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Abstract

The hydrogen economy is expected to grow in efforts to combat climate change.
This is because hydrogen is a clean fuel that can be used without producing any
greenhouse gases. In the production of hydrogen, among other applications, pho-
tocatalysis could play a big role. In this process a photocatalyst needs a cocatalyst(s)
in order to efficiently split water into hydrogen and oxygen. In this thesis a new
method of facet-selectively depositing a gold cocatalyst onto faceted SrTiO3 particles
is investigated. This method uses the electrical attraction between pre-formed gold
nanoparticles and the SrTiO3 {100} facet as well as the electrical repulsion with the
{110} facet. The stability, reproducibility and other parameters are explored, which
could affect the coverage of the cocatalyst particles on the SrTiO3, such as salt con-
centration and gold nanoparticle concentration. Additionally hotodeposition of gold
onto SrTiO3 was done an alternative method of depositing the cocatalyst in order to
observe its coverage and control. Finally the photocatalytic activity was tested of the
SrTiO3 particles with colloidally deposited gold cocatalysts and of the SrTiO3 particles
with photodeposited cocatalysts, which was done through photocatalytic degradation
of methylene blue dye.
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1 Introduction
In order to solve the problem of climate change, a big shift towards green energy produc-
tion is necessary. In this regard many renewable energy technologies are being developed,
improved, scaled up and used in society, such as wind and solar energy. In the Nether-
lands 11.1 percent of energy consumed comes from renewable sources. [1] However this
is still not enough to stop climate change. The green energy production should grow to
at least 32 percent by 2030 according to a 2014 climate package for the whole European
Union. [2] This means there has to be a substantial increase in the amount of renewable
energy production.
Worldwide there is also a growing trend of increases in renewable energy production from
2019 to 2020 there was an almost 7% increase in electricity generation from renewables. [3]
Therefore research and development into this area can be very beneficial to further expand
this growth.
Photovoltaics and wind are currently the most prominent clean renewable energy sources
to produce electricity. The share of electricity production from these sources accounted
for just over 2% of global electricity generation for solar technologies and around 5% for
wind energy technologies in 2019. [4]
These conventional renewable energy sources, such as photovoltaics and wind turbines,
enable the production of large amounts of electricity that is very intermittent. This means
that times of peak demand often do not match with times of peak production of elec-
tricity. Therefore additional costly installations would be required, such as batteries and
electrolyzers for downstream storage and conversion to stable chemical products. [5] [6]
Hydrogen is emerging as one of the leading options for storing energy from renewables.
Several advantages include that it is transportable, utilisable, and long-term storable. [7]
[8] This would create possibilities of transporting the energy generated from renewables
over long distances to power-hungry regions thousands of kilometers away. It can also
solve the intermittency issues that is described above for photovoltaics and wind energy
by bridging the gap between the energy production from renewables. Additionally it can
provide more energy security and system resillience. Hydrogen can be used to supply
electricity, power cars and heat homes, all with zero carbon emissions. [9]
Hydrogen has many other uses, such as producing fertilizer or oil refining or as a substi-
tute for fossil fuels in carbon inteseive industrial processes, for instance in the steel and
chemical sectors. [10] [11] [12]

There are multiple ways of producing hydrogen from water, such as thermochemical,
where (waste) heat is used to drive a chemical reaction to form hydrogen, [13] electrolytic,
where an electrical current is used to produce hydrogen, [14], biological, in which bacte-
ria or algae produce hydrogen [15], and photocatalytic water splitting, where the energy
from the sunlight is directly used to form hydrogen. [16]

5



Currently 96% of the hydrogen production is through natural gas, which means it is still
not a clean energy source. [17] The share of energy produced from hydrogen in Europe is
projected to grow from less than 2% to 13-14% by 2050. [18] Therefore creating more hy-
drogen in a renewable way is important to reduce greenhouse gases and warrants more
research. [19]
Water splitting for hydrogen production using sunlight is possible through photovoltaic
(PV) electrolysis or through photocatalysis. PV electrolysis uses the produced electric-
ity from the photovoltaic cell to perform electrolysis using an anode and a cathode sub-
merged in water. [20]
Photocatalysis on the other hand follows its natural counterpart photosynthesis and di-
rectly converts the energy from the absorbed sunlight into stable chemical products at the
surface of the nanoparticle. Possible products include H2 as a green renewable fuel, but
also other fuels and base chemicals such as hydrocarbons, alcohols and ammonia. [21]
Photocatalysis provide additional benefits in H2 production, such as using a closed-loop
cycle and only using incredibly abundant natural resources which are water and sunlight,
with mild reaction conditions, simple setup and potential scalability. A picture, which
schematically shows the process of photocatalysis can be seen in figure 1. [22] [23] [24]

Figure 1: Schematic of photocatalytic water splitting using nanoparticles. Sunlight is ab-
sorbed by the semiconductor photocatalyst, which creates electrons and holes. These mi-
grate to the cocatalyst at the surface, which then reduces or oxidizes the water. Adapted
from Chen et al. (2017) [25]

There are a couple important factors for the material that is used in the photocatalytic
process [24]: A suitable visible light absorption potential to use as much energy as possible
from the sunlight. Good separation efficiency of the photogenerated holes and electrons
as well as transferring them to the surface without recombination. Additionally things,
such as a fast charge transfer rate to increase the reaction rate, a short energy bandgap (<3
eV) for the energy for the reactions, high mechanical and thermal stability, non-toxicity,
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abundance, scalability and recyclability are also of importance. Hence since 1972 when
Fujishima, and Honda first used the TiO2 semiconductor photocatalyst for hydrogen pro-
duction via water-splitting, a lot of effort was invested to find a material that has the above
mentioned requirements. [26]

A big challenge is to find all of these aspects in one material. For instance materials
such as SrTiO3 and TiO2 have a large bandgap, which does not allow much of the solar
spectrum to be used for the water splitting. WO3 has an unsuitable band position, which
causes the water splitting reactions to be greatly reduced. This is because the conduc-
tion band should be more negative than the potential to reduce H+ and the valence band
should be higher than the oxidation potential of O2 to ensure the redox reactions can hap-
pen. Other materials such as CdS or CdSe are unstable, because they suffer from corrosion
from sunlight. [27] Despite the impressive progress in recent years, the ideal photocatalyst
and optimum process conditions have yet to be found.
According to the current paradigm optimum performance is achieved using faceted nanopar-
ticles (FNPs) of semiconducting materials (TiO2, SrTiO3, BiVO4, WO3 and others) that are
reported to be very efficient in separation and transfer of photogenerated charge carri-
ers (electron and holes) to surface of the particles for the desired redox reactions, such as
water splitting or CO2 reduction. The current best solar water splitting system is done
through photovoltaics coupled with an electrolyser, which reaches a solar-to-hydrogen
conversion efficiency of 30% in a laboratory setting. [28] Comparatively photocatalysis
reaches roughly 1%, but it has a simpler, cheaper and more scalable system. [29] The cur-
rent highest recorded photocatalytic hydrogen production on large scale reaches 0.76% of
solar-to-hydrogen conversion efficiency by Nishiyama et al.(2021) [30] Al-doped SrTiO3
photocatalyst sheets were used for the water splitting loaded with Rh, Cr, and Co, all at
0.1 wt%. This system was optimized for safety and durability, although there are still
many optimizations to be done. [30]
This is, however, still far from commonly accepted industrial requirements for large-scale
applications (efficiency of 5–10% and system lifetime of 5 years). [31]

An important aspect that has to be considered for high solar-to-hydrogen (STH) ef-
ficiency is using the right cocatalyst metal or metal-oxide at the right place on the pho-
tocatalyst, since the photocatalytic activity of bare semiconductors particles is extremely
low. Loading a metal or metal-oxide cocatalyst onto a semiconductor photocatalyst low-
ers the overpotential/energy barrier for the hydrogen and oxygen evolution reactions
and hence increases the photocatalytic activity. [32] For instance bare BiVO4 loaded with
Pt and MnOx increases the oxygen evolution amount around 800 times as compared to
bare BiVO4 particles. [23] Additionally loading Pt and Co3O4 facet selectively using pho-
todeposition increases the water splitting by up to 10 times compared to deposition using
impregnation. [33]

Figure 2 shows a volcano plot of the hydrogen evolution rate expressed as exchange
current against the adsorption energy expressed as metal-hydrogen bond strength. From
the plot we can see that the highest exchange current, and thus the highest hydrogen
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evolution rate, is found at the top of the volcano, where the adsorption energy is in the
middle.
Sabatier’s principle suggested this, which is the idea that the absorption energy should
not be too high nor too low. If the adsorption energy is too high the adsorption is slow
and if the adsorption energy is too low the desorption is slow. So there is an optimum to
balance the adsorption and desorption time to allow for the most throughput in terms of
reactions taking place. [34] [35]
From figure 2 we can see that the top of the volcano has traditional catalytic materials
like platinum or rhodium. Here we will use gold as a cocatalyst, since it also has rea-
sonable performance and gold colloidal nanoparticles with controlled shape and size are
available. Moreover the photocatalytic activity of semiconductor materials is also affected
by the size of the cocatalyst, their coverage and distribution, particle morphology and
shape, chemical composition, oxidation state and the properties of the interface between
the metal cocatalyst and the semiconductor particle. [36] For instance the rate of hydrogen
production increases 3 fold if the size of the ruthinium cocatalyst particles is varied from
1.5 nm instead of 7 nm. [37] The hydrogen evolution rate increases 2-3 times if tetrahedral
palladium particles are used instead of cubes on TiO2. [38]

