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I 
 

Abstract 

Due to the world’s current energy crisis and the inevitable depletion of fossil fuels, finding 
alternative energy sources has become ever more important. Photocatalysis, also known as 
artificial photosynthesis, allows the transformation of solar to chemical energy by facilitating 
non-spontaneous chemical reactions with the aid of light irradiation and a photocatalyst. 
Through photocatalysis, the sun’s energy – an inexhaustible energy source – can be stored 
in the chemical bonds of so-called “solar fuels” (e.g. hydrogen or hydrocarbons) by means of 
water splitting or CO2 reduction reactions, respectively. However, after 60 years of targeted 
research, real-world applications of heterogeneous photocatalysis are still limited by the 
insufficient efficiency and predictability of contemporary catalytic systems. 
 
Heterogenous single-metal-site catalysts (HSMSCs) feature many advantages over their 
bulkier counterparts as a result of their ability to bridge the qualities of homo- and 
heterogeneous catalysis. When relying on the concept of HSMSCs, maximized atom 
utilization efficiency and accessibility of the active sites renders excellent catalytic 
performances (homogeneous trait), while stability and recyclability stay preserved 
(heterogeneous trait). 
 
Applying HSMSCs in photocatalysis is a rather novel approach, especially considering earth-
abundant co-catalysts, which are still underexplored. Besides, the use of HSMSCs allows to 
construct more unique and selective co-catalysts to address the challenges of complex 
multielectron catalytic reactions. Moreover, applying the single-site concept to noble metals – 
which show superior catalytic activities but are scarce in the earth’s crust – could make their 
implementation more feasible for large-scale applications. 
 
In this Thesis we synthesize heterogeneous single-metal-site photocatalysts following the 
“isolation strategy” through an adsorption-limited wet impregnation process by using TiO2 as 
model support and earth-abundant (Cu and Ni) and noble (Pt and Au) metals as co-catalysts. 
The catalysts are characterized by IR and UV-vis spectroscopy for qualitative analysis, TXRF 
for determination of the real loadings of the active species, and TEM for resolving the atomic 
structure and morphology of the samples. We investigate the different adsorption/deposition 
behaviors of the precursor species on the support and the influence of light during synthesis. 
Noble metals undergo photodeposition to form nanoparticles under ambient-light, whereas 
earth-abundant metals rather stay as complexed species on the substrate’s surface. To further 
promote the formation and stabilization of single-site species, we modify the support’s surface 
with PO4 groups. The resulting PO4/TiO2 shows enhanced adsorption of metal precursors and 
stronger structural changes in the co-catalyst species thus confirming a crucial role of the 
surface charge and chemistry on the single-site stabilization.  
 
Furthermore, we evaluate the performance of our photocatalysts through photocatalytic 
hydrogen evolution reaction (HER) experiments and discuss the obtained activity trends (in 
terms of H2 evolution rates and turnover frequency values) in light of different mathematical 
models. All investigated photocatalysts consistently follow our non-linear model upon 
decreasing the loadings, which speaks for an alteration in the co-catalyst’s size/morphology 
towards smaller, perhaps even single-site-like species. When using the modified PO4/TiO2 

substrate, the activity trend of Pt > Au > Cu > Ni gets less pronounced, and the best-performing 
earth-abundant systems based on Cu become comparable to the Au-based samples. Finally, 
we demonstrate that the activity trend – when normalized per cost of precursor – gets inverted, 
hence, suggesting that earth-abundant co-catalysts could open up new frontiers for practical 
applications.   
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1. Abbreviations 

 

  

Ac……………………………………………………………………………………………  Acetate 
AcAc……………………………………………………………..…………………Acetylacetonate 
ALD……………………………………………………………………….  Atomic layer deposition 
ATR-FTIR………..….. Attenuated total reflection Fourier-transformed infrared spectroscopy 
CB…………………………………………………………………………………Conduction band 
CO……………………………………………………………………………….  Carbon monoxide 
CO2…………………………………………………………………………….…...  Carbon dioxide 
DFT……………………………………………………………………… Density functional theory 
DI water……………………………………………………………………….…….  Distilled water 
DRS…………………………………………………………..…Diffuse reflectance spectroscopy 
e-……………………………………………………………….…………………...………. Electron 
Eg…………………………………………………………………...…………….. Bandgap Energy 
g-C3N4…………………………………………………………………….  Graphitic carbon nitride 
GHG……………………………………………………………………………...  Greenhouse gas 
GO…………………………………………………………………………………  Graphene oxide 
h+………………………………………………………………………………………………... Hole 
H2……………………………………………………………………………………...….  Hydrogen 
HER………………………………………………………………..  Hydrogen Evolution Reaction 
HSMSC………………………………………….…..  Heterogeneous single-metal-site catalyst 
MeOH………………………………………………………………………………..……  Methanol 
MOF……………………………………………………………………..  Metal organic framework 
NP……………………………………………………………………………………..  Nanoparticle 
OER……………………………………………………………………  Oxygen evolution reaction 
PC……………………………………………………………………………...…...  Photocatalysis 
PD……………………………………………………………………...………....  Photodeposition 
PO4……………………………………………………………………………………… Phosphate 
PV……………………………………………………………………………………...  Photovoltaic 
RT…………………………………………………………………………..….  Room temperature 
SA……………………………………………………………………………………..  Surface area 
SAC………………………………………………………………………..…  Single-atom catalyst 
SMR…………………………………………………………………...  Steam methane reforming 
SPR……………………………………………………………….… Surface plasmon resonance 
SS………………………………………………………………………………………..  Single-site 
TEM…………………………………………………………...Transmission electron microscopy 
TiO2………………………………………………………………………...…….. Titania (anatase) 
TOF…………………………………………………………………………….Turnover frequency 
TON………………………………………………………………………….……Turnover number 
TXRF……………………………..…………..Total reflection X-ray fluorescence spectroscopy 
VB……………………………………………………………………………………. Valence band 
wt.% ……………………………………………………………………………….. Weight percent 
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2. Introduction 

2.1. Energy and Environment 

Humankind is facing one of the greatest challenges of its modern age: meeting the world´s 
growing energy needs through clean, affordable and renewable sources.[1,2] Currently, over 
80 % of the world’s primary energy sources are derived from non-renewable fossil fuels, 
including oil (32 %), coal (27 %) and natural gas (22 %), which are the by-products of eons of 
photosynthesis and are being depleted at an unsustainable pace. Their combustion results in 
increased carbon dioxide (CO2) concentrations in the atmosphere, which is the main 
greenhouse gas (GHG) and contributes greatly to global warming and ocean acidification.[3,4] 
In 2018, the global primary energy demand rose by 2.9 %, while CO2 emissions from energy 
use incremented by 2.0 %. These accelerated growth-rates have been the fastest since 2010, 
with an alarming and contradictory pace, considering the transition towards low-carbon energy 
systems envisioned by the Paris Agreement climate goals signed in 2016.[2,5–7] 
 
In this regard, hydrogen (H2) has brought the attention of the scientific community as a 
potential solution for replacing fossil fuels and developing future, environmentally friendly and 
sustainable energy systems. H2 is considered to be the cleanest and most effective energy 
fuel, as it has an energy density of 142 MJ kg-1 (the largest amount of energy per unit weight) 
and renders solely heat and water upon combustion in air, avoiding undesired GHGs. 
Moreover, H2 – with developed storage and delivery technologies – could serve as an 
alternative energy-carrier molecule for renewable technologies based on intermittent 
resources including wind, solar or bioenergy. However, H2 is still largely generated through 
methods that rely on fossil fuels (steam-reforming) or high amounts of electricity (electrolysis) 
which ultimately is detrimental to the environment. In order to break this vicious cycle, novel 
methods for H2 generation need to be further developed and implemented worldwide.[7,8]  
 

2.2. Hydrogen economy 

Due to hydrogen’s potential of becoming the next generation energy carrier, the term 
“hydrogen economy” has arisen. It describes an integral system, which comprises the 
production of H2 through different and renewable sources, its efficient storage/distribution and, 
ultimately, its end-use applications and recycling.[9–11]  

 

2.2.1. H2 production from fossil fuels 
 
About 96 % of global hydrogen production relies on fossil fuels. The main industrial processes 
are steam and oil reforming – based on natural gas and lighter oils (e.g. naphtha), respectively 
– as well as coal gasification. The most commonly used among these is steam methane 
reforming (SMR), a two-step catalytic process, in which methane and water steam react to a 
mixture of hydrogen, carbon dioxide and carbon monoxide (CO), following the reactions: 
 
 𝐶𝐻4 + 𝐻2𝑂 → 𝐶𝑂 + 3𝐻2 ∆𝐻298 = 206 𝑘𝐽 𝑚𝑜𝑙−1   (1) 

 
 𝐶𝑂 + 𝐻2𝑂 → 𝐶𝑂2 + 𝐻2 ∆𝐻298 = −41 𝑘𝐽 𝑚𝑜𝑙−1   (2) 

 
The endothermic reaction (1) requires elevated temperatures, pressure, and nickel-based 
catalysts to overcome the energy barrier. The second step (2), known as the water-gas shift 
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reaction (WGSR), requires a deliberate temperature regulation. Finally, high-purity H2 is 
obtained by separating considerable amounts of CO and CO2.[7–11]  
 
Oil reforming works similarly, but uses higher hydrocarbons than methane, like naphtha, 
containing a mixture of compounds having 5 to 12 carbon atoms in the backbone. The last-
mentioned process uses coal as a feedstock, a cheap and abundant fossil fuel that plays an 
important role in the H2 industry. This process converts coal, oxygen and steam at elevated 
temperatures into CO, H2 and, in smaller amounts, CO2, methane and other compounds. The 
equilibrium of the WGSR plays an important role as well, defining the concentrations of the 
gas phase constituents in the gasifier.[12,13] The process can be represented as follows: 
 

 𝐶 + 12 𝑂2 → 𝐶𝑂    (3) 

 
 𝐶 + 𝐻2𝑂 → 𝐶𝑂 + 𝐻2    (4) 

 
All these methods show major drawbacks, as they use finite and non-renewable sources, 
which also need to be purified beforehand to avoid catalyst poisoning. Complex engineering 
techniques for controlling the WGSR as well as the synthesis gas (CO + H2) composition are 
needed as well. On top, considerable emissions of CO2 controvert a sustainable H2 economy, 
which is why alternative green solutions are being looked for. 

 

2.2.2. H2 production from renewable sources 
 
It is of little environmental benefit to shift towards a hydrogen economy without the 
decarbonization of its sources. The potential in H2 relies on a cycle in which renewable energy 
is implemented for its production.  Renewable energies are defined as the ones derived from 
inexhaustible resources that are able to be constantly replenished on a human timescale, e.g. 
wind, geothermal, biomass, solar energy, etc.[14] Each of these primary energy sources has 
further routes towards H2 production. 
 
Biomass, such as plants or animal wastes, are very versatile sources in nature that are used 
for H2 generation through thermochemical or biological processes. The most promising 
processes are pyrolysis and gasification, which work similarly to coal gasification. Using 
elevated temperatures, biomass is converted into liquid oils, charcoal or gaseous compounds, 
which are subsequently steam-reformed or further processed to obtain H2, as previously 
described in Section 2.2.1. It must be noted, that H2 purification from other produced gases 
and CO2 fixation technologies have to be considered as well. Biomass-derived techniques are 
economically viable and will become competitive with the conventional steam-reforming for H2 
production in the near future.[15]  
 
Wind energy is able to generate electricity without using any fuel by transforming mechanical 
energy from a rotating turbine into electrical power. Electrolysis of water via wind energy, or 
any other renewable electricity source, has a high economic potential for the water splitting 
reaction. In this important process, a high voltage is applied to an electrochemical cell 
containing water and an electrolyte, liberating hydrogen and oxygen (O2), described by the 
following endothermic reaction: 
 

 𝐻2𝑂 → 𝐻2 + 12 𝑂2 ∆𝐻298 = 286 𝑘𝐽 𝑚𝑜𝑙−1   (5) 
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This thermodynamically non-spontaneous reaction is performed when enough energy is 
supplied to the cell in the form of electricity. The main advantage of electrolysis is that H2 and 
O2 can be obtained individually and without reacting with each other since the half-reactions 
take place on the anode and cathode that can be spatially separated. In acidic conditions, 
water is oxidized to O2 at the anode and protons are reduced to H2 at the cathode.[16] Similarly, 
any renewable source of energy which can be converted to electricity can be coupled with the 
electrolysis process.  
 

(+) Anode: 𝐻2𝑂 → 12 𝑂2 + 2𝐻+ + 2𝑒−    (6) 

 
(-) Cathode: 2𝐻+ + 2𝑒− → 𝐻2    (7) 

 
In this regard, solar energy presents an inexhaustible, free and clean energy source, which is 
employed to generate hydrogen through three main pathways: photovoltaic (PV) cells, 
thermochemical routes and artificial photosynthesis.  
 
Firstly, PV cells, commonly known as solar cells, are designed to convert the sun’s energy 
directly into electricity. A light-absorbing material in the PV cell, often high purity silicon, is able 
to absorb light and create free charge carriers. The photo-generated electrons and holes are 
then separated at a p-n junction and further driven by other cell components resulting in the 
creation of a certain voltage (i.e. photovoltaic effect), which is then used to drive an electrical 
current through an external circuit. This electricity can subsequently be coupled with 
electrolysis cells, thus creating hybrid energy-producing and storing systems.[17] Although 
simple in design, rather low-maintenance and efficient, the market of PV cells is still restrained 
due to the expensive materials and complex manufacturing processes.[18]  
 
Secondly, solar water thermolysis to produce H2 bases its principles on concentrating the sun’s 
heat and using it to make the thermal decomposition of water possible. To increase the 
dissociation degree of this endothermic reaction (5), very high temperatures, low pressures 
and eventually a catalyst are employed. This one-step process usually results in a mixture of 
H2 and O2, which needs to be separated using complex techniques. Further drawbacks of this 
technology are the need for sophisticated solar components and heat-resistant materials, as 
well as the fundamental limitations posed by the process thermodynamics.[19]  
 
Lastly, artificial photosynthesis, also known as photocatalysis (PC), is an important and direct 
method for H2 production aided by light and a catalyst. Being central to this work, the term will 
be described in the following section in detail. 
 

