesis approach. Chemical 
reduction of H[AuCl4] precursor to AuNPs by the well-known Good’s buffer MES as 
developed by Dr. Christian Engelbrekt in DTU Chemistry’s NanoChemistry group, is 
the core of the experimental approach33. Following recent reports that Au/Pt core-shell 
NPs or even Au/Pt nanoscale networks can be be efficient electrocatalysts, the second 
objective of the project is to attempt to incorporate Pt in the NGF structures as prepared 
by chemical synthesis. If successful, this approach could lead to a new class of non-
traditional electrode materials with interesting properties and potential use in biofuel 
cells and other applied contexts. 
 
The strategy towards these objectives have been, first to exploit previous 
NanoChemistry Group experience on MES-based capped AuNP preparation to study 
mechanisms and reaction intermediates in detail with a view of exploiting this 
knowledge in optimization of AuNP/AuPtNP synthesis and the synthesis of the 
analogous NPGF/NPGPt two-dimensional structural networks, Chapter 3. This part was 
followed by studies of the controlled pure AuNP aggregation into larger two-
dimensional structures, Chapters 4, 5, and 6. Application of Au-thiol and organic “click 
chemistry” were key notions in this approach to the transition from single AuNPs and 
AuPtNPs via AuNP dimers to larger, straight-chain and chain-branched nanoscale 
structures. Conversion of the chain structures to actual NPGPtFs with comprehensive 
structural characterization was the third step bin the overarching strategy described in 
Chapters 5 and 6. Chapter 7 describes the NPGFs and NPGPtFs as actual 
electrocatalysts in both thermal and light-induced processes of interest, focused on a 
select biofuel process, viz. the electrochemical oxidation of methanol in aqueous 
alkaline solution. We proceed to some further perspectives in this strategic approach 
and to a summary of the outcomes achieved. 
 
The investigation into the reaction mechanism of the MES reduction of gold were 
conducted successfully. The extensive NMR study yielded precise data about the 
molecules and intermediates involved. The HILIC-MS allowed us to target specific 
molecular masses and thus speed up the NMR data analysis. UV-vis spectroscopy 
yielded important knowledge of the AuNP formation and the formation of the by-
products that initiated the study. The data presented in Chapter 3 demonstrates the 
reaction mechanism, including the initial step as through Au-N interaction, as well as 
several of the by-products formed in the process. Here an in-depth analysis of the 
reaction between MES and gold precursor have been presented. AuNP were 
demonstrated to be successfully purged from the solution by filtration. These AuNP free 
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filtrates were subsequently investigated by using NMR, UV-vis spectroscopy, and 
HILIC-MS. A number of structures and by-products were presented, together with a 
reaction mechanism. It was found that an individual MES molecule could be oxidized 
up to four consecutive 2-electron oxidations.  
 
It was found that compounds appear after the formation of AuNPs, and is thus not 
formed directly through reaction with the gold precursor. The approach presented here 
is generally applicable to other nanomaterial syntheses, and demonstrates how effective 
NMR, UV-vis spectroscopy and HILIC-MS can be, when combined, to describe by-
product mixtures. Such efforts are important for nanomaterial properties, and crucial for 
the application of nanomaterials, e.g. in nanotechnology, nanomedicine and food 
industries.  
 