Figure 2: Plot of the log of the exchange current for hydrogen evolution against the energy
of the metal-hydrogen bond. Adapted from Trasatti (1972). [35]

The most common ways to deposit cocatalysts onto the photocatalyst are through im-
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pregnation or photodeposition. A scematic of the difference between impregnation and
photodeposition are shown in figure 3. Impregnation is generally done by submerging the
powder of photocatalytic particles in a metal or metal-oxide precursor and subsequently
drying and annealing at high temperature. This is a fairly simple procedure although ran-
domly distributed over the photocatalyst. [22]
Photodeposition is usually done through mixing the photocatalyst with a metal or metal-
oxide precursor ions and subsequent illumination. This illumination causes an electro-
chemical reduction or oxidation reaction to take place which deposits the metal or metal-
oxide onto the photocatalyst, through the reduction or oxidation of the precursor. This
results in a photocatalyst decorated with cocatalyst nanoparticles at the location (or facet)
where the electrons reach the surface. [39]

Figure 3: Schematic illustration of impregnation and photodeposition as a method of de-
positing cocatalysts. Adapted from Carraro et al. (2011) [40]

Yet, neither of these two processes allow good control on the above mentioned crucial
aspects like cocatalyst size, particle morphology, loading and distribution, etc. [36] Ad-
ditionally, during (initial stages of) the catalytic process the cocatalyst particles rearrange
and relocate, dissolve and change their physiochemical properties (oxidation state and
phase composition) drastically reducing the semiconductor-cocatalysts material proper-
ties. In figure 4 this rearrangement of Ni and NiOx cocatalysts on SrTiO3 can be seen,
which leads to a decrease in overall water splitting over time. [41]
Deposition of cocatalyst (metal/metal oxide) on faceted nanoparticles using pre-synthesized
colloidal nanoparticles may give better control on the process in terms of the amount
of cocatalyst that is deposited, their distribution on individual facets of semiconductor
nanoparticles, the size (and shape) of the cocatalyst particles, oxidation state and cocata-
lysts particle stability during the photocatalytic process. This could potentially give rise
to a better photocatalytic performance and stability of the materials. Currently metal and
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metal oxide nanocrystals with well-defined size, shape, oxidation state, exposed facets
and stability can be easily prepared via colloidal synthesis. [42] [43]

Figure 4: The left picture shows the hydrogen evolution rate as a function of time. The top
right shows a schematic of the processes involved during illumination of photodeposited
cocatalysts. The bottom right shows changes in morphology of NiOx on Ni on SrTiO3
during overall water splitting. Adapted from Mei et al. (2018) [41]

There are several ways to test the photocatalytic activity of these photocatalysts, such
as hydrogen evolution tests or photocatalytic dye degradation. [33] [44] The most com-
mon method of assessing the water splitting capability of a photocatalyst is by measur-
ing the gases produced by a water splitting or hydrogen evolution test using gas chro-
matography or mass spectrometry. [22] Another straightforward alternative is dye degra-
dation method, in which a dye such as methylene blue (MB) is degraded to H2O and CO2
through photocatalysis processes. [45] Dye degradation by itself has the purpose of re-
moving toxic industrial dyes to provide clean drinking water, which helps lead to a more
livable and safe world. [45] Additionally there are some other ways such as air purifica-
tion and biorefinery, which are rarely used. [46] [21]
The research goals of this thesis are twofold; firstly, test if gold cocatalysts nanoparticles
can be adsorbed selectively onto individual facets of onto SrTiO3 nanocrystals. Establish
the working protocol for this process. Assess if the gold nanoparticle coverage is affected
and can be controlled by the NaCl ion concentration, pH of the solution or the concentra-
tion of gold nanoparticles solution that is added. Secondly, test the photocatalytic activity
of the SrTiO3 with gold colloidal nanoparticles as cocatalyst and assess if there is an im-
provement compared to SrTiO3 particles loaded with cocatalysts via the commonly used
method, i.e. through photodeposition. [22] The inspiration for this project is based on
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work by Su et al. [47] who showed that it is possible to facet-selectively deposit silica
nanopartilces onto faceted SrTiO3.
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2 Theoretical background
There are three main steps to photocatalytic water splitting: [48]

1. Harvesting as much sunlight as possible with the semiconductor photocatalyst to
create electron-hole pairs.

2. Separating the electrons and holes and migrating to the surface, without recombin-
ing.

3. Finally the reducing and oxidizing of the water at the surface of the photocatalyst as
efficiently as possible to create H2 and O2.

To optimize each part of the water splitting process, it is important to address each
point to find improvements in these areas.

2.1 Photocatalysts
SrTiO3 is used as a semiconductor as a means of harvesting sunlight in this thesis. This is
because of the appropriate band gap, non-toxicity and the stability of the material as well
as the ability to engineer the facets of the particles. [49] [33] Although there are alterna-
tives to be considered.
One of the oldest semiconductors that is used is for water splitting is TiO2 as early as
1972. [26] TiO2 is a photocatalyst with a band gap of 3.2 eV and it has been studied be-
cause of its high stability, low cost and non-toxicity. [50] Although a problem is that TiO2
has a wide band gap, which limits its ability to absorb light in the visible spectrum. To
decrease the band gap it could be possible to couple TiO2 with a visible light semiconduc-
tor, such as ZnO, which might enhance the photocatalytic activity. [51]
Among the visible light semiconductors are graphic carbon nitride (g-C3N4), which is a
low cost, metal-free polymeric photocatalyst. [52] It has a lower band gap and appropriate
band structure at 2.7 eV, while also having high thermal and chemical stability. Although
its limtations are its low surface area, small active sites for interfacial reactions and low
charge mobility. Coupling and/or doping g-C3N4 with other elements could ameliorate
these limitations.
BiVO4 is another potential candidate as a photocatalyst with a big advantage of having a
smaller bandgap at 2.4 eV, which allows it to capture more of the sunlight. Some disad-
vantages, however, include low electron conductivity and poor water oxidation kinetics,
as well as limited stability. [53] Coupling is a way of increasing photocatalytic activity
by forming contact between two different semiconductor particles, which can be done in
similar ways as cocatalyst deposition. [54] BiVO4 coupled with other semiconductor ma-
terials shows an improvement in photocatalytic activity, which is attributed to increased
charge separation. [55]
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These materials might be improved by doping or coupling, where coupling is usually
done by forming contact with other semiconductors, and doping is usually done by in-
serting metal atoms into the semiconductor, but organic materials are possible as well. [56]
Doping of a semiconductor is usually done by some form of calcination or heat treatment
with metal precursor, which causes the metal atoms to insert into the semiconductor. [57]
This is generally done to attempt to improve some aspect of the photocatalyst, such as
reducing the size of the wide band gap of SrTiO3. For instance doping using transition
metals such as rhodium or aluminum shows reduction in the band gap and increases in
photocatalytic activity. [58]
SrTiO3 is a semiconductor with a cubic perovskite structure, which is typically produced
as cubic-shaped nanoparticles with 6 identical {100} facets. Due to it having identical
facets it is difficult to spatially separate the electrons and holes. It is possible to pro-
duce the SrTiO3 particles, such that both the {100} and the {110} surfaces are exposed.
This way, the particles can be produced with 18 flat facets, such as can be seen in fig-
ure 5. [33] [59] This anisotropy of the SrTiO3 particles increases the charge separation in
the particle, which is attributed to an internal electric field, which drives the electrons
and holes to different facets, which can be observed in figure 6. This electric field is in
turn attributed to the difference in surface potential, which originates from the different
surface orientation of the different facets. As can be seen from simulations from Takata
et al.(2020) [29] in figure 6, this difference in surface work function causes the electrons
and holes to collect at the {100} and {110} facet respectively. So this anisotropy increases
charge separation, which is shown to increase photocatalytic activity. [29] [60] [33]
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Figure 5: (a-c) The morphology of isotropic 6-facet SrTiO3 particles. (d) structure of the
100 facet of SrTiO3. (e) Schematic of facet engineering of SrTiO3. (f-h) The morphology
of the anisotropic 18-facet SrTiO3 particles. (i) the structure of the 110 facet of SrTiO3.
adapted from Mu et al. (2016) [33]
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Figure 6: Simulations of electrons and holes in aluminum doped SrTiO3 particles. (a)
Mapping of conduction band energy, (b) Colourmap of the density of electrons n, (d)
diagram of energy of conduction and valence band when approaching different facets,
(e) electron and hole densities approaching different facets. adapted from Takata et al.
(2020) [29]

2.2 Cocatalysts

Water splitting is an energetically uphill reaction (∆GΘ = 237 kJ/mol, which is equal
to 1.23 eV). It produces hydrogen and oxygen in a 2:1 ratio, which means two water
molecules have to be split in order to complete one reaction as shown in equations 1 -
3. This requires the transfer of four electrons, namely two to oxidize the water and two to
reduce the hydrogen ions. [22]

4h+ + 2H2O → O2 + 4H+(oxidation of water) (1)

2e− + 2H+ → H2(proton reduction) (2)

2H2O + 4h+ + 4e− → 2H2 + O2(overall water splitting) (3)
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Cocatalyst particles can be deposited, or loaded, onto the semiconductor photocata-
lyst to increase the photocatalytic activity. These cocatalysts can serve as reaction sites for
water splitting and help in this process by lowering the activation energy required for the
redox reaction as well as enhancing charge separation. [22]