2.3. Photocatalysis and its challenges 

Photocatalysis is defined as a chemical reaction aided by light irradiation in the presence of a 
special kind of catalyst, a photocatalyst, which allows the direct transformation of light to 
chemical energy, eventually stored in the form of chemical bonds of the so-called solar fuels 
and commodity chemicals. A similar process is well-known in plants: they transform water and 
CO2 into carbohydrates using the sun’s irradiation energy and the assistance of chlorophyll – 
the natural photocatalyst employed in this case. Inspired by the natural photosynthesis, the 
term “artificial photosynthesis” has arisen, in which man-made, semiconductor-based 
photocatalysts are employed to drive a plethora of chemical reactions. To date, PC has 
successfully been applied for H2 production from water splitting, CO2 reduction and pollutant 
degradation.[13,20,21]  

https://www.tuwien.at/bibliothek
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The working principle of heterogeneous photocatalysis can be summarized in three steps: i) 
a semiconductor absorbs light of an energy greater than the semiconductor’s bandgap, thus 
exciting electrons from the valence band (VB) to the conduction band (CB) and producing an 
electron (e-)-hole (h+) pair, ii) these charge carriers get separated and migrate to the surface 
of the semiconductor, and iii) they reduce (e-) or oxidize (h+) a chemical species at the surface 
of the catalyst. In the case of water splitting, water gets oxidized by the holes to generate O2 
and protons (H+) get reduced by the electrons to produce H2, as shown in Figure 1. First 
reported in 1972, water splitting through photo(electro-)catalysis became an attractive topic of 
research: sunlight is an abundant, clean and renewable energy resource; water is available at 
vast amounts. However, the design and development of efficient photocatalysts face many 
challenges still today. These difficulties stem from two main factors: fundamental 
thermodynamics and reaction kinetics. [7,22,23]  
 

  
Figure 1 | A, Principle of photocatalytic water splitting over a semiconductor photocatalyst, adapted 
from Li et al.[24]  B, Schematic illustration of photocatalytic water splitting over a semiconductor 
photocatalyst loaded with H2- and O2-evolution co-catalysts with steps i) – iii), adapted from Ran et al.[25]  
 
From the thermodynamics point of view, the generation of e-/h+ pairs capable of taking part in 
a redox reaction at the surface of a photocatalyst can only take place, if the incident light’s 
energy is equal or greater than its bandgap. Wide-bandgap semiconductors demand light of 
shorter wavelengths (greater energies), which limits the use of the entire spectrum of the sun’s 
light. Moreover, VB and CB potentials of the catalyst dictate if a target redox process can take 
place or not: reduction potentials must be less negative than the CB potential and oxidation 
potentials must be less positive than the VB potential. This translates to very specific potential 
positions of the material for a specific redox reaction. Considering overall photocatalytic water 
splitting, only a limited group of materials could be taken into account.[26,27] Hence, modification 
strategies have been adopted to address or circumvent these thermodynamic limitations. As 
such, bandgap engineering and sensitization of the surface of the semiconductor can extend 
its visible-light absorption. Another promising strategy here involves constructing artificial Z-
scheme photocatalysis in which two semiconductors with smaller bandgaps are linked directly 
or via shuttle redox mediators, while each of them has been optimized specifically for only one 
of the water splitting half-reactions.[28] In this case, this optimization can be made separately 

https://www.tuwien.at/bibliothek
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for each photocatalyst by utilizing the so-called sacrificial water splitting tests. To facilitate the 
reduction half-reaction, known as the hydrogen evolution reaction (HER), hole-sacrificial 
agents e.g. MeOH or TEOA can be used. For the water oxidation half-reaction, i.e. the oxygen 
evolution reaction (OER), electron sacrificial agents e.g. AgNO3 are employed.  
 
Granting proper thermodynamic conditions does not necessarily assure an efficient 
photocatalyst: The reaction kinetics have a great influence on the overall photo-catalytical 
performance. Charge carrier dynamics are crucial: they describe how charges are generated 
through photon absorption, then migrate to the surface and finally get interfacially transferred 
to the adsorbed reaction partners that subsequently get reduced or oxidized. A major 
challenge during any of these steps is avoiding e-/h+ recombination or trapping. Moreover, 
surface reaction kinetics should also be considered, i.e. diffusion of the reactant to the 
catalytically active site, adsorption, charge transfer and consequent product desorption – each 
may become a limiting process.[20,27] To minimize these performance-lowering effects, 
strategies including heterojunction implementation, pore tailoring, quantum size effects, 
surface modifications and co-catalysts loading have been employed. It is widely accepted that 
heterojunction, i.e. the interface that occurs when contacting two different semiconductors, is 
one of the most efficient ways to enhance charge separation and transport.[24] Creating 
macro/mesopores or using high surface area materials not only enhances light-harvesting 
qualities, but also enhances adsorption/diffusion dynamics. Moreover, using nanostructured, 
defect-free and high crystallinity semiconductors can result in short charge diffusion lengths, 
accelerating the charge transfer process. Lastly, loading co-catalysts can have a major effect 
on the improvement of the reaction kinetics, improving the activity and stability of the 
photocatalyst.[20,25,28] 
 

2.3. The role of co-catalyst 

As shown in Figure 1B, the photocatalytic water splitting reaction involves three main steps. 
The success of an efficient photocatalyst relies on balancing the thermodynamics and kinetics 
of these steps altogether. Some of the strategies to improve steps i) and ii) have already been 
discussed in the previous section. Step iii), that is, the surface reduction/oxidation reactions, 
often stays the limiting factor and can be substantially optimized through loading the light-
harvesting semiconductors with co-catalysts.[23,25]  
 
The surface redox reactions are oftentimes too slow to efficiently utilize the generated charges 
at the surface, decreasing the overall performance. Co-catalysts provide catalytically active 
sites for the HER or OER, reducing the activation energy for these reactions. Trasatti reported 
the relationship between exchange current for H2 evolution and M-H bond strength, where M 
is a transitional metal.[29]  The resulting volcano-curves show that an optimal metal catalyst 
should not bind intermediate products too weakly (adsorption of educts suffers) nor too 
strongly (release of products suffers). Such an ideal co-catalyst, as in the case of metallic Pt, 
would show the lowest activation energy for the surface reaction and hence increase the 
catalytic conversion rates.[23]   
 
The aforementioned bandgap engineering, though successful in matching redox levels of the 
water reduction and oxidation reactions, still lacks the ability to avoid recombination of the 
charge carriers if these are not extracted efficiently by the reactants. Here, seen as another 
advantage, some co-catalysts possess the ability to extract electrons if their work functions 
are greater than those of the semiconductor. The work function (Φ) of a metal describes the 
energy with which the electrons near the Fermi level are bound to the interior of the solid. 
These electrons usually take part in electrochemical processes, thus making Φ an important 
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parameter when describing the behavior of a metal and a metal-semiconductor junction.[29] 
When a co-catalyst is loaded onto a semiconductor, a semiconductor/co-catalyst interface is 
built, which is able to assist the e-/h+ separation process. This interface is also known as a 
Schottky barrier, in the case of TiO2/metal. The Schottky barrier is a kind of hetero-junction, 
which facilitates the charge carrier separation due to the relative energy levels of the interface. 
Given a proper junction, charges can be transported in the right direction, due to the built-in 
electric field at the interface, avoiding recombination and enhancing the overall efficiency.[25,30] 
As an added benefit here, the loading of co-catalysts can also enhance the stability and 
robustness of the photocatalyst. Semiconductors often suffer from photo-corrosion under light 
irradiation, since the generated electrons and holes can take part in decomposition processes. 
By timely consuming the charge carriers in the desired surface redox reaction, suitable co-
catalysts are capable of effectively increasing photostability.[31] 
 

 
Figure 2 | A, Schematic of Schottky junction, adapted from Xiao et al.[30] B, Enhancement mechanisms 
of plasmonic Au NPs on TiO2, adapted from Li et al.[24] 
 
Lastly, the light-harvesting properties of wide bandgap semiconductors can also be improved 
by loading co-catalysts that additionally exhibit plasmonic response, like Au or Cu. The 
localized surface plasmon resonance (LSPR) effect of such metals allows them to be excited 
by visible light. The generated hot electrons can be injected into the conduction band of the 
semiconductor, resulting in the extension of its light absorption properties, while maintaining 
its redox abilities.[30,32]  
 
Important factors to be considered when using co-catalysts are their loading amount, size and 
structure. Optimal loadings will boost the overall catalytic activity, but overloading the 
semiconductor might be disadvantageous. Incident light can be blocked by too much co-
catalyst, deteriorating the light-harvesting properties of the semiconductor. Moreover, too 
large co-catalyst particles will show major drawbacks: the proportion of surface-to-bulk metal 
atoms will decrease lowering the number of surface-active sites and the bulk recombination 
will be promoted. Hence, charge carriers are less likely to recombine in smaller and highly 
dispersed particles. Some core-shell structures are also known for suppressing the reverse 
reaction, achieving higher activities.[25]   
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2.3.1. Noble and earth-abundant co-catalysts 
 
Recognized as an effective strategy to boost the photocatalyst’s activity, noble-metal-based 
co-catalysts have been widely employed to deliver the highest performances for photocatalytic 
water splitting. These include Pt, Pd, Rh, Au and Ag which have been vastly investigated, 
especially for the H2 evolution reaction. They do not only provide great electron sinks, but also 
are found at the peak of the volcano curves thus providing most suitable HER catalytical 
sites.[23,25,29,30] 
 
Unfortunately, noble metals are scarce and therefore costly, which limits their implementation 
for large scale energy production, as shown in Figure 3. Over the past 2 decades, the demand 
on precious metals has steadily increased, due to investor and speculator interests, as well 
as their implementation in industry sectors, especially for autocatalysts (as for Pt, Pd and Rh). 
Being amongst the rarest metals on the earth’s crust and the main deposits localized in a 
handful of nations, unavoidable geopolitics have an enormous impact on their price volatility, 
also hindering a secure large scale market.[25,33] 

 
Figure 3 | Abundance of the elements: major industrial metals, precious metals and rare earth 
elements. Courtesy of E. Generalic, https://www.periodni.com/rare_earth_elements.html, retrieved on 
May 19th, 2020.  
 
Not only in the realm of photocatalysis, but for many of our modern life technologies, solutions 
need to be found to gradually shift towards more reliable and continuous supply materials.[34,35] 
This is why low-cost and earth-abundant transition metals have gained attention as co-
catalysts in the last decade. Earth-abundant co-catalysts have been widely investigated for 
both the HER (Co, Ni and Cu) and the OER (Co, Mn, Ni and Fe). These transition metals are 
also able to build Shottky barriers and provide catalytic sites for the gas evolution reactions at 
the surface. Although their overpotential (equivalent to the activation energy) towards H2 
evolution is well known to be less suitable than that of noble metals in the bulk, reducing their 
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size to the nanoscale has proven to enhance the activities of the employed photocatalyst 
notoriously.[23,25,29] The extended surface area of nanoparticles or small clusters grants an 
increased amount of catalytic sites, which makes their activities comparable to the ones of Pt-
based co-catalysts, for example.[36] Earth-abundant-based co-catalysts have successfully 
been prepared by Lee et al.[37] and Takata et al.[38] using Cu and Co, respectively. These 
contributions have shown extraordinary performances for photocatalytic water splitting. 
 
Earth-abundant metals, being three orders of magnitude cheaper than Pt, become especially 
appealing for large scale and practical applications, in which costly and scarce noble metals 
should be ideally replaced.[25,39] Given the superior catalytic properties of noble metals, another 
strategy to address their high prices would be to maximize their atom utilization in a catalytic 
reaction. This can be accomplished through the preparation of heterogeneous single-metal-
site catalysts (HSMSCs). The design of such systems reduces the amount of employed co-
catalysts and hence their cost, while catalytic performance can be preserved or even 
increased. 