Control of AuNP systems was also investigated using citrate instead of MES stabilized 
AuNPs. This system was AuNPs chemically aggregated into dimers and polymers, 
when a dithiol was added. Control of the system evolution was then exerted by addition 
of a maleimide that would react with the free thiol groups thus arresting further 
aggregation of the system. This reaction is heat sensitive, and heat was applied to the 
dimers by a laser with the same wavelength as the dimer plasmon adsorption band. 
Based on this study the ionic strength, NP concentration, stabilizing agent and 
temperature all affect the rate of sedimentation. Many of these factors contribute 
indirectly, by increasing the NP size or contributing to dimer or polymerization. The 
challenges associated with sedimentation could have been circumvented by stirring, but 
this option was disregarded for several reasons. First, most of the experiments were in a 
UV-vis cuvette, which complicates mounting of a stirring magnet. In situ measurements 
would also have required the UV-vis chamber to be fitted with a magnetic stirring 
device. These engineering challenges could have been solved, but due to the proof-of-
concept nature of the study, diffusion-, aggregation- and sedimentation-rates of dithiols 
and other reagents were considered not to be significant enough to mitigate e.g. by 
stirring. Secondly, the laser set-up was not accommodating for magnetic bars. Due to 
the sample dimensions stirring was impossible. Third, any changes in sedimentation rate 
would give us information about the AuNP as seen by the high-temperature 
measurements, where sedimentation was dramatically slowed down. Based on these 
observations, the maleimide side group was changed from the alcohol to the acid group. 
However, better understanding of the sedimentation would be of great interest. This 
could be done by systematically monitoring and controlling the sedimentation and using 
e.g. the NanoSight technology to determine Brownian motion and concentration, whilst 
monitoring the sedimentation rate. This type of experiment was attempted, but proved 
not to be feasible to deconvolute the different effects that contribute to the Brownian 
motion.  
 
Further understanding of how to control the rate of the click chemistry so that only the 
HEGDT on the dimers react fast enough to stop aggregation is also desirable. This 
would require a thorough NMR study, so that the reaction rates for different maleimide 
side chains, at different temperatures, concentrations etc., could be determined and a 
more precise experimental setup designed.   
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The laser experiments showed promising results. The laser light appears to affect the 
absorption in the > 650 nm region. The observed increase in absorption above 650 nm 
was, however, caused by fusion of AuNPs into dimers, polymers or structured gold 
networks. This could be investigated further by TEM. If the effect observed were from 
fusion instead of click-chemistry it could prove valuable in the design of gold 
nanostructures. This was discussed in Chapter 5. The intense energy absorbed by the 
plasmonic bands heats the gold to high temperatures which changes aggregation and 
mobility and might induce the fusion of NPs. 
 
The first of the materials developed was the nanoporous gold film. The film was 
synthesised using the MES synthesis with adjustment of the ionic strength and pH of the 
solution. The film formation theory, presented in section 5.3.2, is the basis for 
discussing the effects of the by-products based on the data presented in Chapter 3. Many 
of the molecules discussed in Chapter 3, are formed during the AuNP synthesis and can 
affect the parameters that influence the film formation. The molecules are for the most 
part electrostatically charged which would increase the ionic strength of the solution. 
Some of them are acidic, which would change pH. The first MES oxidation product has 
a resonance that would remove the buffering effect of the molecule. The change in pH 
during the oxidation of MES goes from 7, stabilized by the buffering of MES, to 
approximately 324. The simple change in pH could be a major driving force in the film 
formation and create the delicate balance between stable AuNPs and easily induced 
aggregation and subsequent formation of gold film. The effect of the by-products also 
includes possible NP surface changes. The by-products, the secondary amines for 
example, might have a strong gold affinity. This could alter the surface of gold 
nanoparticles, which might impact the aggregation of AuNPs. On top of this, the 
numerous by-products would result in a dynamic ionic strength increase, that becomes 
even more pronounced when the evaporation of the solvent is taken into account. The 
challenges of deconvoluting the NMR spectra to identify each individual by-product 
was, unfortunately not possible. However, some of these by-products are likely to 
interact with the AuNP or the film surface and affect the formation or morphology of 
the film. Protonation of the by-products could also increase the effect of HCl addition. 
MES binds to gold via the nitrogen lone-pair. It is expected that the nitrogen containing 
by-products would bind to gold in the same way. When HCl is added, this bond is 
broken, if the proton has a higher affinity for nitrogen than the gold surface. The 
observations from Figure 5.1, the coarsening of the film, support this hypothesis. The 
effect of by-products on the film formation is, however, hard difficult to determine, but 
there are many ways in which they could contribute.    
 