Figure 7: Volcanoplot of photocatalytic activity against cocatalyst loading amount.
Adapted from Ran et al.(2014) [61]

A volcano type relationship is shown in figure 7, which illustrates that for any photo-
catalyst and cocatalyst system a certain optimal loading of the cocatalyst can be reached.
This is a balance between different factors. For instance the photocatalytic activity in-
creases, while the loading increases, because it increases charge separation and helps to
overcome the energy barrier for water splitting. However when too much of the cocata-
lyst is deposited, it can block the photocatalyst from incoming light, which prevents the
absorption of photos and thus the generation of electron-hole pairs. It can also decrease
the usable surface area of other cocatalysts on the semiconductor, among other possible
reasons. [61]

There are several ways of depositing cocatalysts, such as commonly through impreg-
nation or photodeposition, although other methods have been tried as well, such as sput-
tering. [33] [62] Of these methods photodeposition is considered the best option as this
allows for facet selective deposition, which greatly increases the charge separation. This
reduces recombination of the electrons and holes and therefore the photocatalytic perfor-
mance. [22]
Photodeposition is done through illumination of the photocatalyst in metal precursor so-
lution. This illumination causes an electrochemical reduction or oxidation reaction to take
place which deposits the metal or metal-oxide onto the photocatalyst. These reactions can
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be seen in equations 14 15, where M stands for metal and MO stands for metal-oxide, n is
an integer and e and h are electrons and holes respectively. [39]

Mn+(aq) + ne− → M(s) (4)

Mn+(aq) + nh+ + nH2O → MOn(s) + 2nH+ (5)

Due to the fact that electrons and holes are used in these reactions, combined with the
fact that the electrons and holes are separated to different facets makes this a facet selec-
tive method of cocatalyst deposition. This in turn improves the charge separation and
improves photocatalytic activity. [33]
Because they are reduction or oxidation reactions, in some cases an electron or hole scav-
enger is added respectively, such as H2O2 or CH3OH. These can improve the reduction
or oxidation reactions by acting as a hole or electron acceptor respectively. This improves
the reaction by taking or providing an electron to reduce or oxidize the second part of the
redox reaction. [63]
Typical scanning electron microscopy (SEM) images of impregnation and photodeposi-
tion of platinum cocatalyst onto faceted SrTiO3 by Mu et al. (2016) are shown in figure 8.
In the first image the Pt cocatalyst is deposited quite homogeneously all over the SrTiO3
particle regardless of the facet. On the other hand the Pt cocatalyst is selectively deposited
onto the square {100} facet, while a MnOx cocatalyst is also deposited onto the {110} facet.
Even though the deposition is facet selective, the distribution on the facet is not very ho-
mogeneous. [33]
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Figure 8: SEM images of cocatalyst deposition on anisotropic SrTiO3 particles using im-
pregnation of (top) and photodeposition of Pt and MnOx (bottom). Adapted from Mu et
al. (2016). [33]

2.3 Interaction forces
Upon interaction of small gold nanoparticles and another colloid or particle, such as
faceted SrTiO3, the following forces should be considered. First is the electrical double
layer force. The second is the VanderWaals force. The third one is short range hydration
forces. A combination of electrical double layer force and VanderWaals forces are called
DLVO forces.
DLVO theory developed by Derjaguin, Landau, Verwey and Overbeek in the 1940s gives
insight into the stability of colloids and the relevant forces, which is important to under-
stand how the gold nanoparticles and SrTiO3 interact. [64] [65]
VanderWaals forces originate from induced dipoles in materials when they approach each
other and are almost always attractive. This force is not dependent on the salt concentra-
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tion or ionic strength of the solution, in contrast to the electric double layer force. The Van-
derWaals force generally acts at very short distances from around 0.2 nm up to around 10
nm depending on the materials, which decays very fast with distance at a rate of 1

r6 . [66]
This could play a role when the gold nanoparticles stick to the surface of the SrTiO3.
A particle in a liquid will get charged. This surface charge can have multiple origins.
Firstly some surface groups can dissociate, such as sulfates, carboxyl, hydroxyl and ox-
ides, which will have a charge. Dissolution of an ion from the surface of the colloid into
the liquid, which can cause the surface of the solid to gain or lose a charge. Charged
ions can also be specifically adsorbed onto the surface, which will also change the surface
charge. [67]
This surface charge is usually screened by ions in the liquid to achieve overall electrical
neutrality. This screening of ions causes the formation of the electrical double layer as
shown in figure 9. The Zeta potential is defined as the potential at the slipping plane
as seen in the figure 9. A schematic of this electrical double layer is shown in figure 9.
Here it can be seen that the negative charge at the surface of a particle is screened by
particles on the Stern layer, which are very tightly bound, then the slipping plane screens
those charges again, at the end of which the zeta potential is measured. Depending on the
charge/potential and associated electrical double layer, the two interacting particles can
attract or repel each other in the suspension. [66]
The length of this electrical double layer and the extent to which it extends into the bulk
solution is controlled by the screening of this charge, through the concentration of the ions
in the solution. This effect will be reduced for a lower Debye length, which is a measure
for how far the electrostatic effect persists in a suspension. This Debye Length is influ-
enced by the salt concentration of the suspension, because of the screening caused by the
ions. Typically this force acts up to a few tens of nms, decreasing with an increase in salt
concentration. [68] When considering deposition of the cocatalyst onto the SrTiO3, The
gold nanoparticles are charged, so they will electrically repel each other and interact with
the charge of the SrTiO3 particle.
Additionally, another force that might play a role is the hydration force, which is the force
that arises from the arrangement of water molecules very close to the surface of a colloid.
This is a very short range force up to 1.5 nm from the surface, which starts out as strong
very close to the surface, while it propagates farther than the first row of water molecules,
although increasingly more weakly as the distance increases. [68]
Specifically with regards to the faceted SrTiO3 particles, Su et al (2021) have shown that
the (in this case) repulsive hydration force on the {100} facet is stronger and more long
range than at the {110} facet. [47] By Dong et al. (2014) it was demonstrated that SrTiO3
facets surface hydration structure controls he facet-specific assembly of proteins, such
as albumin, immunoglobulin and protamine. The protein adsorption was observed on
weakly hydrated {100} facets of SrTiO3 nanoparticles, while none on {110} facets. [69]
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Figure 9: Illustration of the surface charge of a particle, showing the electrical double
layer. Taken from Feng et al. (2020) [70]

2.4 Methylene Blue dye degradation
Photocatalytic degradation of methylene blue involves using photocatalyst particles and
light in order to degrade the methylene blue particles into harmless particles such as CO2,
H2O, SO4

2− and NH4
+.

The postulated mechanism is that O2
− and OH radicals cause the degradation of the

methylene blue by oxidizing and breaking up the methylene blue molecule. [71] [45] The
holes and electrons that are created reach the surface. The holes can oxidize the H2O to
form OH radicals and they can attack the methylene blue molecule in order to degrade it
to a colourless form, which is shown in equation 11. Additionally the holes can oxidize the
methylene blue directly when it is adsorbed on the surface as shown in equation 12. [71]
The electron pathway is more complicated as it involves multiple steps, which are shown
in equations 7 to 10. Firstly an oxygen molecule is reduced to a radical by an electron
from the photocatalyst. Subsequently the oxygen radical reacts with hydrogen ions in the
solution, which then in the next step form hydrogen peroxide and oxygen. Finally the
hydrogen peroxide is reduced by the photocatalyst, so that there is another OH radical
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that can attack the methylene blue in order to degrade it. [71]

(H2O ↔ H+ + OH−) + h+ → H+ + OH· (6)

O2 + e− → O·−
2 (7)

O·−
2 + H+ → HO·

2 (8)

2HO·
2 → H2O2 + O2 (9)

H2O2 + e− → OH· + OH− (10)

MB + OH· → MB′ + H2O (11)

MB + h+ → MB∗ (12)

In the equations above h+ and e− stand for the electrons and holes generated by the
photocatalyst. The · superscript means it is a radical and finally MB stands for the methy-
lene blue molecule with MB′ and MB∗ meaning reduced forms of methylene blue.
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3 Methods and materials

3.1 SrTiO3 synthesis
It is possible to tune the morphology of the SrTiO3 as described by Dong et al. (2014) as
well as Hsieh et al. (2019) , who manage to use different concentrations or pKa values of
alcohols to tune the ratio of the size of the {110} facets to that of the {100} facets. [69] [60]
Hsieh et al. (2019) also show that these anisotropically faceted SrTiO3 particles show
higher photocatalytic activity than cubic SrTiO3 particles. [60] In order to create truncated
dodecahedron-shaped SrTiO3 submicron particles, the procedure described by Dong et
al. (2014) is followed. [69]
Firstly 3 mL 1,3-propanediol or 4 g of 1,2-propanediol is mixed with 25 mL DI water in
an ice bath for 15 to 30 min while stirring. Next 0.265 mL of TiCl4 was added dropwise
and continuously stirred for 5 min. 30 mL of 3M LiOH solution and 10 mL of 0.24 M
SrCl2 solution were then added after each other. The solution was then kept stirring for
30 min. This solution was transferred to a 100 mL Teflon-lined stainless-steel autoclave,
which was closed shut tightly and heated for 48 h at 180 deg C. The resulting precipitate
was centrifuged and washed alternately with water and ethanol five times each, in order
to clean the SrTiO3 particles using a centrifuge speed of 2000 RCF for 10 min. Lastly to
obtain the SrTiO3 particles in powder form, they were dried at 70 degC for 12h.