2.4. Heterogeneous single-metal-site catalysts (HSMSCs) 

2.4.1. Origin and concept 
 
Homogeneous catalysis that mostly relies on organometallic molecular species plays a major 
role in the synthesis of simple and complex molecules, drug compounds, natural products and 
many more biomolecules. Due to the well-defined coordinative structure of the molecular 
catalysts, composed of a catalytically active center and ligands, they have helped to unravel 
our understanding of the mechanisms of many catalytic reactions. However, these catalysts 
show major drawbacks, especially when it comes to their separation from the final products 
and recyclability. These limitations have been tackled by immobilizing them onto a substrate, 
“heterogenizing” the organometallic structures.[40,41]  
 
The concept of bridging heterogeneous and homogenous catalysis can also be addressed 
from the heterogeneous side. Here, downsizing a (co-)catalyst nanoparticle would often 
generally result in greater (photo-)catalytic activities due to the increased amount of atoms 
that are exposed at the surface, which correspond to a relatively larger number of adsorption 
and – possibly – active sites. In this regard, the concept of metal atom utilization arises and is 
referred to as the ratio of the surface and catalytically active atoms to the whole amount of 
atoms in the volume of the (co-)catalyst nanoparticle. Homogeneous catalysts can reach up 
to 100% atom utilization, since they are molecular species and every central atom can act as 
an available catalytic site. In heterogeneous catalysis, where we deal with (co-)catalysts in the 
form of nano- or even microparticles, a great fraction of the atoms is “not utilized”. Taking the 
downsizing strategy to the extreme would result, ideally, in single atoms at the surface of a 
support. This would result in a massive increase in the atom utilization efficiency and can be 
seen as another way to bridge the heterogeneous and homogeneous fields.[42,43] 
 
Such systems are known as single-atom catalysts (SACs). An isolated single atom at a surface 
cannot be imaginable, since it would always be stabilized by some sort of bonding with the 
neighboring atoms or functional groups at the surface. Hence, the term heterogeneous single-
metal-site catalysts (HSMSCs) seems more appropriate for this work’s approach. The “single-
site” definition that is used in this Thesis will follow a broad description given by Zecchina et 
al. as “a metal atom, ion or small cluster of atoms held by surface ligands to a rigid framework.” 
Usual NPs are composed of hundreds or even thousands of atoms, depending on their size 
and composition. The proposed small clusters of atoms are subnanometer-sized and the 
atom’s number is substantially lower than that for common nanoparticles. This atom number 
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reduction can change the behavior of the (co-)catalyst drastically not only in terms of activity, 
but also other phenomena appear, e.g. quantum size effects, metal-support interactions and 
cluster re-configurations which altogether influence the resulting physicochemical and 
catalytic properties of the HSMSC. Upon decreasing the number of atoms of such a metal 
cluster, its “size” will also become less well-defined and thus less important at describing the 
cluster’s properties.[42–45] 
 
Following the concept of HSMSCs, such isolated and active metal centers are located on a 
support, which will play a crucial role in the stabilization of the single-sites. Usually, high-
surface-area and robust supports are implemented, like oxides or (nano)carbon-based 
networks. The substrate provides, ideally, a unique and selective geometric environment for 
the single-sites to be stabilized while leaving open reaction sites at the same time.[46] The 
single-sites are generally stabilized by surface atoms, like oxygen, nitrogen or sulfur, which 
usually coordinate the metal center. Further stabilizing moieties can be electronic defects, 
given their high reactivity, including unsaturated sites, defects or vacancies. Additionally, 
single-sites have been reported to be encapsulated in confined space, like nano- or 
micropores. Hence, some of the main interactions between the substrate and the single-sites 
are coordinative and electrostatic, but also covalent in some cases.[42,43,45] As reported by 
Wang et al., the key for synthesizing single-sites is to disperse the target isolated metal atoms 
(by reducing concentrations) and suppress the movement and aggregation of these species 
at the surface (by filtering and washing, only allowing the defect-stabilized species to stay).[46]  
 
It is important to notice that the loadings of single-sites are limited, in theory, by the maximum 
number of matching sites at the support. The better defined the support is, the more 
predictable the system will be.[46] However, heterogenous single-sites’ supports oftentimes are 
less well defined than their homogenous counterparts, showing different facets and more 
random anchoring situations. Therefore, the design process of HSMSCs is often the result of 
“an empirical approach with trial-and-error character substantially based on chemical 

intuition”.[44] 

 

2.4.2. Advantages of HSMSCs 
 
HSMSCs bridge homo- and heterogeneous catalysis, combining the best of both worlds. On 
the homogeneous side, the tunability of the systems allows for excellent catalytic 
performances, especially in terms of activity but also selectivity. The inherent high activity of 
HSMSCs is especially attractive for industrial processes since they can be improved in 
selectivity. The maximum atom utilization, which can come close to 100%, is another 
homogeneous trait that makes these catalysts very attractive, not only economically, but also 
environmentally.[42] 
 
On the heterogeneous side, stability, separation from starting materials and recyclability are 
some of the major advantages. Heterogeneous catalysts oftentimes owe their high activities 
to their high-temperature stability. Using oxides as supports allows to stabilize the metal 
centers at the surface’s metal or oxygen vacancies, which can be heated to higher 
temperatures, maintaining their integrity over many catalytic cycles.[42,43] Furthermore, many 
preparation methods for HSMSCs are rather straightforward and scalable, which becomes 
relevant considering large-scale industrial applications.[45] 
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2.4.3. State of the art – strategies, materials and reactions 
 
Single-sites have been well-studied in the wide field of heterogeneous (thermal and electro-) 
catalysis and many systems have been reported to date, showing successful catalytic 
conversions for CO oxidation, hydrogenation, water-gas shift and hydrogen evolution 
reactions. However, single-site photocatalysis is a rather new but promising field. The catalytic 
centers can be tailored selectively to enhance their performances for specific target reactions. 
Also, the maximum atom utilization efficiency permits the implementation of noble-metal-
based (Pt, Au, Rh, Pd) co-catalysts from an economic point of view. The most frequent 
substrates implemented in single-site photocatalysis are based on titania (TiO2), ceria, iron 
oxide, graphene or carbon nitride. Examples of advancements and strategies used in this field, 
being central to this work, will be emphasized in this subchapter, especially focusing on HER, 
CO2 reduction, pollutant degradation and OER. 
 
Improving the efficiency of the HER by using the concept of single-sites has been widely 
studied. Li et al.[47] loaded PtO-clusters of different sizes onto TiO2 nanosheets by a ligand-
assisted loading method, to correlate cluster size and catalytic performance. The smallest 
clusters (0.2 nm) were found to have the maximum hydrogen production rate. Xing et al.[48] 
were able to stabilize single noble metal atoms (Pt, Pd, Rh and Ru) onto TiO2 by a facile co-
precipitation method and indicated their superior performance compared to metal NPs or 
clusters. Further studies on novel supports have shown the possibility of embedding single Pt-
atoms in the subnanopores of 2D graphitic carbon nitride (g-C3N4) or well-defined porphyrinic 
cavities of an aluminum-based metal-organic framework (MOF). The unique tri-s-triazine 
structure of g-C3N4 allows the intercalation of metal atoms with the e-rich N/C Lewis centers 
of the substrate. Similarly, the porphyrinic moieties of some MOFs are able to strongly 
coordinate single metal atoms, (see Figure 4A). In both cases, the wet impregnation process 
of the Pt single-sites resulted in enhanced H2 evolution rates, compared to the Pt nanoparticles 
analogous.[49,50]  
 
Fewer studies on earth-abundant single-site photocatalysts have been reported for the H2 
evolution reaction. Lee et al.[37] synthesized hollow TiO2 NPs with well-dispersed atomic Cu-
species in their most stable Ti-vacancies, as shown in Figure 4B. The atomic Cu acts as a 
redox-active metal cofactor, which activates the local TiO2 lattice reversibly during the 
photocatalytic reaction and enhances the HER’s performance. Furthermore, atomic layer 
deposition (ALD) has also been employed for single-site photocatalysts’ preparation based on 
earth-abundant materials. Peters et al.[51] loaded small nickel sulfide clusters onto a Zr-based 
MOF, which showed excellent H2 evolution activities. This study sets the foundation for further 
investigations on ALD of mixed metal sulfides, which could potentially mimic the cofactors of 
complex enzymes. In another contribution, Cao et al.[52] used ALD to graft Co-atoms onto g-
C3N4, resulting in an 11-fold increase of the H2 production activity, compared to the unmodified 
support.  
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Figure 4 | A, Schematic illustration showing the synthesis of Al-TCPP-Pt for photocatalytic hydrogen 
production taken from Fang et al.[50] B, Single-atom Cu/TiO2 photocatalysts synthesized through the 
wrap-bake-peel process of Lee et al.[37] C, Schematic representation of photocatalytic CO2 reduction 
mediated by a single Co2+ site on C3N4 and D, Molecular structure of a macrocyclic cobalt catalyst, “Co-
cyclam”, both taken from Huang et al.[53] 
 
CO2 reduction is another important reaction that has attracted attention in single-site 
photocatalysis due to the importance of generating hydrocarbon fuels from the problematic 
CO2. Gao et al.[54] reported the potential of isolated Pt/Pd atoms supported on g-C3N4 for CO2 
reduction through DFT calculations. Experimental work from Huang et al.[53] later showed the 
coordination of Co2+ centers on C3N4 by a simple deposition method, which selectively reduced 
CO2 under visible-light irradiation, as shown in Figure 4C. The single-site Co-N coordination 
structures formed in this photocatalyst when using low Co-loadings resembles the well-studied 
molecular catalyst Co-cyclam (Figure 4D), while excessive Co loadings resulted in the 
formation of Co NPs, which were photocatalytically inactive. Similarly, Gao et al.[55] then 
coupled the heterogeneous single-atom Co catalyst with the homogeneous light absorber 
[Ru(bpy)3]Cl2 through graphene oxide (GO). Their thermal treatment to stabilize isolated Co-
atoms on GO rendered high activities for CO2 conversion while maintaining the robustness of 
the system. In another contribution, single Co-atoms were also trapped in the porphyrinic 
structure of a novel Zr-based MOF, which possesses excellent performances in CO2 capture 
and visible-light absorption. The composite showed not only an increase in catalytic activity, 
but also in CH4-production selectivity, compared to the pristine MOF.[56] 
 
Organic pollutant degradation, relevant for wastewater treatment processes, has also been 
successfully addressed by using single-site-based photocatalysis. Wang et al.[57] loaded 
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single-atom Ag species onto ultrathin g-C3N4 through a co-polymerization method. The 
enhanced photocatalytic activity was ascribed, amongst other factors, to the SPR-effect of Ag 
together with the high surface area of the substrate. An et al.[58] also used g-C3N4 to stabilize 
highly dispersed small clusters and single atoms of Fe through a pyrolysis process. The high 
Fe-loadings (up to 18 wt.%) and low iron leaching, confirmed this design to be promising for 
the removal of organic pollutants.  
 
To the best of our knowledge, only one study on the more challenging half-reaction of the 
water splitting process, i.e. the OER, has been reported using single-site photocatalysis to 
date. Liu et al.[59] achieved an exceptional overall water-splitting activity under simulated solar 
irradiation without using any sacrificial agents or noble metals. Herein, Co1-phosphide was 
anchored to phosphorous-doped g-C3N4 through a phosphidation method. P-doping enhances 
the electric conductivity of g-C3N4, due to the more delocalized p bonds that promote an 
increased charge transfer. At the same time, the Co1-P4 inhibits charge recombination but also 
serves as the catalytically active site for the OER. Other groups have reported advancements 
in the water oxidation or CO oxidation reactions through single-sites, however, in the realm of 
photoelectro- or thermal catalysis. These systems are often based on noble metals (Ru, Pt, 
Au) supported on transition metal oxides.[60–62] 
 
To summarize, the various examples of prepared single-site photocatalysts for different 
catalytic reactions generally utilize synthesis strategies based on wet chemistry, e.g. co-
precipitation and impregnation, but also more specialized approaches in the case of ALD. 
Much research has been devoted to noble-metal-based systems, although earth-abundant 
metals, e.g. Cu, Ni, Fe and especially Co have gained a lot of attention recently. The most 
common supports are TiO2, MOFs with porphyrinic struts and g-C3N4.  

 

2.4.4. Challenges for HSMSCs 
 
Working in the realm of single-sites which are built of few atoms to small clusters becomes 
remarkably challenging. Reproducible synthesis of nanoclusters with the same configuration 
and number of atoms dispersed on a high-surface-area substrate is extremely difficult. The 
supported species often coexist as single-atoms, small clusters and even NPs. Having a very 
small amount of atoms in the cluster also limits the implementation of widely accepted 
thermodynamic concepts, which are based on the statistical behavior of many events caused 
by many atoms. The aforementioned quantum effects arise, which might reset the energy 
levels of the cluster by adding/removing one “extra” or “foreign” atom to the cluster. Slight 
changes in the number of atoms cause sudden fluctuations in the cluster’s structural, 
electronic, optical, magnetic and chemical properties, which makes the correlation of any of 
these parameters to the observed catalytic performance a formidable task.[45,63–67]  
 
Moreover, the differently exposed facets of commonly used heterogeneous supports provide 
difficulties to elucidate the precise bonding situation between support and single-site. This can 
be addressed by producing well-defined supports with specific facets of interest exposed. 
However, theoretical DFT calculations need to be usually undertaken before realizing actual 
experiments. Such efforts may result as complicated and pricey for large-scale 
implementation.[44,68,69]  
 
Undoubtedly, the greatest challenge when investigating HSMSC concept is the ubiquity of 
complex and sophisticated characterization techniques that need to be implemented for their 
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study.[42,43,45,46] The most intuitive approach to confirm the existence and distribution of single-
sites on high-surface-area support is to image them. The required atomic-resolution for 
imaging such small clusters is only reached through special techniques, i.e. high-angle annular 
dark-field scanning transmission electron microscopy (HAADF-STEM). Although this 
technique has provided invaluable images to understand and optimize HSMSCs more in 
detail, it is limited by its local focus, required high contrast between the matrix and the single-
sites and does not provide structural information of the whole sample.  
 
Also, powerful X-ray spectroscopy techniques are being used to provide average information 
about all the species bonding situation in the catalyst and their oxidation states. These include 
extended X-ray absorption fine structure (EXAFS) and X-ray absorption near edge structure 
(XANES), respectively. Both techniques require synchrotrons, which makes their access 
rather limiting. X-ray photoelectron spectroscopy (XPS) could also help elucidate the present 
species and their neighboring environment on the surface, but sensitivity may become a 
limiting factor. 
 
Special in-situ or operando IR-spectroscopy techniques have provided complementary 
information in the field of single-site catalysis. Although they usually require complex 
experimental setups, they have helped to confirm the existence of single-sites and also 
elucidating the catalytic reaction mechanisms and their dynamics. Lastly, the implementation 
of theoretical modeling and simulations of HSMSCs has also played a major role in their 
understanding and development.  
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3. Motivation and Aims 

It is clear from the introduction section, that earth-abundant semiconductors and co-catalysts 
are of great interest for the production of solar fuels through photocatalysis. However, for 
earth-abundant materials to compete with noble metals, further developments on enhanced 
light-harvesting and stabilization of single-sites are necessary. On the other hand, creating 
noble metal systems with a single-site nature could potentially reduce the cost of these 
photocatalysts by maximizing the atom utilization.  
 
In this project, we aim to relate the amounts of different co-catalysts immobilized on a model 
support (TiO2) to their photocatalytic activities, which will help to expand our understanding of 
eventual single-site formation. To further enhance light-harvesting properties and promote the 
formation of single-sites, the support’s surface will be modified with phosphate groups that can 
provide anchoring sites with stronger adsorption capacity. 
 