The resulting NPGF material was found to be nanoporous and conductive. Active sites, 
and resulting high catalytic activity, seem present. The formation of the film appears to 
depend on the ionic strength and the AuNPs captured at the surface when, aggregation 
is initiated. There is some indication that the acidic stripping of the stabilizing MES and 
MES derivatives, as the film coarsens and increase in aggregation happens fast when 
pH drops. The gold film was, finally found to be catalytically active at the same level as 
other reported gold materials.  
 
Light illumination of the samples was an additional strategic element, with a view on 
possible facilitated production of highly reactive catalytic materials, as discussed in 
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Chapter 5, 6 and 7. The selective heating by illumination of the plasmon band of MES 
reduced AuNPs results in a structured dendrimer network of fused NPs. The 
combination of illumination heating of the AuNPs and the MES reduction of gold also 
leads to GO is reduction to rGO, and immobilization of the structured gold network. 
TEM successfully yielded data suggesting that temperature is an essential parameter 
that can be used to control the formation of the gold network. The different reaction 
conditions with and without temperature strongly indicates that many of the gold 
structures formed are temperature sensitive. To take these findings further, controlling 
the shape and size of the structures by adjusting the temperature, illumination, and the 
ionic strength could be investigated, based on the data from Chapter 5. 
 
Illumination of the sample heats up the NPs making them hotter than the solution. This 
allows for a solution of NPs in an oil-bath heated to 90 °C to, under illumination, to 
have a higher temperature. This makes it hard to determine precisely the temperature of 
the NPs. If these-super heated NPs could be investigated, even more structural and 
morphology control might be achieved.  
 
GO can be reduced by illumination but not to any significant degree under the 
experimental conditions used. MES can also reduce GO, but also only to a very minor 
and insignificant degree. However, during the chemical MES reduction of H[AuCl4], 
GO is reduced to rGO. This is probably due to a combination of the before mentioned 
factors, heat of the solution, the chemical reduction the GO by MES, MES by-products 
and gold precursor and on top of that the heat generated by the illumination of the NPs, 
which is probably the major factor. Chemical reduction of gold, in addition to the heat 
from the NPs, are the two major factors. The by-products of MES could also enhance 
the reduction. Many of the steps presented in Schematic 3.1 involves the oxidation of 
MES. If GO contributes the oxygen for some of these oxidation steps, that would 
contribute significantly to the reduction observed during the AuNP formation. The 
project did not successfully incorporate platinum into the SGN support material, as no 
platinum was found. This is a problem that needs to be resolved for SGN to be relevant 
as a support material. The incorporation of Pt into the gold film, described in Chapter 5, 
as a thin metal layer, was successful. The reason for this was discussed and two 
hypotheses were formulated, either the AuPt core-shell nanoparticles did not respond to 
illumination in the same way as AuNPs. In this work the formation of the material will 
be driven by ionic strength, see Chapter 6, and not by light, so this challenge should be 
avoided. The problem could also originate from the timing of the Pt reduction reaction, 
simple that the SGN is formed before the platinum is reduced and thus, isn’t included in 
the material. The discrepancy in the timing of the reduction of gold and platinum should 
not be significant when synthesizing this material. This is because the film formation is 
far slower than the AuNP formation, so the Pt would have time to reduce before the film 
and synthesis is finished.  
 
The final material developed using the MES reduction of gold, was a core-shell AuPt 
bimetallic film, this is based on the development of the UV-vis peaks in Figure 7.14 and 
Figure 7.15. The film was synthesised by incorporating glucose reduced H2[PtCl6] 
during the AuNP formation following a core-shell nanoparticle synthesis, see Schematic 
7.1. This resulted in the formation of core-shell AuPtNPs which subsequently formed a 
film following the same mechanism as described in Chapter 5. The film was 
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characterized comprehensively by AFM, SEM, EDS, TEM and PES, and the 
electrochemical film properties studied in detail. The film formation mechanism was 
based on the morphology findings presented in Figure 7.5 - Figure 7.7. The different 
techniques point towards a morphology of welded NPs resulting in a film with a rough 
surface. The data presented in Figure 7.4 demonstrates that the Pt distribution is even 
across the film. PES data show that Pt is in the outer three atomic layers of the film 
surface. From the third layer and deeper the amount of platinum corresponds to the wt 
% determined by ICP-OES, Table 7.1. These findings showed that Pt was successfully 
applied as a thin surface layer. 
 