3.2 Zeta potential measurements
In order to characterize the surface charge of the SrTiO3 particles as well as that of the
gold nanoparticles, zeta potential measurements were done at different pH values.
These measurements are done using a Zetasizer nano ZS from Malvern Panalytical. The
principle that is used to measure the zeta potential is phase analysis light scattering (PALS)
which uses the phase information from the light that is scattered of the particles that are
moving through electrophoresis due to an applied electric field. This measures the elec-
trokinetic potential of the particles, which is used to calculate the zeta potential. Finally
the output that is obtained from the machine is the zeta potential in mV. [72]
To measure the SrTiO3 particles, a solution of 40 mL 10 mM NaCl is prepared, to which
2 mg of SrTiO3 is added. This solution was brought to a pH of around 9.5 using a NaOH
solution, at which point a sample of 4 mL was taken and put in a cup for use in the Ze-
tasizer. Subsequently the pH was reduced with increments of around 1 using an HCl
solution, while at every increment a sample of approximately 4 mL was taken. Immedi-
ately after these samples were analysed in the Zetasizer using a cell, which was rinsed
multiple times with DI water in between measurements.
The same procedure is used for the gold nanoparticles, which were measured in their cit-
rate buffer at a concentration of approximately 0.44 mg/mL, which translates to a volume
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fraction of 2.88·10−6 of gold. 10 mL of the gold nanoparticle solution is then pH adjusted
in the same way from around 9.5 to around 1.5, with samples of 1 mL taken at every
increment of pH units of 1.

3.3 Gold colloidal deposition
In a typical deposition experiment of gold colloidal nanoparticles onto faceted SrTiO3 par-
ticles, the following procedure was used.
Firstly a salt solution was prepared at 100 mM NaCl in 100 mL of deionized (DI) water by
adding 0.5844 g of NaCl into 100 mL of DI water. This was then diluted 100 times with
DI water so that a 100 mL 1 mM NaCl solution was made so that the electrical double
layer force is established. Of this solution 20 mL was taken. Subsequently 2 mg of SrTiO3
was weighed on an analytical balance and added to the 20 mL 1 mM NaCl solution. This
solution was then placed in a sonicator for roughly 10 minutes in order to suspend the
SrTiO3 particles in the solution and separate them from each other so that the facets are
free for the gold nanoparticles to deposit onto.
This suspension was then continuously stirred while measuring and adjusting the pH
in real time. After this 3 mL of 0.44 mg/mL or 2commercial citrate-functionalised gold
nanoparticles dispersed in citrate buffer with a diameter of 15 nm were added to the sus-
pension using a pipet. The pH was then adjusted as soon as possible after adding the gold
nanoparticles to its desired value (typically 3). The pH was adjusted using HCl or NaOH
solutions.
The susspension was left stirring for 10 min so that the gold nanoparticles have enough
mixing time to deposit onto the SrTiO3. Afterwards the suspension was moved to a dif-
ferent container suitable for centrifuging, after which the suspension was centrifuged at
2000 RCF for 15 min. Subsequently about 90% of the solution was poured out and re-
filled with DI water. Then the solution was resuspended using a sonicator. This process
of centrifuging and replacing the liquid is used to wash the particles by removing any ex-
cess gold nanoparticles or other contaminations and it is repeated twice more. Depending
on the experiment some variables such as a pH, different salt or gold concentration were
changed, these variables are specified in the results section in the figure’s caption.
All chemicals used were purchased from Sigma Aldrich.

3.4 Gold photodeposition
In a typical photodeposition experiment of gold, the following procedure was used.
An appropriate amount of HAuCl4 solution (4.55 mg/mL) was added to a solution of 2
mg of SrTiO3 nanoparticles in 20 mL DI water. Specifically adding 0.44 µL, 8.80 µL or 22.0
µL to obtain 0.1, 2 or 5 wt% of HAuCl4 respectively. Note this is a weight percentage with
regards to the weight of the SrTiO3 particles. The pH was then adjusted to its desired
value by adding NaOH or HCl solutions. This suspension of SrTiO3 particles was then
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placed in a glass vial and illuminated in UV light under continuous stirring for 2 or 4
hours. The specific wavelength spectrum can be seen in figure 11.
The solution was centrifuged at 2000 RCF for 15 min. Subsequently about 90% of the
solution was poured out and refilled with DI water. Then the solution was resuspended
using an ultrasonic bath. This process of centrifuging and replacing the liquid is used to
wash the particles and it is repeated twice more.
Depending on the experiment some variables such as a pH, methanol use or precursor
ion concentration were changed, these variables are specified in the results section in the
figure’s caption. All chemicals used were purchased from Sigma Aldrich.

3.5 SEM imaging
Scanning electron microscopy (SEM) was used to visualize the deposition of gold nanopar-
ticles on SrTiO3. SEM works by firing an electron beam in vacuum at a sample, which then
scatters electrons from the surface of the sample. These scattered electrons or even x-rays,
are then caught by a detector and based on this a picture is constructed and shown on a
computer screen. [73]
Energy selective backscattered (ESB) mode, is a mode which shows different levels of
brightness of different materials based on their atomic numbers, this is due to the fact that
an increasing amount of electrons get backscattered as the atomic number increases. The
InLens mode, on the other hand, creates a picture of the sample, based on the electrons
that scatter off the surface of the sample, which allows a cleared picture of its surface
topology. [73]
SEM imaging of the SrTiO3 particles was done by Mark Smithers at the MESA+ Nanolab.
For this the particles were prepared by pipetting roughly 50 to 100 µL of the suspension of
SrTiO3 in DI water onto a silicon wafer, which was then dried at around 100 °C for about
two minutes. Then the samples was taken to the MESA+ Nanolab and analysed in the
SEM.

3.6 Methylene blue photocatalytic degradation
In order to do the dye degradation, a suspension of 10 mg of gold-decorated SrTiO3 was
prepared, using either photodeposition method or colloidal gold deposition method as
outlined above in 100 mL of DI water. This solution was then centrifuged and the excess
water removed, after which it was resuspended using the sonicator so that only 10 mL of
suspension was left, which results in a concentration of 10 mg gold-decorated SrTiO3 per
10 mL of water.
Additionally a methylene blue solution was prepared at 20 ppm or 20 mg/L by weighing
10 mg methylene blue powder and dissolving this in 100 mL DI water and diluting it 5
times. 10 mL of this methylene blue solution was added to a glass vial of roughly 25 mL
volume. After this the 10 mL SrTiO3 suspension was added into the methylene blue so-
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lution so that a concentration of 10 mg/L of methylene blue was achieved with 10 mg of
SrTiO3 in a 20 mL solution.
The suspension was kept stirring in the dark for up to 24 hours, so that the adsorption of
methylene blue to the walls of the vial and to the SrTiO3 particles reaches an equilibrium.
At this point the concentration of methylene blue is measured in a UV-vis photospectrom-
eter. This is done so that the observed decline in concentration of methylene blue under
illumination is due to photodegradation instead of due to any adsorption.
To analyse the concentration 2 mL of the suspension was taken. This was then placed in a
container suitable for centrifuging, which was centrifuged at 2000 RCF for 10 min in order
to get the SrTiO3 particles out of the solution. Then 1.5 mL of the solution was taken using
a pipet and placed in a different container so it is usable for use in a cuvette for the UV-vis
photospectrometer. This is done so that only the methylene blue is analysed, without the
SrTiO3 particles. After analysing the solution, the methylene blue was placed back into
the previous container with the leftover SrTiO3 particles, which is then resuspended and
replaced into the original suspension of SrTiO3 in methylene blue in the glass vial. These
steps are taken so that (practically) none of the SrTiO3 particle suspension is lost during
the dye degradation process.
This solution of methylene blue with SrTiO3 was then illuminated under UV light for 1
hour. UV light with a spectrum of 350 to 400 nm was chosen, because the SrTiO3 is able
to absorb light up until about 388 nm and to minimize any photolysis of the methylene
blue that is not caused by the photocatalyst. [33] [74] A picture of the setup is included
in figure 10. In order to do the dye degradation, the glass vials were taped down to the
stirring plate to prevent falling over and a glass cap was used to allow more light more
light to reach the sample, because it was illuminated from above.
After illumination for 1 hour, 2 mL of the suspension was again taken and the process
was repeated to analyse the methylene blue absorbance spectrum in the UV-vis photo-
spectrometer.
After the analysed sample is placed back in the orginal suspension, the glass vial is placed
back under illumination for another hour. This whole process was repeated until 7 hours
of illumination had passed, which resulted in roughly 80-90% of the dye being degraded.
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Figure 10: Picture of the setup used for illumination of samples using UV light. A row of
8 lamps of 18 W can illuminate samples from above on a plate with 4 x 5 magnetic stirring
spots.