Motivation: 
 

 The single-site concept in photocatalysis can yield more unique and selective co-
catalysts to address the challenges of water splitting and CO2 reduction.  

 Phosphate groups can enhance light-harvesting properties at the support’s surface, 
while simultaneously stabilizing single-sites more strongly than bare TiO2. 

 Earth-abundant systems have been proven to be promising but are still underexplored 
in literature. 

 Noble metal systems show superior activities but are expensive. A better atom 
utilization of such systems could make their implementation more feasible. 

 Single-site photocatalysis is a rather new topic and our understanding of the design of 
such systems needs to be expanded. 
   

Aims: 

 Develop reliable protocols for reproducible synthesis towards single-site 
photocatalysts based on the wet-impregnation process. 

 Investigate the formation of co-catalysts’ single-sites and their stability by using the 
isolation strategy and substrate modification of TiO2 with PO4 groups. 

 Understand the commonalities and differences between earth-abundant and noble 
metal co-catalyst systems. 

 Evaluate photocatalytic activity trends for the hydrogen evolution reaction for a series 
of different co-catalysts. 

 Develop structural models to explain and understand the catalytic performance in 
relation to the amount of co-catalyst used. 
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4. Materials and Methods 

4.1. List of chemicals  

All materials used for the syntheses were obtained from commercial suppliers. The following 
table contains information on the identification and purity of the used chemicals. All of them 
were used without further purification. 
 

Table 1 | Information on the used chemicals. 
 

Chemical 
formula 

Name CAS number Purity State 

 
CH3OH 

 
Methanol 67-56-1 absolute - 

TiO2 
 

Anatase 
 

1317-70-0 99.7 % - 

H3PO4 Phosphoric acid 7664-38-2 extra pure 
85 % solution in 

water 

Mn(Ac)2·4H2O 

 
Manganese(II) 

acetate tetrahydrate 
 

6156-78-1 99.99 % - 

Fe(Ac)2 
 

Iron(II) acetate 
 

3094-87-9 99.99 % - 

Co(Ac)2·4H2O 

 
Cobalt(II) acetate 

tetrahydrate 
 

6147-53-1 99 % - 

Ni(Ac)2·4H2O 

 
Nickel(II) acetate 

tetrahydrate 
 

6018-89-9 99 % - 

Ni(AcAc)2 

 
Nickel(II) 

acetylacetonate 
 

3264-82-2 96 % - 

Cu(Ac)2·H2O 

 
Copper(II) acetate 

monohydrate 
 

6046-93-1 99 % - 

H2PtCl6 

 
Hexachloroplatinic(IV)  

acid solution 
 

16941-12-1 - 
8 wt.% solution 

in water 

HAuCl4·3H2O 

 
Tetrachloroauric(III)  

acid trihydrate 
 

16961-25-4 99.99 % - 

AgNO3 Silber nitrate 7761-88-8 99 % - 
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4.2. Characterization methods 

Different methods were used to characterize the prepared catalysts. The absorption spectrum, 
chemical identity, real loading amounts, oxidation states, morphology as well as size and 
distribution on the supporting material was of interest. Below is a list of all used methods, a 
short description of each, and the reason why the method was applied.  

 

4.2.1. Attenuated total reflection Fourier-transformed infrared spectroscopy (ATR-

FTIR) 
 
ATR-FTIR is a reliable spectroscopic method for fingerprint recognition of IR-absorbing 
materials. This method enables the recognition of characteristic functional groups in solid, 
liquid or gaseous samples.[70] To qualitatively confirm the phosphate-modification of TiO2, an 
ATR-FTIR spectrometer (Perkin Elmer, Spectrum Two) was used with a Single Reflection 
Diamond accessory. The sample was measured in the solid-state. 

 

4.2.2. Diffuse reflectance spectroscopy (DRS) 
 
DRS is referred to as UV-Vis spectroscopy in solid-state and can be used to evaluate the 
absorption properties of supported thin films and free-standing powders. Construction of Tauc 
plots further enables the determination of the bandgap characteristics.[71] In a single 
measurement, a thin film of the powdered sample was formed using a designated sample 
holder and its reflectance profile was recorded in the range between 200 and 800 nm relative 
to MgSO4 reference using Jasco 670 spectrometer and 2 mm sample holder.  

 

4.2.3. Total reflection X-ray fluorescence spectroscopy (TXRF) 
 
TXRF is a powerful qualitative and quantitative technique for chemical multi-elemental 
analysis. Mainly liquid samples but also solids can be analyzed with detection limits in the ppb 
range.[72] Functionalization of TiO2 with PO4 groups, concentrations of co-catalysts in washing 
solutions and co-catalyst loading amounts can be determined through this method.  
Quantitative chemical analysis to determine the metal loadings (wt.%) of solid 
nanocomposites was performed with Total Reflection X-ray Fluorescence (TXRF) using an 
ATOMIKA 8030C X-ray fluorescence analyzer. A Mo X-ray tube was used for sample 
excitation (monochromatized Kα-line) at 50 kV and 47 mA for 100 s, using the total reflection 
geometry and an energy-dispersive Si(Li)-detector. 1 mg of the samples were fixated at the 
center of quartz reflectors by pipetting 5 μL of a 1% polyvinyl alcohol (PVA) solution and drying 
for 5 min on a hot plate. Unloaded reflectors were measured beforehand to account for true 
blanks and after every set of measurements to rule out contaminations in the analyzer. Ti was 
set as the matrix with 100% and relative amounts of the loaded element of interest were 
acquired (wt.%). 
 
For liquid samples, a Wobistrax TXRF analyzer was employed. The source was a Rh X-ray 
tube (monochromatized Kα-line), at V = 50 kV and I = 0.7 mA. Measuring time was also 200 
s, total reflection geometry and a Si detector were implemented. The liquid samples were 
added a Ga/Y internal standard (10 ppm) for quantification. They were pipetted (5 μL) on the 
quartz reflectors and dried on a hot plate. 
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4.2.5. Transmission electron microscopy (TEM) 
 
TEM is an important technique for nanomaterials characterization. It allows the imaging and 
(chemical) characterization of materials on a nanometer scale. Hereby, an electron beam goes 
through a thin sample, causing elastic and inelastic scattering interactions which get magnified 
through electromagnetic lenses.[73] Transmission electron microscope (TEM) images were 
recorded on a Fei Tecnai F20 transmission electron microscope operating at 200 kV. 
 

4.3. Photocatalytic tests 

To test the photocatalytic activity of the prepared composites hydrogen evolution reaction 
(HER) experiments were conducted. In a single experiment, a sample of interest (10 mg) was 
sonicated in a 40 mL 1:1 mixture of water and methanol (used here as a sacrificial electron 
donor) for 60 seconds. The suspension was then transferred to the water-cooled reactor (see 
Figure 5) and it was purged with argon (100 mL min-1) for 5 minutes to deaerate the reactor 
volume and remove dissolved gases (O2, CO2) under stirring at 300 rpm. Subsequently, the 
reactor was closed with a quartz glass window held by a metal lid. Argon was flushed for a 
further 5 minutes and then the flow was changed to 30 mL/min, at which point the data 
acquisition started. After approximately 30 min of flow stabilization, the UV-lamp (365 nm) was 
turned on. For most experiments, the illumination time was set to 30 minutes, after which the 
light was shut off, data acquisition stopped and the experiment terminated.  
 
The reactor was placed in a dark-box to avoid interaction with any other light source. Argon 
flows were regulated by a mass flow controller and the hydrogen evolution was detected in 
real-time using an Emerson X-Stream gas analyzer capable of detecting H2 concentrations in 
the gas phase (in ppm) by a thermal conductivity detector. Besides H2, the X-Stream analyzer 
is also capable of detecting CO2, Cl2 and O2 with IR-, UV- and paramagnetic detectors, 
respectively.  
 

  
Figure 5 | A, A photograph of the photocatalytic flow reactor used for HER measurements. B, Scheme 
of the experiment including water and gas lines. 
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4.3.1. Efficiency of a photocatalyst 
 
The HER-activity recorded by the X-Stream analyzer was given in ppm and was transformed 
with the aid of the ideal gas equation (8) and the argon flow rate (in mL min-1) to mols of H2 
that were produced per time unit. This activity will be further referred to as “H2 evolution rate” 
and is given in μmol h-1. Our following conversions used the resulting equation (9). The value 
at the denominator arises from the standard conditions used: T = 298 K, p = 101.33 kPa and 
R = 8.314 m3 Pa mol-1 K-1. 

 𝑝𝑉 = 𝑛𝑅𝑇    (8) 
 

 𝐻2 𝑒𝑣𝑜𝑙𝑢𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑒 (µ𝑚𝑜𝑙 ℎ−1) =  𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦 (𝑝𝑝𝑚) ∙ 𝑓𝑙𝑜𝑤𝑟𝑎𝑡𝑒 (𝑚𝐿 𝑚𝑖𝑛−1)407.5     (9) 

 
This H2 evolution rate, while useful for describing the overall activity of the composite catalyst, 
does not account for the catalytically active sites. To be able to qualify the efficiency of a 
specific and catalytically active co-catalyst species, further parameters need to be taken into 
consideration. The turnover frequency (TOF), which made its first appearance in hetero- and 
homogeneous catalysis at first as borrowed term from enzymatic kinetics, is still a term of 
debate, which is why a precise definition is very important.[74] We adopt a similar TOF definition 
to the one that Ye et al. have proposed: “the ratio of the number of the molecules produced 

per unit time at a single active site.” [75] The TOF of our catalysts is calculated as in equation 

(10): 
 

 𝑇𝑂𝐹 (ℎ−1) =  𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑 𝐻2 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠 (𝑚𝑜𝑙)𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑎𝑐𝑡𝑖𝑣𝑒 𝑐𝑜 – 𝑐𝑎𝑡𝑎𝑙𝑦𝑠𝑡 𝑠𝑖𝑡𝑒𝑠 (𝑚𝑜𝑙) ∙ 𝑡𝑖𝑚𝑒 (ℎ−1)    (10) 

 
TOF values are convenient to be estimated in homogeneous catalytic systems. Calculating 
the TOF value of a heterogeneous catalyst is rather difficult, because the actual number of 
catalytically active sites is not usually defined accurately. However, since HSMSCs are 
bridging homo- and heterogeneous catalysis, our number of active co-catalyst sites will be 
equal to the amount of co-catalyst estimated on the respective composite material. For high 
loadings of co-catalyst species, which will likely form nanoparticles, the actual number of active 
sites will be less, since only the atoms at the surface of a nanoparticle would take part in the 
photocatalytic reaction, increasing the TOF-values. However, for the sake of comparability 
with the lower loadings systems, in which a better atom utilization is expected, amounts of co-
catalysts will be considered as the number of active sites throughout this work. 
 
Furthermore, another important parameter to evaluate the stability of a catalyst is the turnover 
number (TON). This is a dimensionless number and is defined as: “the number of the 

molecules produced per catalytic site before deactivation under given reaction conditions.” [75] 
In other words, the TON describes the total number of turnovers until the catalyst is completely 
used up, which ideally should be an infinitely large number for a perfect catalyst. In our case, 
the TON would be calculated as in equation (11): 
 

 𝑇𝑂𝑁 =  𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑 𝐻2 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠 (𝑚𝑜𝑙)𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑎𝑐𝑡𝑖𝑣𝑒 𝑐𝑜 – 𝑐𝑎𝑡𝑎𝑙𝑦𝑠𝑡 𝑠𝑖𝑡𝑒𝑠 (𝑚𝑜𝑙)    (11) 
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5. Experimental Part 

5.1. Synthesis of phosphate-modified TiO2 

The phosphate modification of TiO2 was performed through a wet impregnation process, 
similar to the ones reported by Davydov, Zhao and Liu.[76–78] TiO2 (2 g, 25 mmol) was dispersed 
in 300 mL of DI water by sonicating for 10 minutes at room temperature. 200 mL of a 12.2 mM 
phosphoric acid solution was added onto the dispersion under stirring. The new concentration 
of phosphoric acid in this dispersion was 4.90 mM, which was the calculated amount of PO4

3- 
ions (2.45 mmol) to get an excess coverage (200%) of the surface area (80 m2 g-1) of the used 
TiO2. The dispersion was stirred for 1 h at 500 rpm, then sonicated again for 10 minutes to 
homogenize the dispersion components and facilitate phosphate ions reaching the particles’ 
surface. The dispersion was stirred for further 4 h at room temperature (RT) to ensure 
complete adsorption of phosphate ions onto the surface. Subsequently, the phosphate-
modified TiO2 was filtered and washed thoroughly with DI water until the filtrate was of neutral 
pH. The washing solutions were saved for further analysis. For drying, the wet filter cake was 
put into the oven overnight at 60 °C. Finally, the dry sample was mortared and labelled the 
named PO4/TiO2. 
 

5.2. Co-catalyst modification of TiO2 (impregnation process) 

The precursors selected for the transition metal modification were metal acetate (Ac) hydrates 
(Mn(Ac)2·4H2O, Fe(Ac)2, Co(Ac)2·4H2O, Ni(Ac)2·4H2O and Cu(Ac)2·H2O) and for nickel, an 
additional acetylacetonate (AcAc) precursor was used: Ni(AcAc)2. The precursors selected for 
the noble metal systems were chlorometallate acids or nitrates (H2PtCl6, HAuCl4 and AgNO3). 
Using the metal acetates and nitrates, stock precursor solutions (c = 10 g L-1) were prepared 
in DI water. Due to solubility problems, the stock solution for Ni(AcAc)2 was 0.2 g L-1. The 
stock solutions for the chlorometallate acids were prepared under argon and kept under dark 
to prevent undesired nanoparticle formation. The concentrations were 0.8 and 1 g L-1 for 
H2PtCl6 and HAuCl4, respectively. 
 