The electrochemical activity of the material was high, see Figure 7.23. The 
electrochemical experiments were done for 0.5 M KOH and 0.5 M MeOH. The basic 
solution did not allow for EC characterization of the ECSA. The fuel oxidation peaks 
were strong, and the quantification of the electrode indicate a capable catalyst with high 
utilization of the relatively low Pt wt%. The electrochemical characterization, see 
Figure 7.17-Figure 7.23, shows an active electrocatalyst capable of oxidizing fuel with a 
variety of active sites. The intriguing peaks revealed during scanning with and without 
fuel indicates that the material have multiple electrochemically active sites available. 
The loss of Pt might be due to oxidization, in which case it could be offset with a higher 
fuel concentration or a different fuel. This could be investigated further and would be 
particularly interesting if combined with an investigation into the active sites and 
whether the presence of these could be increased through changes in the synthesis.  
DFT and other computational methods would be useful to shed light on the active sites 
and whether they are removed during the fuel oxidation process. 
 
Gold has been speculated to be able to prevent or decrease certain types of Pt-poisoning. 
Platinum poisoning might therefore be minimized in an AuPtf, which could be 
investigated further.  
 
The AuPtf is the most suitable material for further investigation and possible practical 
fuel cell and other application. The film was found to have competitive activity and Pt 
utilization. The simple synthesis and quick cleaning and immobilization procedures 
makes the process scalable, an important parameter for industrial application. The next 
step would be to start testing this material in a fuel cell setup. To do this one would have 
to design a membrane electrode assembly (MEA) that could fully utilize the nano-
porosity and high conductivity. Industry collaborators would be able to provide 
important insight into the parameters for such an MEA.  
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Enclosed A  

A1.  High pressure liquid chromatography 
High pressure liquid chromatography (HPLC) is a method where utilizing the chemical 
affinity between a compound and the substrate of a column, can be used to separate 
molecules in a solution. The method relies on the proper selection of column material to 
tune the affinity between the column and the molecules which are to be separated. The 
available columns include the hydrophilic interaction chromatography (HILIC). HILIC 
is a type of column which consisting of strong polar material, for instance, zwitterionic 
compounds or amides, which has a strong interaction with polar molecules. Other types 
of chromatography includes, normal-phase where the separation is done towards a 
slightly polar surface such as silica. Reverse-phase operates on a hydrophobic 
interaction, with a column consisting of surface-modified silica. Other methods include, 
size exclusion chromatography and ion exchange chromatography. 
In this work the HILIC HPLC were used as a separation method before high resolution 
mass spectrometry (HRMS). The mass spectrometry used in this work was done at 
Copenhagen University (KU) and wasª used in the determination of biproducts of the 
AuNP synthesis.  
 
A2.  The Tecnai T20 G2 
The instrument used for transmission electron microscopy (TEM) is a Tecnai T20 G2 
located at the DTU Center for Electron Nanoscopy (CEN) on the DTU campus. The 
grids used are carbon film on copper mesh. The Tecnai T20 G2 is fitted with an Oxford 
instruments X-Max Silicon Drift Detector (SDD) with an active area of 80 mm2 for 
EDS. The system is cooled with liquid nitrogen. A thermionic electron gun utilizing a 
LaB6 material is the source of electrons. The digitial imaging is achieved with a Gatan 
894 charge-couple device (CCD), each pixel consisting of a p-doped metal-oxide-
semiconductor (MOS) capacitor. Due to biasing, the pixels register the electrons and 
thus, image the contrast from the transmitted electrons. 
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