Figure 11: Spectrum of lamps that were used for both dye degradation and photodeposi-
tion.
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4 Results
In this section the results of different ways of gold cocatalyst deposition onto SrTiO3 par-
ticles are described. At the end of this section the dye degradation efficiency of the pre-
pared materials (SrTiO3 particles with different conditions for cocatalyst deposition) are
presented and discussed.
Firstly, however, the surface charge/potential values as function of pH and isoelectric
points of the entire gold and SrTiO3 particles are measured. For this the Zetasizer nano
ZS is used as described in section 3. For familiarization with the instrument and method,
first an experiment with a well-known system, namely silica nanoparticles was done. As
can be seen in figure 30 the isoelectric point of 22 nm silica particles obtained from these
measurements was found at a pH of approximately 2.3. This is in good agreement with
work of Aimable et al.(2020), where the point of zero charge (PZC), or isoelectric point, of
the same system (same size and provider, namely LUDOX AS-40) was also found at a pH
of roughly 2.3. [75] This can be seen in the appendix in figure 30.
The details of the measurement procedure of the zeta potential for all particles in this sec-
tion can be found in section 3. The isoelectric point of the SrTiO3 particles was quantified
and the results of this experiment are shown in figure 13. Herein obtained results (blue
circles) qualitatively agree with what is shown in work by Su et al. (2021) (red triangles),
although here it is found that the isoelectric point is around pH of 4 as compared to the
isoelectric point found at pH of 3.5 found by Su et al.(2021). [47] Also the absolute values
of the zeta potential are different especially at a pH lower than 6. This small discrepancy
could be explained by slightly different SrTiO3 particles, which were synthesized using a
slightly different protocol. Resulting particles have a different size, facet {110} to {100}
ratio, and possibly different surface defect density that will affect the whole particle’s iso-
electric point as described in Su et al.(2021). [47] It should be pointed out that quantifying
the absolute values of the zeta potential for this complex/heterogeneous (faceted particle
and polydisperse as well as impurities such as TiO2) system is very challenging.
Using atomic force microscopy (AFM), Su et al. (2021) showed that individual facets of
SrTiO3 nanoparticles have different surface charge characteristics and isoelectric points. It
can be seen that even if the zeta potential measurement show 0 mV, the facets can still be
charged. This becomes clear from the difference in surface charge as measured by AFM
compared to the measurement by electrokinetics.
The zeta potential changes as function of pH, likely due to the oxygen atoms at the surface
that get protonated by the H+ ions and the concentration of the H+ ions decreases as the
pH increases. This leads to higher surface charge at lower pH, because more of the surface
is protonated by H+ ions. [76]
In figure 12, it can be observed that the {110} facet has an IEP at approximately pH 4,
while the {100} facet has an IEP at approximately pH 6. This indicates that there is a pH
window from around 4 to 6, in which the {100} and {110} facets carry opposite charge,
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namely the {100} facet is positively charged, while the {110} facet is negatively charged.
At a pH between 4 and 6 negatively charged silica particles were selectively adsorbed
only on the {100} facet. [47] This phenomenon is exploited here as well to selectively de-
posit 15 nm gold nanoparticles instead of silica.
The zeta potential as function of pH of 15 nm gold nanoparticles is shown in figure 14.
The figure displays that in citrate buffer the particles carry a negative charge for a pH
between 2 and 10. This result is in agreement with work of Sun et al.(2009), who also
find negative charge for every pH above roughly pH 1, which is attributed to the citrate
groups at the surface. [77]

Figure 12: Plot AFM measurements of surface charge of the {100} and {110} facets of
SrTiO3 particles as function of pH. In the bottom pictures, silica deposition on SrTiO3
facets is shown with negatively charged silica particles. Taken from Su et al. (2021) [47].
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Figure 13: Plot of zeta potential as function of pH for SrTiO3 and compared to measure-
ments done by Su et al. (2021) [47].
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Figure 14: Plot of zeta potential as function of pH for gold nanoparticles in citrate buffer.

4.1 Colloidal deposition of gold
The result of deposition of 15 nm gold nanoparticles on SrTiO3 under 1 mM NaCl fluid
compositions are shown in figure15. The sample was characterised in two different SEM
imaging modes, namely ESB and InLens modes.More explanation on this can be found in
section 3
The purpose of this procedure is to distinguish between gold nanoparticles and TiO2
residual particles that have similar shape and size. It is possible to use different per-
centages of ESB and Inlens mode in one picture, which results in pictures where differ-
ent aspects are highlighted (i.e. the gold nanoparticles appear brighter in images). Due
to gold’s higher atomic number, with higher ESB imaging mode the gold nanoparticles
appear brighter (contrast) compared to TiO2 particles. In a higher InLens mode, the indi-
vidual facets of the SrTiO3 particles are more easily identified. Varying levels of ESB and
inlens mode are used in these pictures to highlight the gold nanoparticles or the SrTiO3
facets more. An attempt is made to strike a good balance between the two, so that it is
clear what is being shown.
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Figure 15: SEM pictures of SrTiO3 with gold colloidal nanoparticles deposited at pH 3, 1
mM NaCl, 1.3 mg gold/2 mg SrTiO3.

The two pictures in figure 15 show the resulting particles after colloidal particle de-
position was done using 1.3 mg of gold nanoparticles of 15 nm size with 2 mg of SrTiO3
particles at pH 3 in 1 mM NaCl solution. These pictures are taken at the same location,
but with different modes. The top picture is taken in high percentage of InLens mode,
while the bottom pciture is taken with a high percentage of ESB mode.
The ESB mode shows that the brighter particles have a higher atomic number than the
darker ones. These brighter particles are attributed to be gold nanoparticles, while the
darker particles, which are also observed when looking at bare SrTiO3 particles as in fig-
ure 16, are attributed to be TiO2, which was likely left over from the SrTiO3 synthesis
process.
Here the square blue-outlined facet is the {100} facet and the hexagonal red-outlined facet
is the {110} facet. Importantly these images show that the {100} facets of SrTiO3 are dec-
orated with 15 nm particles that we assign to gold. This suggests that at pH 3 and 1
mM NaCl the negatively charged colloidal gold nanoparticles were attracted to the posi-
tively charged {100} facet, while there is electrostatic repulsion between the negative gold
nanoparticles and the negatively charged {110} facet. Hence the earlier established proto-
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col for facet-selective silica deposition onto SrTiO3 particles by Su et al.(2021) can be used
for gold nanoparticles as well! [47]

Figure 16: SEM pictures of bare SrTiO3. Some residual TiO2 can be observed, which is
likely leftover from the synthesis process.

The gold nanoparticle deposition performed at different pH of the solution with 10
mM NaCl and 1.3 mg gold / 2 mg SrTiO3 is shown in figure 17. At different pH, as
expected, the gold nanoparticle deposition takes place at different facets. As the gold
nanoparticle’s potential/charge is (virtually) independent of pH, this is the result of changes
in the surface charge of individual facets of SrTiO3 particles as shown from AFM mea-
surements by Su et al.(2021). [47] The illustrations in the corner of the image show the
proposed surface charge of the facets of the SrTiO3 particle. As expected at pH 2.5 both
facets are positively charged, which attract the negatively charged gold particles. In the
pH window of 3 to 3.5, facet selective deposition onto the {100} facet can be observed,
which is likely caused by the difference in surface charge as outlined above. Finally at
pH 5 or higher (virtually) no gold deposition is observed onto the SrTiO3, which is likely
due to the negative charge on both facets. These findings overall fit with the pH depen-
dent silica deposition reported by Su et al.(2021), yet it should be pointed out that the pH
window over which the facet selective particle deposition takes place is more narrow and
is shifted towards a lower pH. [47] This can again be attributed to the slightly different
SrTiO3 particles.
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Figure 17: SEM pictures of SrTiO3 with gold colloidal nanoparticles deposited at: from
top left to bottom; pH 2.5, 3, 3.5, 5, 10. Done at 10 mM NaCl, 1.3 mg gold/2 mg SrTiO3.

From the experiments above, we learned that, between pH 3 to pH 3.5, facet selective
deposition of colloidal gold nanoparticles onto the {100} facet of SrTiO3 is possible. This
is likely due to the difference in surface charge of the SrTiO3 nanoparticle facets causing
electrical attraction and repulsion of the gold nanoparticles at the {100} and {110} facets
respectively.
To test how robust the deposition protocol is and how reproducible the facet selective de-
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position of the gold nanoparticles is, more experiments are done using different batches
of the particles, with the same protocol: pH 3, 1 mM NaCl, 1.3 mg gold per 2 mg of SrTiO3.
The results of these tests can be seen in figure 18.
Here it seems that some batches such as the top two pictures show quite nice facet selec-
tivity, where the vast majority of the gold particles deposit onto the square {100} facet.
The rest of the pictures are less clear in their facet selectivity, although generally a pref-
erence for the {100} facet can still be distinguished. There is also some variability in
terms of gold nanoparticle coverage of the facet. The difference in this behaviour is still
unclear. A possible explanation for this is that the facet surface charge of individual par-
ticles could depend on the SrTiO3 particle size and defect distribution. [78] The presence
of small contaminants from plastic pipettes or glass bottles or from other sources could
affect the deposition process. Another explanation could be that there is some contami-
nation caused by any of the instruments that are used in the deposition process and that
this could affect surface charge or cause steric hindrance or instability. Note that these are
speculations and more research would need to be done to test what is the origin of this
irreproducibility of the facet selective gold nanoparticle deposition onto SrTiO3.
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Figure 18: SEM pictures of 6 different batches of SrTiO3 with gold colloidal nanoparticles
deposited at pH 3, 1 mM NaCl, 1.3 mg gold/2 mg SrTiO3, produced at different times.