For the impregnation process, 50 mg of the selected substrate material (TiO2 or PO4/TiO2) 
was suspended in 50 mL of DI water by sonicating for 10 minutes to break down the eventually 
agglomerated nanoparticles and expose their surface area for easier accessibility of the 
precursors. The desired volume of the precursor solution was consequently added to the 
substrate suspension, calculated depending on which ideal loading was aimed for. The 
investigated metal loadings were between 0.008 and 5 wt.%. To secure a proper dispersion 
of the precursor, the suspension was sonicated again for further 5 minutes. The suspension 
with the precursor was then stirred for 1 h at 550 rpm to secure complete adsorption at the 
surface of the support. The impregnated product was then filtered and washed 3 times with 
50 mL of DI water to remove weakly bound precursor species (both cations and anions). The 
washing solutions were saved for further elemental analysis. Finally, the wet filter cakes were 
dried overnight in the oven at 60 °C. A set of control samples of the bare supports were also 
prepared following the same procedure but not adding any precursor solution. The general 
naming of these “composite materials” works as follows: wt.%/Metal@Support. As an 
example, adding 5 wt.% of copper to the phosphate modified TiO2 would result in a sample 
referred to as 5/Cu@PO4/TiO2. It must be noted that real loadings vary from ideal ones, since 
precursor metal species are being washed away from the surface. However, the naming shall 
account for ideal aimed loadings, although in many cases real loadings are lower than stated 
by the sample name. 
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5.2.1. Estimation of the maximum loading 
 
To achieve isolated single-sites of the metal co-catalyst, their dispersion on the substrate’s 
surface becomes very important. Low loadings help to prevent the growth of co-catalyst 
nanoparticles on the surface and facilitate the stabilization of single-sites by the TiO2 binding 
sites e.g. defects, step edges etc. To model the relation between the metal loading and the 
TiO2 surface area coverage, calculations were conducted, taking into consideration the 
surface area of the TiO2-batch (estimated by BET-measurements) and the size of the 
corresponding precursor atoms.[79] 
 
Considering the maximum weight percent used in this work, e.g. 5 wt.%, and taking copper 
with a radius of rCu = 135 pm as an example, the surface area covered by these atoms – 
dispersed homogeneously resembling a monolayer fashion – would not surpass 43% of the 
TiO2-nanoparticles’ surface area (SA): 
 

 𝑆𝐴𝑇𝑖𝑂2 =  80 𝑚2𝑔−1  
 
For preparing a batch of impregnated particles a mass of mbatch = 50 mg TiO2 was taken, so 
the SA of the batch can be obtained through: 
 

 𝑆𝐴𝑏𝑎𝑡𝑐ℎ =  𝑆𝐴𝑇𝑖𝑂2 ∙ 𝑚𝐵𝑎𝑡𝑐ℎ = 80 𝑚2𝑔−1 ∙ 0.05 𝑔 =  4 𝑚2𝑔−1 (12) 

 
The area that a copper atom would occupy can be obtained through its radius, when 
 

 𝐴𝐶𝑢 =  (2 ∙ 𝑟𝐶𝑢)2 =  (2 ∙ 135 𝑝𝑚)2  =  7.3 ∙ 10−20 𝑚2 (13) 
 
For 5 wt.% loading of a 50 mg batch, the loaded mass of copper is mCu = 2.5 mg. Using the 
molar mass of copper, MCu = 63.55 and Formula 14 the number of moles of copper atoms nCu 
can be calculated: 
 

 𝑛 = 𝑚𝑀 (14) 

 
 𝑛𝐶𝑢 = 39.3 𝑛𝑚𝑜𝑙  

 
By multiplying nCu with the Avogadro constant NA = 6.022·10-23, the total number of copper 
atoms for this loading is obtained. Subsequently multiplying this number by ACu results in the 
total area that all copper atoms occupy for this loading: 
 

 𝐴𝐶𝑢𝑎𝑙𝑙 = 𝑛𝐶𝑢 ∙ 𝑁𝐴 ∙ 𝐴𝐶𝑢 =  1.73 𝑚2 (15) 

 
For this example, the percentage of surface area covered, %SA results from: 
 

 %𝑆𝐴 = 𝐴𝐶𝑢𝑎𝑙𝑙𝑆𝐴𝑏𝑎𝑡𝑐ℎ ∙ 100 % = 43 % (16) 

 
All used transition-metals have similar radii, so this consideration can be qualitatively applied 
to all of them equally. As the wt.% goes down, so does the percentage of coverage of SA and 
so, the tendency to form isolated single-sites. The 0.008 wt.% samples have a maximum 
coverage of 0.07 %. Hence, isolation of the co-catalyst species is granted. 
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5.3. Temperature post-treatment = role of the ligand 

Due to the possibility of remaining acetate groups at the surface of the composites, a 
temperature post-treatment was undertaken to strip the acetate groups off and eventually 
make the metal co-catalyst more easily accessible by the water molecules for enhanced 
photocatalytic activities. 11 mg of selected composite materials (0.008/Cu@TiO2, 
0.008/Au@TiO2, 0.008/Pt@TiO2 and 0.2/Ni@TiO2) were put into the oven for 3 h at 250 °C 
under air atmosphere. The cooled down samples were weighed, whereby no mass difference 
could be observed, indicating that the prior repeated washing of the samples already removed 
the acetate groups. This hypothesis would then be further evaluated with HER-Experiments. 
 

5.4. Synthesis in the dark = role of photodeposition  

Light-triggered particle growth of the precursor species constitutes an issue when aiming 
towards well dispersed and isolated single-sites on the surface of the substrate. Hence, 
impregnation experiments under darkness were performed. The process for co-catalyst 
modification of TiO2 was analogous to the one previously described in Section 5.2, but light 
was completely blocked by covering all the used vials completely with aluminium foil. These 
samples were added the suffix “dark”. 
 

5.5. Photodeposition experiments 

To evaluate the effect of light on the impregnation process and growth of co-catalyst 
nanoparticles during photocatalysis, photodeposition (PD) experiments were carried out. TiO2 
(10 mg, 125 nmol) was suspended in a 1:1 mixture of H2O and MeOH by sonicating for 1 
minute. This suspension was transferred to the HER-Reactor, which was bubbled with argon 
for 5 minutes. Before closing the reactor, the desired amount of co-catalyst precursor solution 
was added into the reactor, following the calculations mentioned in Section 5.2.1, to generate 
the composite material in-situ during the catalytical reaction. After further 5 minutes of 
bubbling, the HER-Experiment was started as explained in detail in Section 4.2 The 
illumination time was of 30 minutes using a 365 nm LED-lamp. It must be noted that the whole 
amount of co-catalyst is taking part in the photocatalytic reaction for these experiments, which 
is why ideal loadings are taken as real ones. In comparison, the impregnation process renders 
composite materials, in which a significant amount of the precursor is being washed away 
from the sample before the HER-experiment. After the catalytic reaction, the suspension with 
the photodeposited composite of co-catalyst and TiO2 was preserved for further analysis.  
 

5.6. Sample Overview 

As a result of the project, we have prepared a number of samples. Table 3 is found at the 
Appendix and lists their internal and external names and gives a summary of important 
experimental conditions and observations relevant to the project outcome. 
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6. Results and Discussions 

This section will present the obtained results. First, we will discuss the substrate modification, 
second, the composite materials resulting from the impregnation process of different co-
catalysts on the two supports and third, the hydrogen evolution reaction (HER) experiments, 
the activities of the composite catalysts and theoretical models explaining their behavior. At 
the beginning of the project, a screening phase for HER-active materials was conducted. Only 
the catalysts with relevant HER-activity will be shown in this section.  
 

6.1. Supports 

As described in the introduction part, support plays a key role in the stabilization of single-site 
species and for light-harvesting. Hence, bare TiO2 and phosphate-modified TiO2 were 
investigated to elucidate if the formation and stabilization of more active single-site species 
could be facilitated through this surface modification. Results regarding the two supports used 
throughout this Thesis will be discussed in the following section. 

 

6.1.1. TiO2 vs. PO4-modified TiO2 
 
The PO4-modified TiO2 was different from the normal TiO2 upon observation since the particles 
were looser and had a “fluffier” nature. This was the first indicator for a modification as covering 
TiO2 with phosphate ions is expected to render the surface more negatively charged, making 
the particles repel each other more than for the normal TiO2. The successful functionalization 
was qualitatively confirmed through FTIR-measurements. Figure 6 shows the FTIR-spectra 
of the as measured TiO2 and PO4/TiO2 (A) and the baseline-subtracted PO4/TiO2 (B). 
 

 
Figure 6 | A, Comparison of the FTIR-Spectra for TiO2 (black) and PO4/TiO2 (red). Dashed corners 
mark the regime of interest. B, Baseline-subtracted spectrum of PO4/TiO2. Vertical dashed lines mark 
the peaks of interest. 
 
As previous literature has reported, the shoulder appearing at the region between 1175 and 
875 cm-1 is an indication for phosphate groups on the titania’s surface. Upon baseline-
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subtraction, the specific modes are clearer to appreciate, as seen in Figure 6B. Three IR-
absorption peaks are visible at 1028, 1046 and 1069 cm-1, and a shoulder at 1124 cm-1, which 
all correspond to phosphorus-oxygen stretching modes in the phosphate anion, according to 
previous reports.[76–78] 
 
The comparison of both substrates’ DRS profiles (Figure 7) shows how the absorption 
spectrum of the PO4/TiO2 has an increased visible light absorption at wavelengths greater 
than 400 nm. Using Kubelka-Munk calculations and the resulting Tauc plots, the bandgap 
energy, Eg, can also be obtained for both samples by linear extrapolation of the slope tangent 
to y-axis. This results in bandgap energies of 3.20 and 3.15 eV for bare TiO2 and PO4/TiO2, 
respectively. This accounts for a slight narrowing of the bandgap of the modified support, 
which is potentially advantageous for visible-light applications, in which the light-harvesting 
process would be enhanced by an additional absorption of the visible range of the solar light. 
 

 
Figure 7 | A, Comparison of the DRS-Spectra for TiO2 (black) and PO4/TiO2 (red). B, Tauc-Plots for 
TiO2 (black) and PO4/TiO2 (red). 
 
The quantitative TXRF-analysis of the PO4/TiO2-sample and its washing solution, followed by 
calculations considering the surface area, TiO2 nanoparticles size and phosphate ion size, 
results in a surface coverage with PO4 ions between 50 % (minimal value) and 72 % (maximal 
value) of the anatase support. This calculation accounts for a monolayer of phosphate ions at 
the surface. 
 
Overall, the combination of three qualitative and quantitative methods strongly suggests that 
the surface of the TiO2 NPs was successfully modified with PO4 groups leading to a change 
in the surface characteristics (chemistry, surface charge, adsorption strength) and increased 
visible light absorption. 
 

6.2. Co-catalysts on bare TiO2: single-sites or nanoparticles? 

The single-site photocatalysts’ preparation method used in this work followed the so-called 
isolation strategy (synthetic details in Section 5.2.), which assumes that the formation of 
single-sites is more likely to be achieved by isolating the precursor species on the support’s 
surface and by suppressing their movement and potential growth. To probe the effect of site 
isolation experimentally, we varied the initial precursor concentration within 3 orders of 
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magnitude, ranging from 0.008 to 5 wt. % loadings. Lower concentrations presumably facilitate 
single-site stabilization. Moreover, all samples were washed thoroughly (Section 5.2), to only 
allow strongly adsorbed defect-stabilized species to stay. This isolation strategy towards the 
single-sites is represented in Figure 8.  
 

 
Figure 8 | Graphical representation of scaled atoms and TiO2 nanoparticle’s surface area (SA) for a 
high = 0.1 wt.% (left) and low = 0.008 wt.% (center) loadings of Cu (blue) and Pt (grey), respectively. 
Wrapped TiO2 nanoparticle with low co-catalyst loadings (right). 
 
As can be seen from the simulated schematics, high co-catalyst loadings allow the neighboring 
sites to interact, which could potentially lead to the nanoparticle formation. However, when 
going towards the lowest loadings, only a small number of atoms is deposited on each TiO2 
particle. As a result, such nanoparticle formation can be hindered, and only small clusters 
could be formed instead. Even in this case, however, such small clusters would satisfy our 
definition of single-sites, which was described in detail in Section 2.4.1, even if they were 
totally dispersed or agglomerated together. 

 

6.2.1. TXRF in liquid and solid phase 
 
To assure that the impregnated co-catalyst species were stabilized at the surface of TiO2 and 
that a leaching process was not occurring, liquid washing solutions from the impregnation 
process, as well as the solid composite materials were investigated with regard to their 
elemental composition. As Figure 9 shows, the amount of Cu found in the washing solutions 
is significantly reduced with each washing step. 
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Figure 9 | Cu content in the Filtrate (F) and in the following solutions of every washing step (W1, W2 
and W3) for A, 5/Cu@TiO2 and B, 0.2/Cu@TiO2. Ideal aimed loadings (2.5 and 0.1 mg, respectively) 
are not achieved due to the high amount of Cu found in the solutions. 
 
This result shows that a substantial amount of the precursor species stays in the liquid phase 
during the impregnation process and co-catalyst gets washed away afterward in the washing 
steps, resulting in a lower “real” loading (0.30 mg) compared to the “ideal” loading (2.50 mg in 
the case of 5/Cu@TiO2) that was aimed for. Nevertheless, after the third washing step, the 
amount of co-catalyst being washed away from the composite materials is negligible. At this 
point, only the substrate-stabilized co-catalyst species are left at the surface, which 
determined the number of washing-steps during the synthesis.  
 
To complement this data, the real loadings of the solid samples were further confirmed directly 
in the solid-state using TXRF-spectroscopy. Figure 10 shows the ideal vs. real loadings of the 
HER-active composite materials.  
 

 
Figure 10 | A, Ideal vs real loadings of the different co-catalysts on TiO2. The results were obtained 
through TXRF. B, double logarithmic scale and maximum ideal values represented by the red dashed 
line. Error bars are represented as colored areas above and below each point, if available. Some real 
loadings were below the detection limits and could not be detected. 
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The red dashed line in Figure 10B shows the maximum achievable loading values (ideal 
loadings). Deviating away from this value means that precursor species were removed from 
the TiO2 during the washing process, resulting in lower loadings. Values above this line, 
especially for low loadings, represent an error due to the approaching of the detection limits 
of the equipment, or cross-contamination. Taking Au as an example (yellow), it can be 
understood that the real loadings were very close to the ideal values (proximity to the red 
dashed line), except for the highest loading, which was at around 1.5 wt.%, compared to 5 wt. 
that was aimed. The real loadings of Cu (blue) were, in comparison, further away from the 
ideal values and Ni loadings – when using the Ni(Ac)2 precursor – show the strongest deviation 
from ideal values. This will be discussed further in the next section.   
 
The data indicate that the impregnation process was less successful for the earth-abundant 
metals, Cu and Ni, where the real loadings varied strongly from the ideal values (see Figure 

10B, black arrow). In contrast to that, the noble metals, Au and Pt, showed real loadings nearer 
to the ideal ones. This data suggests that Cu and Ni have a different adsorption/deposition 
mechanism than noble metals – probably due to weaker electrostatic interactions with the O-
rich substrate surface – which would explain why their loadings were lower. Furthermore, 
detection limits need to be considered, especially for Ni, which was not detected at the lowest 
loadings. The reasons for this difference in adsorption will be discussed later in Section 6.2.3. 

 

6.2.2. Precursor composition impact 
 
In the case of nickel, two different precursors, nickel acetate and nickel acetylacetonate were 
investigated, since the one tested first, Ni(Ac)2·4H2O, resulted in very low loadings and 
consequently showed practically zero HER-activity. Quantification of nickel in the washing 
solutions and in the solid samples using Ni(Ac)2·4H2O showed a maximum real loading of as 
low as 0.02 wt.% when the ideal value was supposed to be 5 wt.%. Figure 11 shows that 
almost the entire precursor (99.6 %) added for the impregnation was found in the filtrate. In 
contrast to this, when Ni(AcAc)2 was used for impregnation, a reasonably high loading value 
(similar to that of the comparable Cu system) could be achieved.  
 

 
Figure 11 | Precursor metal species found in the solution (■) or on the solid (■) after the impregnation 
method for the 5/Ni@TiO2 or 5/Cu@TiO2 samples. 100 % refers to the whole amount of precursor 
added for this synthesis strategy. 
 
The explanation to this difference in adsorption is that the complex formed in the aqueous 
solution of nickel acetate is structurally different from the one formed by nickel 
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acetylacetonate. Ni(AcAc)2 is poorly soluble in water due to a stable trimer structure of its 
anhydrous solid form. In solution, it forms an octahedral complex, with two bidentate bonds 
from 2 acetylacetonate ligands in equatorial and 2 aqua ligands in axial positions, as shown 
in Figure 12A.[80] Ni(Ac)2·4H2O, in turn, is highly soluble in water and forms an octahedral 
complex as well, but with 4 aqua ligands and only 2 monodentate-bounded acetate ligands, 
as shown in Figure 12B.[81]  
 

 
Figure 12 | Complexes built in aqueous solution by the precursors A, [Ni(AcAc)2(H2O)2]. B, 
[Ni(Ac)2(H2O)4]. C, binuclear lantern-structure of Cu(Ac)2·H2O in solid-state D, lantern-structure of 
Cu(Ac)2 in aqueous solution. 
   
We assume that upon adsorption, both complexes anchor to the hydroxylated TiO2 surface 
accompanied by partial ligand exchange. Here, however, it is important to consider the 
spectrochemical series that proposes that AcAc is a stronger ligand than Ac, while aqua 
ligands have an intermediate strength.[82] This suggests that the acetate can be more easily 
exchanged against an aqua ligand. Based on this assumption, it is likely that the adsorbed 
Ni(Ac)2 will lose its Ac-ligands in the dynamic process and will be more prone to be washed 
away during the subsequent washing steps. The adsorbed Ni(AcAc)2 complex, in comparison, 
is far less likely to lose its organic ligands so easily during washing due to its higher strength 
and the additional chelate effect of the bidentate binding. We thus suggest that the AcAc-
ligands have a protecting effect against further ligand exchange with aqua-ligands and hence 
stabilize the adsorbed Ni-species better at the surface. 
 
The choice of ligand thus plays an important role in defining the extent of the precursor 
adsorption, it is however not the only important factor. In fact, the data for Cu(Ac)2 
impregnation suggest that this compound does adsorb well despite the presence of the 
acetate in the composition.  The complex structure of Cu(Ac)2·H2O has been reported to have 
a binuclear nature, which is partially preserved in aqueous solutions.[83] Its lantern-type core 
is still composed of two Cu(II) central atoms, connected by four acetate bridges (see Figure 

https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek


D
ie

 a
pp

ro
bi

er
te

 g
ed

ru
ck

te
 O

rig
in

al
ve

rs
io

n 
di

es
er

 D
ip

lo
m

ar
be

it 
is

t a
n 

de
r 

T
U

 W
ie

n 
B

ib
lio

th
ek

 v
er

fü
gb

ar
.

T
he

 a
pp

ro
ve

d 
or

ig
in

al
 v

er
si

on
 o

f t
hi

s 
th

es
is

 is
 a

va
ila

bl
e 

in
 p

rin
t a

t T
U

 W
ie

n 
B

ib
lio

th
ek

.
D

ie
 a

pp
ro

bi
er

te
 g

ed
ru

ck
te

 O
rig

in
al

ve
rs

io
n 

di
es

er
 D

ip
lo

m
ar

be
it 

is
t a

n 
de

r 
T

U
 W

ie
n 

B
ib

lio
th

ek
 v

er
fü

gb
ar

.
T

he
 a

pp
ro

ve
d 

or
ig

in
al

 v
er

si
on

 o
f t

hi
s 

th
es

is
 is

 a
va

ila
bl

e 
in

 p
rin

t a
t T

U
 W

ie
n 

B
ib

lio
th

ek
.

 

29 
 

12C). Upon dissolution in water, aqua-ligands open up the lantern-structure with partial 
retention of bridging Ac-ligands, as shown in Figure 12D. As a result, the complex still holds 
its binuclear nature – in contrast to the mononuclear Ni acetate – which is likely to be preserved 
upon adsorption on TiO2 surface. We suggest that this, along with the stronger bound bridging 
acetates, further stabilizes the Cu species during the washing steps. Hence, the precursor 
type and structure both have to be additionally considered as they have a great influence on 
the adsorption process, ultimate metal loadings and the resulting performance.  

 

 6.2.3. Effect of ambient light on the synthesis? 
 
Absorption spectra acquired through DRS measurements help to elucidate on the nature of 
the impregnated co-catalyst species, because nanoparticles and ionic species – these can be 
potentially formed – often show distinct characteristic absorption features. Since the chosen 
precursors for the earth-abundant (Cu, Ni) and the noble metal (Au, Pt) systems were 
fundamentally different in their nature, we further needed to account for different adsorption 
and/or deposition processes. The noble metal precursors, based on chlorometallate acids 
(HAuCl4 and H2PtCl6), were expected to have a strong tendency to photodeposit on the 
surface as nanoparticles even upon ambient light exposure. Earth-abundant precursors, in 
turn, were likely to be complexated by the hydroxyl-groups of the TiO2’s surface, staying in 
ionic form. These differences will be further discussed in the following sections.  
 
The noble metals show very characteristic absorption spectra when present in nanoparticle 
form. Gold nanoparticles show an enhanced light absorption in the visible region, with a broad 
band peak centered at ~555 nm, which results from the localized surface plasmon resonance 
(LSPR) effect of Au NPs reported by Chen et al. and Shabman et al.[84,85] Figure 13A 
demonstrates DRS profiles of the as-prepared Au@TiO2 composites that feature absorption 
max in the range between 548 and 569 nm, suggesting that generation of Au NPs takes place 
in situ during the impregnation. This is also reflected in the deep purple coloration of the 
composites, which gets more pronounced with increasing Au loadings. It is known that the 
formation of metallic nanoparticles in photocatalyst suspensions can take place via so-called 
photodepostion. To further elucidate on the reason for the Au NPs formation in our 
composites, experiments under dark conditions, described in Section 5.4, were performed. 
Indeed, the reference Au@TiO2/dark composite powders obtained after filtration did not have 
the described coloration which confirms that the NP formation was indeed triggered by 
illumination and proceeded via photodeposition under ambient light. 
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Figure 13 | DRS absorption spectra of A, Au@TiO2 series. B, Pt@TiO2 series 
 
According to Shabnam et al., the absorption peak at 545 nm indicates particles between 5-20 
nm. The size of the Au NPs can be obtained using the previous theoretical and experimental 
results of Haiss et al.[86] Comparing our results with Haiss’s suggests 2 cases: i) large 
nanoparticles with diameters between dL = 80-100 nm, or ii) small nanoparticles with diameters 
between dS = 5-10 nm. Table 2 summarizes the results determined through Haiss’s 
calculations. Since the support’s particle size is ~ 20 nm, it is not very likely to have such large 
Au NPs deposited on the surface of TiO2. Therefore, we assume our particles follow case ii) 
and hence are in good agreement with Shabnam’s observations and expected Au size 
obtained via photodeposition as reported elsewhere.[87] The impact of this photo-assisted 
deposition on photocatalytic performance will be discussed in detail in Section 6.4. 
 

Table 2 | Ratio of the absorbance of Au NPs at the surface plasmon resonance peak (ASPR) to the 
absorbance at 450 nm (A450) to determine the particles’ diameter. 

 

Sample A450 (%) ASPR (%) λSPR, max (nm) ASPR/A450 dS (nm) dL (nm) 

0.008/Au@TiO2 3.8 5.3 548 1.40 7.5 80 

0.04/Au@TiO2 6.9 9.0 548 1.30 5.5 80 

0.2/Au@TiO2 14.1 19.6 554 1.39 7.3 86 

1/Au@TiO2 20.7 29.6 569 1.43 8.0 100 

5/Au@TiO2 26.6 34.0 569 1.28 5.3 100 

 
The Pt@TiO2 series, as seen in Figure 13B, shows a red shift of the absorption edge with 
increasing Pt loadings and an increased absorption in the visible range, but no LSPR effect in 
the visible spectrum due to d-d interband transitions, in line with literature.[84,88] This absorption 
behavior is common for Pt NPs and suggests that Pt is also being photodeposited onto the 
substrate’s surface. The as-prepared composites exhibited an orange-yellow color, which 
decreased in intensity with decreasing loadings. This coloration can be explained through the 
increased absorption at the region 400-600 nm, which corresponds to violet-to-blue light. The 
material absorbs this light and appears to be of the complementary color. 
 

https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek


D
ie

 a
pp

ro
bi

er
te

 g
ed

ru
ck

te
 O

rig
in

al
ve

rs
io

n 
di

es
er

 D
ip

lo
m

ar
be

it 
is

t a
n 

de
r 

T
U

 W
ie

n 
B

ib
lio

th
ek

 v
er

fü
gb

ar
.

T
he

 a
pp

ro
ve

d 
or

ig
in

al
 v

er
si

on
 o

f t
hi

s 
th

es
is

 is
 a

va
ila

bl
e 

in
 p

rin
t a

t T
U

 W
ie

n 
B

ib
lio

th
ek

.
D

ie
 a

pp
ro

bi
er

te
 g

ed
ru

ck
te

 O
rig

in
al

ve
rs

io
n 

di
es

er
 D

ip
lo

m
ar

be
it 

is
t a

n 
de

r 
T

U
 W

ie
n 

B
ib

lio
th

ek
 v

er
fü

gb
ar

.
T

he
 a

pp
ro

ve
d 

or
ig

in
al

 v
er

si
on

 o
f t

hi
s 

th
es

is
 is

 a
va

ila
bl

e 
in

 p
rin

t a
t T

U
 W

ie
n 

B
ib

lio
th

ek
.

 

31 
 

Copper shows a rather different behavior. As reported by Qiu et al., Cu2+ complexes (be it 
aqua at 805 nm or acetate at 775 nm) absorb at higher wavelengths.[89] Moreover, the 
characteristic peak for Cu-NPs at 567 nm caused by SPR reported by Ramyadevi et al. was 
not found in the spectra of our Cu@TiO2 composites.[90] As Figure 14A shows, the absorption 
of our Cu@TiO2 composites corresponds to the expected absorption of Cu2+ complexes at 
higher wavelengths, which increases with increasing loadings, suggesting that Cu is likely to 
be present in the system in its Cu2+ form. An exception is found for the highest Cu loading, 
where a pronounced shoulder at 425 nm appears. This could be ascribed to the SPR-bands 
of Cu NPs.[91]  
 

 
Figure 14 | DRS absorption spectra of A, Cu@TiO2 series. B, Ni@TiO2 series 
 
The absorption spectra of the Ni@TiO2 series shows a more complex situation. Figure 14B 
shows a red shift of the absorption edge of TiO2 and the appearance of a shoulder at 410-520 
nm, which gets more pronounced for higher loadings. This shift or shoulder has been 
previously observed by Chuang et al. upon Ni-doping of TiO2.[92] Furthermore, Of et al. 
reported an absorption maximum of 395 nm for Ni NPs, which could also explain this 
shoulder.[93] The broad peak at around 590 to 860 nm should speak for Ni2+ species, which 
have been widely reported in literature and are known to appear in wavelengths between 600 
and 840 nm.[80,94] Lewis et al. specifically report the absorption peak of Ni(AcAc)2 at 644 nm.[95] 
Moreover, Zhu et al. reported a broad absorption band starting at 700 nm and onwards for Ni 
NPs of wide size distribution on rutile.[96] Hence, we assume that the Ni-systems produced 
through our impregnation process have a mixed nature, in which Ni-based nanoparticles 
(oxide or metallic) and ionic Ni-species may coexist, possibly driven by the heterogeneity of 
the TiO2 surface structures.  
 