Additionally gold deposition was done at a fixed pH of 3 and fixed gold concentration,
but variable NaCl concentration, which can be seen in figure 19. With increasing salt
concentration the Debye length reduces, because the ions screen more of the charge of
the particle and thus decrease the size of the electric double layer. This could reduce the
distance between adsorbed gold nanoparticles, because the electrical repulsion of a gold
particle propragates less far. [68]
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Debye length was calculated from the following equation 13 for a symmetric monovalent
electrolyte and shown in the sketch in the corner of the pictures in figure 19. Here λD is
the debye length, εr and ε0 are the dielectric constant and the premittivity of free space
respectively. R is the gas constant, T is the temperature. Finally F is the faraday constant
and C0 is the electrolyte concentration. [79]

λD =

√
εrε0RT

2 · 103F2C0
(13)

At a salt concentration of 0.5, 1 and 10 mM NaCl the gold nanoparticles are selectively
adsorbing only on the {100} facet of SrTiO3.

To assess the average distance between the gold nanoparticles, a Matlab script was
developed and used, which can be found in the appendix. The routine finds the center
of the gold particles, through thresholding and a function ’regionprops’. Then the dis-
tance from each gold particle to its nearest neighbour was calculated and an average for
the facet was given. This crude analysis of the data reveals that at 1 mM NaCl the aver-
age center-to-center separation distance between particles is roughly 28.95 nm. At 10 mM
NaCl this distance is roughly 20.4 nm. So it seems that there is indeed a difference in the
gold inter-particle separation and hence the coverage of the facet depending on the salt
concentration, namely a higher salt concentration gives rise to a smaller distance between
gold nanoparticles. Note that the analysis was done for 4 different facets of each batch.
At 300 mM NaCl, the SEM image shows that the facet-selectivity is gone or reversed.
At this salt concentration the Debye length is roughly 0.56 nm, hence the interparticle
distance is expected to reduce further, yet this is not observed in our experiments. By
increasing the salt concentration, the debye length reduces, but also the surface charge of
gold and SrTiO3 particles is effectively screened (electric double layer strength reduced).
Hence the short range VanderWaals and the hydration forces would dominate over the
electric double layer force. Through manual counting a ratio of gold particles on the
{110} to {100} facet of roughly 2:1 is found. Meaning that there are more gold particles
deposited onto the {110} facet. A coincidence or not the {110} facet has the weaker hy-
dration structure of the two as measured by Su et al. (2021). [47] In work of Dong et al.
(2014) it is reported that the SrTiO3 facet’s hydration structure controls the protein adsorp-
tion. [69] Yet here again, more experiments and more elaborate analysis are needed for a
conclusive statement.
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Figure 19: SEM pictures of SrTiO3 with gold colloidal nanoparticles deposited at: from
top left to bottom right; 0.5, 1, 10, 300 mM NaCl, pH 3, 1.3 mg gold/2 mg SrTiO3.

Gold deposition on SrTiO3 was also done at three different gold concentrations. Specif-
ically gold concentrations of roughly 0.44 mg, 1.3 mg and 2.6 mg per 2 mg of SrTiO3 at pH
3 and 1 mM NaCl, which is shown in figure 20.

The results of these experiments are not fully conclusive. At all 3 different gold concen-
trations, there is no significant difference in the amount of deposited gold nanoparticles.
Also, at lowest gold concentration 0.44 mg, the facet selectivity is unclear, while for the
higher gold nanoparticle concentrations the facet selectivity is preserved and takes place
on the {100} facet. This could be a result of variability between experiments, as described
in figure 18. Or, a threshold amount of gold is required for good facet-selectivity. What is
clear that the selectivity and amount of adsorbed gold is not limited by the bulk concen-
tration of gold nanoparticles. Even at a lower concentration there is more than enough
gold particles in the bulk solution as can be seen from the amount of gold on the SrTiO3
particles.
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Figure 20: SEM pictures of SrTiO3 with gold colloidal nanoparticles deposited at: from
top to bottom; 0.44, 1.3, 2.6 mg gold/2 mg SrTiO3, pH 3, 1mM NaCl.
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For a good transfer of photogenerated charges (electrons and holes) from the semi-
conductor to the cocatalyst-electrolyte interface, therefore there should be a good electri-
cal connection between the gold nanoparticles and SrTiO3 semiconductor nanoparticles.
Hence, in an attempt to achieve this, (i.e. improvement of the electronic contact), after
cocatalyst deposition we burn away any small organic molecules that were used to stabi-
lize the gold nanoparticles, by thermal annealing. This is done at 450◦C for 1 hour. This
temperature is chosen because citric acid, which is used to stabilize the gold nanopar-
ticles, decomposes above about 180◦C, while the melting points of gold and SrTiO3 are
1064◦C and 2080◦C respectively. [80] [81] [82] This allows for the decomposition of cit-
ric acid, while maintaining the integrity of the SrTiO3 and the gold. An additional benefit
might be the improvement of electronic contact between the SrTiO3 and gold, due to small
changes at their interfaces. [83] Additionally Liu et al. (2014) does calcination of Au and
Ag on SrTiO3 at 400 ◦ C for 4 hours after photodeposition, which seems to provide good
results. [84] The figure 21 shows that after the thermal annealing procedure, the sample
did not change. The integrity of gold nanoparticles and their distribution and as well of
SrTiO3 particles is (basically) unaffected.
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Figure 21: SEM pictures of SrTiO3 with gold colloidal nanoparticles deposited at pH 3, 1
mM NaCl, 1.3 mg gold/2 mg SrTiO3. First picture is made after deposition, while second
picture is the same sample after annealing in air at 450 ◦C for 1 hour.

An important aspect is the stability of the gold cocatalyst nanoparticles on the SrTiO3
after the assembly and eventually during the photocatalytic reaction. To test this gold
nanoparticle stability, the following was done: First the gold particle deposition proce-
dure was done onto SrTiO3 at pH 3, 10 mM NaCl, 1.3 mg/ 2 mg of gold/SrTiO3. After
this the sample was cleaned, dried and characterized by SEM as described in section 3.
The result of this characterisation is shown in figure 22. Additionally half of the sample
was redispersed in DI water and stored at room temperature for 1 week. The SEM im-
age show that storing the sample in a solution different than at the deposition conditions
(opposite charge of the facets), did not drastically affect the assembly stability of the gold
nanoparticles. It can still be seen that the gold nanoparticles are selectively deposited onto
{100} facet at (roughly) the same amount. Important to note is that the gold particles stay
on the SrTiO3 even if the surface charges change.
In my opinion this is an important aspect in the use in real photocatalytic water split-
ting and scaling up this process. This seems to be an issue for photodeposited cocata-
lyst nanoparticles as shown in figure 4 and extensively discussed in work of Mei et al.
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(2018). [41] The photodeposited cocatalysts are prone to relocation and rearrangement,
dissolution, particle sintering and Ostwald ripening. The result of this is a drastic reduc-
tion in photocatalytic activity over time.

Figure 22: SEM pictures of the same SrTiO3 with gold colloidal nanoparticles deposited
at pH 3. Top picture is dried immediately. Bottom picture shows gold-decorated SrTiO3
particles that have been in DI water for at least a week.

What can be learned from this subsection is that facet selective deposition of gold
nanoparticles on the {100} facet of SrTiO3 is possible under the right circumstances, where
a pH of around 3 seems to be most important. Additionally it seems that using different
salt concentrations could provide control over the coverage of the gold nanoparticles on
the SrTiO3. Furthermore the gold nanoparticles on the SrTiO3 even without annealing
seems very stable for at least a week in suspension. Annealing at a temperature of 450 ◦C
for 1 hour showed minimal to no change in terms of gold nanoparticle coagulation or loss
of nanoparticles. Additionally gold nanoparticle concentration was explored.
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4.2 Photodeposition
Photodeposition was done as well, with different conditions (pH, illumination time, pre-
cursor ion concentration, methanol use), which can be seen in figures 23 to 25. In gen-
eral photodeposition process follows the reaction described by equations 14,15, where M
stands for metal and MO stands for metal-oxide, n is an integer and e and h are electrons
and holes respectively. [39]:

Mn+(aq) + ne− → M(s) (14)

Mn+(aq) + nh+ + nH2O → MOn(s) + 2nH+ (15)

In these experiments gold is being deposited so only equation 14 is really relevant,
because it is a metal. So specifically the equation is equation 16

Au3+(aq) + 3e− → Au(s) (16)

Optimum amounts of HAuCl4 used for photodeposition were chosen based on a study
by Mu et al. (2016), who report that SrTiO3 with 0.1 wt% of photodeposited gold per-
formed best in terms of water splitting efficiency. [33] They used a 300 W Xe lamp to
illuminate the SrTiO3 suspension with HAuCl4 for 2 hours. In this thesis a different illu-
mination setting was used; the sample was illuminated by 8 UV TL tubes of 18 W each
were used in a setup that can be seen in figure 10. Hence the effect of illumination time
explored. See 3 for more information about this experimental set up.
In order to make a fair comparison, it would make sense to roughly match the amount of
gold that is photodeposited to what is seen on the SrTiO3 by colloidal deposition of gold.
To achieve this different conditions were investigated by varying the amount of HAuCl4
and the pH. In the process of absorbing light electrons and holes are formed and, as can
be seen in figure 16, only electrons are used and therefore an electron donor could be used
to accept the holes in order to improve the reactions. For this the effect of methanol is
investigated as well.
For all the following pictures the graphic at the bottom right is adapted from Wenderich
et al. (2016) [39].
Firstly to see the difference in gold photodeposition as function of pH is explored at 5
wt%, while illuminated for 4 hours under UV. This is shown in figure 23, where it seems
that at lower pH the gold cocatalyst clusters more and form larger particles, while they
also deposit less homogenously than at higher pH. While at higher pH, the gold deposits
onto more particles and form somewhat smaller particles. This decrease in gold particle
size as function of pH is also seen on TiO2 in a study by Iliev et al. (2007). [85].
Additionally it looks like the gold generally deposits on the square {100} facet. This is
expected because the electrons accumulate at the {100} facet, where then the photodepo-
sition reaction happens for the metal cocatalyst. [29]
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Figure 23: SEM pictures of SrTiO3 with photodeposited gold, illuminated under UV for 4
hours. From top left to bottom: pH 1.5, 3, 9, using 5 wt% HAuCl4.