In summary, the DRS data demonstrate that metallic nanoparticles are likely to be formed in 
the noble metal systems, however, we cannot exclude the additional existence of stabilized 
cationic precursor species. Cu@TiO2 lack characteristic peaks for NPs (it may only be visible 
for the highest loading), which suggests the formation of mostly ionic species at the surface. 
The Ni@TiO2 series, on the other hand, shows characteristic peaks for both, NPs and ionic 
species. For all systems, regardless of the structure and state of the generated co-catalysts, 
absorption increases with increasing co-catalyst loadings. 
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6.2.4. TEM-Images 
 
The TEM-images for the 1/Pt@TiO2 samples shown in Figure 15A and B clearly demonstrate 
the formation of Pt-nanoparticles with a diameter of 1-2 nm, homogeneously decorating the 
surface of TiO2. Similarly sized NPs have been observed in previous reports by our group 
using the photodeposition method.[97] As seen in Figure 15C and D, the 1/Au@TiO2 samples 
show larger NPs with a wider size distribution. Their diameters range from 5 to 13 nm and 
some NPs of up to 28 nm were also occasionally found. The Au NP size obtained for this 
sample through DRS in Section 6.2.3 was of 8 nm, which goes well in line with the average 
size found from the micrographs. TEM-images for samples with lower loadings for both noble 
metals were also recorded (for 0.04/Au@TiO2 and 0.04/Pt@TiO2), but no co-catalyst NPs 
could be observed. This may indicate that sufficiently low co-catalyst concentration may 
indeed affect the final morphology and type of the generated co-catalyst species. Moreover, 
TEM images for 1/Au@TiO2/PD and 1/Au@TiO2/dark show that in both cases Au NPs are 
found with a similar size distribution of 5 – 10 nm (see Appendix TEM for further images).  
 
As Figure 15E shows, TEM-images for the 5/Ni@TiO2 sample show small foreign NPs 
between 2.2 and 2.5 nm decorating TiO2 surface. Compared to the Au and Pt cases, these 
NPs were harder to find and they seemed to grow over time, which could be explained by the 
reduction of Ni2+ through the electron beam of the microscope. This goes in line with the 
conclusion of Section 6.2.3, in which a mixture of Ni NPs and cationic Ni species was 
suggested. For the 5/Cu@TiO2 sample, no distinguishable NPs could be found, as exemplarily 
shown in Figure 15F. At best, a thin layer can be seen covering some anatase NPs. Hence, 
we assume that Cu stayed in a rather cationic form as Cu2+ or built very small surface-
decorating clusters, not distinguishable with this instrument’s resolution.  
 
From TEM image analysis, we confirm that noble metal systems indeed formed NPs at rather 
high loadings. When going towards lower loadings, no NPs could be observed anymore, which 
could align well with the intended “isolation” strategy. Earth-abundant systems behave 
differently. In the case of Ni, in line with the DRS data, TEM also indicates the formation of 
small NPs. For the latter Cu@TiO2 case, we did not observe any surface-decoration. 
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Figure 15 | TEM images for different composite materials. A, B, 1/Pt@TiO2 at different magnifications. 
C, D, 1/Au@TiO2 at different magnifications. E, 5/Ni@TiO2 and F, 5/Cu@TiO2. 
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6.3. Co-catalysts on PO4-modified TiO2 – single-sites or nanoparticles? 

To further promote the stabilization of single-sites, composite materials were prepared using 
a phosphate modified substrate (synthetic details in Section 5.1 and Section 5.2). The 
increased surface charge of this substrate should not only improve the adsorption process but 
is also believed to favor single-site formation due to stronger electrostatic interactions at the 
surface. Working synergistically with the isolation strategy described in Section 6.2, PO4/TiO2 
should thus facilitate adsorption of the precursor species and prevent the active sites to 
interact with each other and/or to grow to larger clusters, resulting in more isolated sites and/or 
smaller clusters.[98] The same precursor concentration range between 0.008 and 5 wt. % was 
used following the identical impregnation-washing procedure as for the bare TiO2.  
 
The use of the PO4 modification, however, implied that additional factors had to be considered. 
As previous reports show, the direct hole oxidation pathway can be suppressed through this 
modification, which in our case can hinder the charge transfer between co-catalyst species 
and TiO2.[77,99]  This, in turn, can affect the photodeposition of noble metal nanoparticles during 
the wet-impregnation synthesis that we observed before, which is a process dependent on the 
electron transfer from TiO2 to the precursor. The phosphate groups block this electron transfer, 
resulting in fewer/smaller NPs formed, which can be confirmed through loadings determination 
and loading dependent HER experiments. Lower loadings for noble metals would speak for a 
declined nanoparticle deposition.  
 
For the earth-abundant systems, Cu and Ni, the adsorption process does not involve a charge 
transfer mechanism with subsequent reduction of the precursor species, as our data in 
Section 6.2.3 suggest. In contrast, we assume that ionic species are electrostatically attracted 
to the surface, which is why the increased negative surface charge of PO4/TiO2 should 
facilitate the anchoring of the positively charged metal-cations. 
 
Moreover, the slower interfacial charge transfer dynamics caused by this modification will 
become relevant during the HER-experiments. Blocking the extraction of the photo-generated 
charge carriers (electrons and holes) at the surface of TiO2 is likely to affect catalytic 
performances of the composites greatly. Suppressing the direct hole oxidation pathway results 
in a slower consumption of the sacrificial agent, MeOH. The holes, not being extracted 
efficiently, are now able to recombine with the electrons needed for the H+ reduction reaction 
more effectively. Interfacial charge transfer processes are usually rate-limiting because they 
are slower (10 ps to 100 μs) than charge trapping (50 fs to 50 ps) or recombination (1 ps to 
>20 ns) processes.[20]  
 
Hence, the PO4 modification, while potentially able to promote the formation and stabilization 
of increased loadings of single-site species, might as well result in slower charge transfer 
dynamics during catalytic experiments and so, overall lower HER-rates. 

 

6.3.1. TXRF in solid phase 
 
The quantitative results of the solid-phase TXRF-analysis confirmed the enhanced loadings 
for Cu and Ni in the case of PO4/TiO2 substrate, especially when high loadings were originally 
desired. As for Pt and Au, this modification had no major effect on the real loadings except for 
the highest values, which showed a decrease. Figure 16 shows the comparison of both 
substrates for all the studied co-catalysts. 
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Figure 16 | Comparison of ideal vs. real loadings of the different HER-active co-catalysts for A, Earth-
abundant systems on bare TiO2 and PO4/TiO2. B, Noble metal systems on bare TiO2 and PO4/TiO2. 
Data acquired through TXRF. 
 
This further strengthens the hypothesis that the cationic earth-abundant species Cu2+ and Ni2+ 
are better adsorbed due to the more negative surface charge of the PO4/TiO2 support.  
 
For the chlorometallate acids, which in solution are anionic species in the form of [PtCl6]2- and 
[AuCl4]1-, the more negative surface charge of this substrate is counter-productive because it 
might repel these precursor species. Moreover, the deposition process likely involves both, 
adsorption via ion exchange and photo-assisted reduction by TiO2 resulting in the deposition 
of metal nanoparticles. However, ionic and metallic species can coexist in the composite 
material. There is a slight influence of the phosphate modification towards lower loadings of 
noble metals, probably because of repulsion from the negatively charged surface and negative 
ions in the solution but also a reduced charge transfer, caused by the phosphate layer. 
 

6.4. Hydrogen Evolution Reaction 

This section will look into the catalytic performance of the as-prepared composite materials. 
The selected reaction to evaluate our systems was the H2 evolution reaction (HER), because 
of its industrial relevance, good reproducibility, and comparability of our results with existing 
literature.  
 
In a usual HER experiment, our online product detection system renders real-time H2 evolution 
rates measured in situ in the gas flow. After waiting for a stable baseline signal (see 
Section 4.3) the UV-light (365 nm) was turned on at minute t = 5 min (see Figure 17). The 
delay in H2 evolution, as well as the gradually increasing HER rates within the first 10 minutes, 
are both related to the reactor design and do not suggest that a certain catalyst activation 
takes place. Typically, HER rate reaches a plateau after ca. 15 min, which corresponds to a 
stable H2 evolution rate. In a typical experiment, illumination was conducted for 30 minutes, 
after which time the test was terminated. The activity values were extracted from the HER 
rates reached after 30 minutes.  
 
Figure 17A exemplarily demonstrates how the rates of H2 evolution decreased with decreased 
ideal loadings of Cu or Ni in the respective @TiO2 series. However, noble-metal-based 
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composites shown in Figure 17B indicate an optimal co-catalyst loading value at around 
1 wt.%. Lower or unchanged HER rates achieved at higher loadings (e.g. 5 wt. % of Pt and 
Au) can, in this case, be attributed to the light-blocking effects of the excessive amounts of the 
surface-anchored nanoparticles that impede TiO2 absorption. 
 
Another important observation is that the Ni-systems do not reach a stable H2 evolution rate 
after 30 min, but it continues to increase over time as shown in Figure 17A (green curves). 
The reason for the dynamic nature of Ni is a co-catalyst in-situ activation process, in which 
Ni2+ turns metallic upon illumination, becoming more active for the HER, as previously reported 
by our group.[100] Over time, the H2 evolution rate for the Ni-systems is expected to increase 
linearly, which would result in a higher performance of the catalyst. This effect can be observed 
even for the lowest loadings. Due to the time constraint of this work, long run HER-experiments 
could not be performed, but are promising for further investigations.  
   

 
Figure 17 | Exemplary HER-experiments results for A, Earth-abundant systems and B, Noble metal 
systems. 
 
Since the main motivation of this work was to evaluate various factors (site isolation and 
substrate modification) on the success of single-site co-catalyst formation and ultimately 
enhanced catalytical performance, the following sections will discuss these data in different 
contexts and for different systems. The turnover frequency (TOF) concept, described in 
Section 4.3.1, will gain relevance since it does not only account for the overall HER-activity 
of a certain composite material but relates the amount of H2 produced to the amount of co-
catalyst involved in the catalytic reaction. We assume that an exponential increase of TOFs 
for samples with low co-catalyst loadings will speak for single-sites formation and stabilization. 

 

6.4.1 Models for data analysis 
 
Mathematical models to predict and explain experimental HER data were developed in order 
to simulate the evolution of the co-catalyst species and thus gain more insights into the 
potential single-site stabilization following our isolation strategy. In other words, the models 
should help to understand the behavior of the photocatalysts by fitting our data points to these 
models and hence unravel the central question: “Is the isolation strategy exclusively reducing 
the amount of co-catalyst particle-like species or is it changing their size, shape and 
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morphology, approaching smaller species?” These two options are represented graphically in 
Figure 18. 
 

 
Figure 18 | Graphical representation of the modelling idea approaching lower loadings. A, Model 1: 
reduction of same-sized co-catalyst particles. B, Model 2: size reduction of co-catalyst particles. 
 
General assumptions that underline these models in the first place are: i) the HER is not limited 
by photons: the amount of light and thus the number of photo-generated charge carriers 
(electrons and holes) is sufficient for any amount of catalytic conversions, that is, the reaction 
is limited by the catalyst’s performance, and ii) shape, location or surrounding of the catalytic 
site does not influence its intrinsic activity, implying that the performance of a single-site atom 
or an atom at the surface of a co-catalyst’s NP is the same.  
 
Model 1 describes the behavior where the shape/morphology of the co-catalyst does not 
change upon decreasing the amount of precursor deposited. A lower catalyst deposition 
merely results in a proportionally lower number of catalytically active sites (e.g. surface atoms 
of NPs). Based on this model, we would expect linearity (𝑦 =  𝑥) when plotting co-catalyst 
loading vs. overall HER-activity and a constant trend for loading vs. TOF (𝑦 =  𝑎), as shown 
in Figure 19A. 
 

Model 2 describes the scenario in which the co-catalyst size/shape changes upon a decrease 
of co-catalyst loading. In this case, going towards lower loadings would diminish the size of 
the co-catalyst NPs. Supposing the NPs are perfect spheres, the relationship between their 
surface and volume follows 𝑆 ~ √𝑉23

. The number of surface atoms (e.g. number of atoms 
involved in the catalytic reaction, i.e. HER) is directly proportional to 𝑆, and the loading (total 
amount of atoms) is directly proportional to 𝑉. Following these assumptions, upon reducing 
the loading, we would expect the same non-linear proportionality, i.e. the co-catalyst loading 
vs. HER-activity would be proportional to (𝑥)2/3. The loading vs. TOF would follow the 
proportionality of (𝑥)−1/3, as shown in Figure 19B. 
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Figure 19 | Proportionality behavior of curves when plotting arbitrary values for A, Model 1: showing a 
linear slope (𝑦 = 𝑥) for the co-catalyst loading vs. the H2 evolution rate (black) and a constant (𝑦 = 𝑎) 
for the co-catalyst loading vs. the TOF (red). B, Model 2: showing a proportionality of (𝑥)2/3 for the co-
catalyst loading vs. the H2 evolution rate (black) and a proportionality of (𝑥)−1/3 for the co-catalyst 
loading vs. the TOF (red). 
 
Comparing our data to these models and observing similar behaviors or strong deviations from 
them should expand the understanding of the experimental trends. Hence, we would be able 
to qualitatively demonstrate if a size/morphology change takes place upon lowering the 
loadings (similarity of data trends to Model 2) or not. For detailed calculations and examples 
on the use of the models, see Appendix Models. 