Using methanol as an electron donor as well as illumination time is investigated in
the following figures, 24, 26, 25. 14% methanol was added during the photodeposition in
order to improve the photodeposition reaction, based on work by Guo et al. (2018). [86]
It seems that the difference when using methanol during photodeposition is clearest in
figure 24, where it can be seen that the gold particles become smaller and more scattered
over the SrTiO3 particle. The reason for this is unclear, although a possible explanation
could be that due to the presence of an electron donor, more photodeposition reactions
take place at the surface of the SrTiO3 instead of some kind of precipitation onto the gold
surface. This could cause the gold to deposit at more locations instead of growing from
an initially deposited gold particle.
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Figure 24: SEM pictures of SrTiO3 with photodeposited gold, illuminated under UV light
for 4 hours, top picture: pH 9, 5 wt% HAuCl4, no methanol. Bottom picture: pH 9, 5 wt%
HAuCl4, 14% methanol.

In figures 26 and 25 the difference in illumination time and methanol use is shown for
a loading of 0.1 wt% of gold on SrTiO3. Figure 25 shows pictures of photodeposition of
gold onto SrTiO3 without methanol and with 14% methanol at an illumination time of 4
hours, while figure 26 shows the same but at an illumination time of 2 hours.
The difference in deposition of the gold due to methanol is not very clear due to the small
total amount of gold that is deposited. Additionally there does not seem to be a large
difference between a illumination time of 2 to 4 hours. This could mean that at 2 hours
all of the HAuCl4 has deposited onto the SrTiO3, however this is not clear due to the
small amount of gold that is observed, which makes it difficult to make any meaningful
comparison between the conditions.
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Figure 25: SEM pictures of SrTiO3 with photodeposited gold, illuminated under UV light
for 4 hours, top picture: pH 7, 0.1 wt% HAuCl4, no methanol. Bottom picture: pH 7, 0.1
wt% HAuCl4, 14% methanol.
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Figure 26: SEM pictures of SrTiO3 with photodeposited gold, illuminated under UV light
for 2 hours, top picture: pH 8.8, 0.1 wt% HAuCl4, no methanol. Bottom picture: pH 8.8,
0.1 wt% HAuCl4, 14% methanol.

What can be learned from this subsection is that, as expected, the gold cocatalyst par-
ticles are photodeposited selectively on the {100} facet of the SrTiO3. A higher amount of
gold precursor ions (HAuCl4) results in a higher amount of gold that is photodeposited,
although less homogenously. Also the pH of the solution affects the size and distribu-
tion of the photodeposited gold, as can be seen in figure 23. The use of a hole scavenger,
namely methanol, seemed to have an effect of reducing the size of the deposited gold par-
ticles especially for higher amount of gold, as can be seen in figure 24. The illumination
time of 2 to 4 hours seems to not drastically affect the photodeposition. When compar-
ing figures 15 and figure 24, one should note that the distribution of the gold cocatalyst
nanoparticles in terms of size, arrangement and distribution on the {100} facet of the
SrTiO3 particles is better using colloidal deposition as compared to photodeposited gold.
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4.3 Photocatalytic activity
In the next section we will compare these samples, namely SrTiO3 with gold colloidal
nanoparticles and SrTiO3 with photodeposited gold cocatalyst in terms of their photocat-
alytic performance, assessed by dye degradation of methylene blue. The procedure for
this dye degradation can be found in section 3. The pH of each solution was roughly 7
and left unadjusted.
SEM pictures of the batch of SrTiO3 particles that were used for the dye degradation can
be seen in figure 27. The different loadings were chosen based on literature by Mu et al.
(2016). [33] They found that 0.1 wt% of gold on SrTiO3 performs best in a water splitting
context. Furthermore 2 wt% of gold on SrTiO3 was chosen to roughly match the amount
of gold that is deposited via gold colloidal deposition. Finally the gold colloidal nanopar-
ticle deposition is also investigated, with two different batches prepared, which can be
seen in the bottom pictures. Both are prepared according to the previously established
protocol; 1 mM NaCl solution, with 1.3 mg gold per 2 mg SrTiO3 at pH of 3. The bottom
left picture will be used as it is, while the bottom right picture will be annealed and then
used for dye degradation.
In the bottom left picture a reasonable degree of facet selectivity can be observed, how-
ever it is not perfect. And for the bottom right picture the {100} the annealing process
seems to have caused the gold nanoparticles to coagulate, which is not desired. This is
unexpected, because in a previous experiment, as shown in figure 21 the gold distribution
was unaffected by the annealing.
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Figure 27: SEM pictures of SrTiO3 with different ways of gold deposition that are used for
dye degradation. Top left: Photodeposition with 0.1 wt% of HAuCl4. Top right: Photode-
position with 2 wt% of HAuCl4. Bottom left: gold nanoparticle deposition at pH3, 1 mM
NaCl. Bottom right: gold nanoparticle deposition at pH 3, 1 mM NaCl, after annealing.

The results of the dye degradation are shown in figure 28. These points on the graph
were produced by taking the peak of the absorbance spectrum from UV-vis spectrome-
try at 664 nm and dividing this by this peak of the initial dye concentration before any
illumination has taken place, which is a common method of visualizing the dye degra-
dation. [44] [45] An example absorbance spectrum of methylene blue can be seen in ap-
pendix figure 33. The graph shows the normalised concentration of the methylene blue
dye that is left after removing the SrTiO3 particles, as a function of time. A larger decrease
in methylene blue concentration indicates that the photocatalyst performs better. [87]
As expected for the control sample (no SrTiO3 particle present in the solution, green
crossed line), the methylene blue concentration is stable over the course of 7 hours of
illumination. When the solution is illuminated with SrTiO3 particles with gold cocatalyst
present, we see that the normalised dye concentration (C/C0) decreases in time. This in-
dicates that the photocatalyst degrades the dye. The SrTiO3 particles with a loading of 0.1
wt% (blue line with circles) by photodeposition seem to perform the better than the 2 wt%
loading, as expected based on work by Mu et al. (2016), who tested the same materials on
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hydrogen evolution efficiency. [33]
When comparing SrTiO3 with 2 wt% photodeposited gold (red line with plusses) with
SrTiO3 with gold colloidally adsorbed nanoparticles (yellow line with triangles) that vi-
sually show a similar amount of gold, the latter shows slightly higher dye degradation
efficiency of methylene blue. The annealing of the sample (purple line with triangles) fur-
ther increases the dye degradation efficiency. Another explanation of this could be that
there is less gold particles on the sample.
This time the annealing process seems to affect the sample, because it can be seen that
the gold nanoparticles have accumulated into larger clumps as can be seen in figure 29.
The origin is unclear, because the temperature of the annealing is far from the melting
temperature of gold. This means that there is potential to optimise the annealing process
further. Even still it seems that these SrTiO3 particles with annealed gold perform bet-
ter than their non-annealed counterpart. This is likely because of the improved electrical
contact of the colloidally deposited gold particles with the semiconductor. It is clear that
the SrTiO3 particles with 0.1 wt% of photodeposited gold performs better in terms of dye
degradation than the SrTiO3 with colloidally deposited gold. A reason could be that a
lower amount of gold performs better, and that the current loading of gold by colloidal
nanoparticle deposition is too high and not optimized here.

Figure 28: Plot of normalised concentration of Methylene Blue as function of illumination
time using SrTiO3 particles for photodegradation. For this the same particles were used
as in figure 27 and 29. The left picture shows the first cycle, while the right picture shows
a second cycle of dye degradation, after recovering and cleaning the particles.

The gold-decorated SrTiO3 particles were recovered, cleaned and used for a second
dye degradation experiment, which is shown in the right plot of figure 28. SEM images of
the particles after the dye degradation are shown in figure 29.
The 0.1 wt% photodeposited (blue line with circles) and the colloidally deposited an-
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nealed SrTiO3 particles (purple line with triangles) show similar dye degradation effi-
ciency as the first experiment. However the 2 wt% photodeposited particles perform bet-
ter than in the previous cycle. The SEM analysis of the sample as shown in figure 29
shows that after first cycle of dye degradation a lot of the photodeposited gold particles
were detached from the SrTiO3, this expected based on the work of Mei et al(2018). [41]
Also as expected a lower amount of photodeposited gold (closer to the optimum of 0.1
wt%) results in a better dye degradation activity observed and explains why it performs
better in the second cycle. This also indicates that this method of photodepositing gold is
not very stable.
The SrTiO3 with colloidally deposited gold nanoparticles without annealing (yellow line
with triangles) also has a reduction in their activity compared to the first cycle. The origin
is unclear at the moment, since there is no significant difference between the samples be-
fore and after dye degradation, such as detachment of the gold nanoparticles during the
recovery process or photocatalytic reaction.
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Figure 29: SEM pictures of SrTiO3 with different ways of gold deposition after dye degra-
dation with methylene blue. Top left: Photodeposition with 0.1 wt% of HAuCl4. Top
right: Photodeposition with 2 wt% of HAuCl4. Bottom left: gold nanoparticle deposition
at pH3, 1 mM NaCl. Bottom right: gold nanoparticle deposition at pH 3, 1 mM NaCl,
after annealing.

The dye degradation experiments are not as straightforward as expected and the sec-
ond repeat experiment of nominally the same dye degradation experiments gives quite
different results. All samples seem to perform equally poor and unexpectedly are very
close to the bare SrTiO3 without any cocatalyst as can be seen in figure 32 in the appendix.
It should be pointed out that the methylene blue dye degradation happens most directly
through oxidation reaction, directly via holes or formation of OH radicals. Here via de-
positing a gold cocatalyst at the {100} facet, we optimize for electron transfer. Hence the
limiting factor might be the hole transfer, which is not optimized for here.
From these experiments the photocatalytic efficiency is not very conclusive. Assessing
the efficiency of the materials presented here, requires more experiments in terms of re-
producibility or design (metal-oxide cocatalyst on the other facet, fluid composition, a
different dye or hydrogen evolution reaction).
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5 Conclusion and recommendations
In conclusion to recap this thesis, several things can be concluded and a few recommen-
dations and additional thoughts will be given.
It can be concluded that gold nanoparticles can be facet selectively adsorbed via DLVO
forces onto faceted SrTiO3 particles under the conditions shown in section 4. This is
achieved at pH 3, 1 mM and 10 mM NaCl, with negatively charged nanoparticles ad-
sorbed onto the postively charged {100} facet of SrTiO3. At lower pH or extremely high
salt concentration the facet selectively is lost. Additionally it is clear that the particles
are stable on the SrTiO3 when gold is deposited using pre-formed gold nanoparticles.
Furthermore the annealing does not affect the shape and distribution of the particles, al-
though this may require further optimization. Importantly the proposed method of co-
catalyst deposition shows better control in terms of size, shape and distribution of gold as
compared to photodeposition. The photocatalytic performance of this material and how it
compares to samples with photodeposited gold here are inconclusive and require further
exploration.
Important to note is that if one can get a better or comparable performance, but a better
stability, can be a breakthrough or a big step in the photocatalytic community.

5.1 recommendations
This new method of depositing cocatalysts can lead to many different paths of research.
An important factor to more accurately assess the impact of this method of cocatalyst de-
position for water splitting is that hydrogen evolution could be done for instance, while
a hole scavenger such as methanol or a metal oxide cocatalyst on the {110} facet could be
used to increase the reaction.
Additionally the effect of different sizes, shapes and materials as a colloidal particle for
this cocatalyst deposition could be investigated in terms of its hydrogen evolution. Pos-
tively surface charged particles might also be used to facet selectively target the {110}
facet.
Occasionally there are samples with smaller amounts of gold deposited. This could hap-
pen during the initial deposition process or potentially they come off during the sonica-
tion process.
Another question is; what is happening exactly in the washing procedure? Does it start
with a lot of gold on the particles, while some more weakly bound particles come off? or
are they already in the final configuration? I think some experiments can be done in that
area, because this could potentially explain some differences in the reproducibility.
Additionally a setup could be conceived where a confocal microscope could be used in
order to investigate what is happening in the suspension when the gold is added or the
pH is adjusted.
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Finally a noteworthy observation is that the VanderWaals force between the gold nanopar-
ticles and SrTiO3 seems really strong, because the gold colloidal nanoparticles easily stay
on the SrTiO3 even without any annealing.

5.2 What did I learn?
In this subsection I want to outline what I learned in this process of working on a project
in a research group for an extended period of time.
Firstly I learned a lot of practical skills, such as how the synthesis works of the faceted
SrTiO3 particles and how to do the deposition of gold particles. Additionally I learned
how to operate machines I never used before and how they work, such as a Zetasizer,
UV-vis spectrometer and photodeposition reactor.
I learned a lot theoretically of how the particles behave and how everything happens on a
micro or nanoscale. Another thing I learned is that this is not as easy as it looks and using
seemingly the same starting conditions and protocols can yield different results. I also
learned how complex these nanoscale processes can be and how no one fully understands
this, due to limitations of the means to observe the processes at this scale.
I learned interpersonal scales and how to plan better. I had to learn to set priorities, when
different people can tell you to do different things and it can feel like a lot to do in a short
period of time. Lastly I learned how kind and welcoming people from other research
groups can be when allowing me to use their labs and equipment, while taking the time
to teach me how to use the equipment and even helping me think of the specific setup to
use for the experiments.
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A Appendix

Figure 30: Plot of zeta potential as function of pH for different measurements of Ludox
AS-40 silica nanoparticles with 22 nm size. Different measurements were done with differ-
ent disposable cells and different Zetasizers and compared to measurements by Aimable
et al. (2020) [75]

Matlab code is included, which was used to find the average distance between particles
on a facet.

1 c l e a r a l l
2 c l o s e a l l
3 c l c
4 % 10 mM NaCl
5 A = imread ( ’ SB BOX2 220620 108 . t i f ’ ) ;
6 B = imread ( ’ SB BOX2 220620 108 . t i f ’ ) ;
7 B ( 1 : 1 4 0 0 , : ) = [ ] ;% +− 2 p i x e l s 169 p i x e l s = 100 nm
8 A( 1 3 8 0 : end , : ) = [ ] ;
9 B ( : , 4 0 0 : end ) = [ ] ;%

10 B ( : , 1 : 2 0 ) = [ ] ;%20 to 400
11 B ( 1 3 0 : 1 3 6 , : ) = [ ] ;
12 B = B >= 2 5 0 ;
13 Bar = B ( 6 8 , : ) ;
14 Bar = nnz ( ˜ Bar ) ; % 140 p i x e l s −2 = 138 p i x e l s −> 200 nm
15 s c a l e = 100/138; % nm/ p i x e l s
16 LL = A;
17 LL ( 2 5 0 : 4 2 0 , 4 6 0 : 6 6 0 ) = 0 ;
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18 A = A( 2 5 0 : 4 2 0 , 4 6 0 : 6 6 0 ) ; %640 −780
19 DD = adapthis teq (A) ;
20 BW = DD >= 2 4 5 ;
21 BW = imrotate (BW, 1 0 ) ;
22 A = imrotate (A, 1 0 ) ;
23 BW( : , 1 : 2 0 ) = [ ] ;
24 A( : , 1 : 2 0 ) = [ ] ;
25 se = s t r e l ( ’ disk ’ , 3 ) ;
26 BW = i mdi la t e (BW, se ) ;
27 se2 = s t r e l ( ’ disk ’ , 1 ) ;
28 BW = imerode (BW, se2 ) ;
29 s t a t s = regionprops ( ’ t a b l e ’ ,BW, ’ Centroid ’ , . . .
30 ’ MajorAxisLength ’ , ’ MinorAxisLength ’ ) ;
31 c e n t e r s = s t a t s . Centroid ;
32 diameters = mean ( [ s t a t s . MajorAxisLength s t a t s . MinorAxisLength ] , 2 )

;
33 r a d i i = diameters /2;
34 C = find ( diameters <5) ;
35 c e n t e r s (C , : ) = [ ] ;
36 diameters (C , : ) = [ ] ;
37 f o r i = 1 : length ( c e n t e r s ) ;
38 f o r i i = 1 : length ( diameters ) ;
39 len ( i , i i ) = s q r t ( ( c e n t e r s ( i , 1 ) − c e n t e r s ( i i , 1 ) ) ˆ2 + ( c e n t e r s

( i , 2 ) − c e n t e r s ( i i , 2 ) ) ˆ 2 ) ; %length between each point
40 end
41 end
42 d i s t = zeros ( 1 , 2 3 ) ;
43 f o r i = 1 : length ( c e n t e r s ) ;
44 len ( i , i ) = 1000 ;
45 d i s t ( i ) = min ( len ( i , : ) ) * s c a l e ; %f ind minimum d i s t a n c e between

each other p a r t i c l e
46 end
47 s i z e = zeros ( 2 3 ) ;
48 avgdis t = mean( d i s t ) ; % 26 nm
49 s i z e = s c a l e * diameters ;
50 avgsize = mean( s i z e )
51

52 f i g u r e ( 2 )
53 imshow (A)
54

55 f i g u r e ( 3 )
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56 hold on
57 imshow (BW)
58 % v i s c i r c l e s ( centers , diameters ) ;
59 hold o f f
60 f i g u r e ( 1 )
61 hold on
62 imshow (A)
63 v i s c i r c l e s ( centers , diameters ) ;
64 hold o f f
65

66 f i g u r e ( 5 )
67 imshow ( LL )
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Figure 31: SEM pictures of SrTiO3 with different ways of gold deposition before dye
degradation. Top left: Photodeposition with 0.1 wt% of HAuCl4. Top right: Photode-
position with 2 wt% of HAuCl4. Bottom left: gold nanoparticle deposition at pH3, 10 mM
NaCl, after annealing. Bottom right: gold nanoparticle deposition at pH 3, 1 mM NaCl,
after annealing.
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Figure 32: Graph of normalised concentration of Methylene Blue as function of illumina-
tion time. For this the same particles were used as in figure 31
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Figure 33: Absorbance spectrum of methylene blue dye over time, while being degraded
by SrTiO3 particles with 0.1 wt% photodeposited gold.
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