 

6.4.2. Noble metal series: activity trends for both substrates 
 
By plotting the real loadings of the Pt and Au-based composites against the maximum HER-
activity values, Figure 20A and C are obtained. Note that the co-catalyst loadings (X-axes) 
are presented on a logarithmic scale. The overall H2 production in μmol h-1 can be appreciated 
in this way for the different series of as-prepared composite materials. For both metals, the 
graphs show that the more co-catalyst used, the more hydrogen will be produced. This 
tendency is less pronounced for the Au@PO4/TiO2 series, as expected by the lower HER 
activity of Au, due to the charge blocking effect discussed previously.[77,99] However, when the 
activity is normalized per amount of catalytically active species (i.e. the as-impregnated co-
catalysts), Figure 20B and D can be constructed. These figures demonstrate that the TOF 
values (moles of produced H2 per moles of co-catalyst per hour) grow strongly when lower co-
catalyst loadings are used. The most suited model trends are also included in these graphs, 
in which the deviations from the model-derived “expected” TOF values are shown with arrows 
and numerical factors. 
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Figure 20 | A, Real Pt loadings against maximum HER-activity values. B, Real Pt loadings against 
maximum HER-activity per mmol co-catalyst (TOF). C, Real Au loadings against maximum HER-activity 
values. D, Real Au loadings against maximum HER-activity per mmol co-catalyst (TOF). 
 
The overall data suggest that the use of the PO4/TiO2 substrate rendered lower absolute H2 
evolution rates for both noble metal systems. The reason for this is that the PO4 groups may 
block the charge transfer process between TiO2 and the co-catalyst, as previous reports have 
suggested.[77,99] This not only causes lower loadings of the deposited noble metals, but more 
importantly, hinders the charge transfer dynamics of the photocatalytic reaction. Moreover, 
the interfacial charge extraction (of holes) between TiO2 and other reactants in the solution, 
e.g. the sacrificial agent, MeOH, will also be diminished, resulting in a decreased HER-
performance. These results align well with the discussion and expectations of Section 6.3.  
 
Next, following the individual trends from the Figure 20B: in the case of Pt, when going 
towards low co-catalyst loadings, the TOFs increase strongly and a non-linearly for TiO2 and 
PO4/TiO2 substrates can be observed. This implies that the evolution of the co-catalyst species 
in both cases rather follows the Model 2 prediction (i.e. involving a size/morphology change). 
Importantly, the relative increase of TOF is in the same order of magnitude for both substrates, 
which suggests that the phosphate modification did not affect the formation and state of Pt-
based co-catalyst species. This can be explained due to the strong tendency of Pt to form NPs 
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under the conditions of a photocatalytic reaction on TiO2, which apparently has not been 
strongly affected by the presence of PO4 groups.   
 
The trend obtained for the Pt@TiO2/PD series in Figure 20A rather corresponds to a linear 
dependency with a non-zero slope. Thus, the TOF vs. loading trend is not following either 
Model 1 or 2. We assume that this TOF increase is not related to a change in morphology but 
can rather be related to another effect. As mentioned before, Pt is known for its strong 
tendency to form same-sized NPs via photodeposition. It has been proposed that a single Pt 
NP could act as a reduction site for a single TiO2 nanoparticle of a few dozens of 
nanometers.[101] We assume that such a case would result in an utmost effective charge-
extraction pathway. When going towards lower loadings (0.04 wt.% in this case), we might 
end up with such a scenario, where only one Pt NP decorates every single TiO2 NP. This 
enhanced charge extraction through one co-catalyst NP might explain the deviation from the 
expected Model 1 and the relatively higher TOF-values. 
 
In the case of Au, shown in Figure 20C and D we see a similar trend: TOF values also boost 
when approaching the lowest loadings, in line with the prediction of Model 2. However, here 
we can see a strong influence of the phosphate modification: it can be noticed that the TOF 
for the lowest (0.072 wt.%) loading is 16.7 times higher than the value predicted by the model. 
This is the highest factor (greatest deviation from the prediction) among all investigated 
systems, which implies an even stronger change in the Au’s size/morphology at the lowest 
loadings as a possible factor for the enhanced activity per site. Such a strong deviation from 
the prediction is not observed for the bare TiO2, so we assume that the phosphate modification 
indeed helped to stabilize Au single-sites when sufficiently low overall Au loadings were used. 
 
Interestingly, the TOF trend (Figure 20D, stars) of the reference PD-experiments for Au 
system differs clearly from that obtained for Pt, as the linearity in the TOF values can be 
observed when going towards low loadings. In fact, this trend of Au@TiO2/PD follows closely 
the Model 1 prediction (purple dashed line), which states that the shape and morphology of 
the co-catalyst are not being changed when decreasing the co-catalysts loading, suggesting 
that PD yields 5.8 – 10.6 nm Au NPs observed in TEM-images (See Appendix TEM) acquired 
for 1/Au@TiO2/PD. The result and the correlation with Model 1 suggest that only the number 
of such Au co-catalyst NPs is decreasing at lower loadings, while their morphology stays 
unaffected. 
 
Two main conclusions can be drawn from these results. First, both series of Au and Pt on both 
substrates follow Model 2, while the photodeposited samples for Au follow Model 1 and Pt 
something between the two models. Hence, the isolation strategy did affect the morphology 
of the noble metal co-catalysts and promoted the formation of smaller species, enhancing the 
atom utilization efficiency at low loadings, especially for Pt. 
 
Secondly, the PO4 modification was successful for the lowest Au loadings, delivering the 
highest relative increase in the TOF-value. This speaks for the stabilization of smaller or more 
active species. Probably, there is a need of a more homogeneous (full coverage with PO4 
groups) or more specific surface modification to promote the stabilization of smaller species 
at higher Au loadings. In the case of Pt, the PO4 modification was not advantageous. 
 
Additionally, we need to account for other factors that might influence the TOF values as well, 
e.g. the number of Pt NPs per TiO2 particle, light-blocking effects of too many particles and 
SPR-effects. The developed models, although simple and somehow limited in their 
parameters, seem to be able to describe these systems properly.  
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6.4.3. Noble metal series: Influence of light  
 
Based on our previous data, which indicate that light plays a major role driving the deposition 
of noble metal precursor species and triggers a reduction of the co-catalyst precursor species 
into larger NPs, synthesis under dark conditions (Section 5.4) and in-situ photodeposition 
HER-experiments (Section 5.5) were carried out for these systems as well. As already 
discussed in Section 6.2.1, real loadings generally vary from ideal ones. The loss of added 
precursor species during the impregnation process is, however, less pronounced for the noble 
metal series, where real loadings almost reach the ideal values, implying that almost all of the 
precursor species are deposited during the impregnation under ambient light. This can, 
however, be different for the samples prepared under dark conditions, where light-induced 
deposition of particles is hindered and only a fraction of the precursor may stay adsorbed on 
the TiO2 surface after multiple washing steps. For the photodeposition experiments, the entire 
amount of added precursor is taking part in the photocatalytic reaction and cannot be 
recovered, which is why ideal loadings are taken as real ones for the following considerations. 
As expected, the PD-experiments result in metal NPs (dPt ~ 2.5 nm and dAu ~ 8.5 nm) 
decorating TiO2 surface, as TEM-micrographs confirm (see Appendix TEM).  
 
Figure 21 compares the performances in terms of TOFs of the same ideal loadings of noble 
metals (same colors) prepared under different light conditions to directly evaluate which 
method worked best. It is evident from Figure 21A that the Pt@TiO2 performance profits from 
a lack of light during the impregnation synthesis. Synthesis in the dark is advantageous, 
probably because the amount of chloroplatinic acid adsorbed on titania during the 
impregnation gets effectively reduced during synthesis and subsequent washing steps, 
allowing only few and stable precursor species to stay at the surface. This remaining H2PtCl6 
precursor is likely to generate Pt nanoclusters during the drying process (temperature-induced 
reduction) or during the photocatalytic reaction, which are much smaller than the NPs our 
previous reports have shown.[97] Moreover, the orange-yellow coloration of these samples (see 
Section 6.2.3) was not as strong as for the ones synthesized via the normal synthesis. In fact, 
the loading amounts (estimated through TXRF) of the dark samples was about 10 times less 
than for the normal impregnation. The H2 evolution rates of Pt@TiO2/dark samples were only 
2.5 to 5 times less than for the normal series. Thus, the atom utilization efficiency was 
increased and the catalytic performance enhanced. The TOF of the sample prepared via in-

situ photodeposition is generally lower than that of the Pt@TiO2 composites prepared via 
standard impregnation. This might be attributed to the following: during the PD-experiment, 
the precursor forms 2-3 nm Pt NPs.[97,102] In turn, the wet-impregnation process might facilitate 
the formation of other structures, like better isolated Pt species or smaller NPs, similar to the 
samples prepared under dark conditions. This speaks for an optimal synthesis pathway using 
the dark impregnation method vs. the well-established in-situ photodeposition due to the 
higher H2 evolution rates per co-catalyst amount observed herein. 
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Figure 21 | Comparison of different synthesis methods for composite materials altering the light 
conditions (normal, photodeposition (PD) or dark) against TOF-values (H2 evolution per co-catalyst 
amount per hour) for A, Pt@TiO2 systems and B, Au@TiO2 systems. TOF-values are also shown on 
top of each bar. 
 
Figure 21B shows a very different set of results that were obtained for the Au-based systems: 
the normal composites have now much higher TOF values compared to the photodeposited 
samples. It is known that Au photodeposition typically results in the formation of Au NPs, which 
will only have a limited number of surface and triple-phase boundary atoms responsible for 
HER performance.[85] The close-to-constant TON trend already discussed in Figure 20D 
further confirms that Au particles in the same shape and size are being created independently 
on the precursor amount. The much higher TOF values obtained for the standard Au@TiO2 
samples suggest that the impregnation procedure may indeed facilitate the formation of 
smaller clusters or even single-sites during the synthesis. Considering the enhanced TOFs of 
the 0.2/Au/dark samples, synthesis under dark deviate more strongly from the PD-trend thus 
suggesting that the tendency of forming stable ionic or smaller Au-NP species is apparently 
even stronger when photodeposition is hindered. Dark synthesis for Au might work as follows: 
ionic species are adsorbed by TiO2, whereby no color change is observed. After drying, they 
change their color to purple, due to a heat-induced reduction that might form some NPs, which 
are responsible for the deep purple coloration already discussed in Section 6.2.3. Since 
forming large ~ 8 nm NPs is more difficult than the well-known 2 nm Pt NPs, some Au-species 
might still stay ionic and more isolated, since our impregnation method restricts the migration 
of surface-adsorbed cations. A small amount of NPs account for the coloration, but we assume 
that they should be smaller than 8 nm. DRS theoretical calculations and TEM images (see 
Appendix DRS and Appendix TEM) confirm that the Au NPs in the 1/Au@TiO2/dark samples 
were indeed smaller dDRS = 5 nm and dTEM = 4.2-9.5 nm than the ones found for the normal 
synthesis. Moreover, the large 28 nm NPs found in the normal synthesis (see Section 6.2.4) 
could not be found in the dark samples. Hence, the suppression of the photodeposition 
mechanism seems advantageous and should be studied further in the future.   

In conclusion, light has a high impact on the noble metals deposition because of the 
fundamental mechanism of photodeposition that Pt and Au have. Regardless of the metal, 
dark conditions suppress the light-induced deposition, changing the size/morphology of the 
NPs to smaller sizes or even nanoclusters that show higher activities per site. Since Pt readily 
forms smaller particles (2-3 nm) under normal conditions, we assume that this particle 
formation is happening at even smaller sizes when using dark conditions. In contrast, 
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Au@TiO2 build larger NPs under normal impregnation conditions, which is harder to achieve 
without the assistance of ambient light. Hence, the so-prepared Au composites might render 
more ionic, smaller and more active Au-sites.  

 

6.4.4. Earth-abundant series: activity trends for both substrates 
 
Analogously to the noble metal systems, Figure 22 shows the relationships between the real 
loadings of earth-abundant metals and the maximum H2 evolution rates and TOF-values for 
Cu and Ni. Figure 22A and C show that the PO4 modification rendered lower overall activities 
for both metal series, even though their loadings were higher than for the normal support. This 
is attributed to the aforementioned reason, discussed in Section 6.3: the charge-blocking 
effect induced by PO4 groups hinders the ultimate photocatalytic reaction. Interestingly, upon 
reaching lower loadings, this effect is less pronounced. 
 

 
Figure 22 | A, Real Cu loadings against maximum HER-activity values. B, Real Cu loadings against 
maximum HER-activity per mmol co-catalyst (TOF). C, Real Ni loadings against maximum HER-activity 
values. D, Real Ni loadings against maximum HER-activity per mmol co-catalyst (TOF). 
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The general trend seen from Figure 22B and D is that lower loadings – as was already 
observed for the noble metal systems – also result in a major increase in the TOF-values, 
regardless of the substrate. This can also be attributed to the enhanced atom utilization 
efficiency discussed before. However, the trends do not follow Model 2 as closely as in the 
case of the noble metals: the stronger increase of TOF-values for low loadings speaks for a 
strong morphology change and a stabilization of eventual smaller metal clusters. The relative 
increase of expected TOF values between the highest and the lowest loadings is higher for 
the PO4-modified support compared to that of the bare TiO2, with a factor of 5.43 and 3.13 for 
Cu@PO4/TiO2 and Ni@PO4/TiO2, respectively. As DRS results highlighted (see Section 

6.2.3), Cu is found in a rather ionic form and – based on TEM observations (see Section 

6.2.4) – the tendency to form particles is not very strong. The phosphate groups have a 
stronger interaction with ionic Cu-precursor species, which explains the higher relative TOF 
increase of the Cu-systems. In the case of Ni, DRS and TEM results indicated a different 
situation. Ni@TiO2 was found to have an ionic nature, but also a tendency to form Ni 
nanoparticles on TiO2 (presumably upon UV light). The PO4 groups do stabilize the ionic 
species, but since there is also the tendency to form NPs, this effect is not as pronounced for 
Ni@PO4/TiO2 as it is for Cu@PO4/TiO2. 
 
In conclusion, the earth-abundant co-catalysts’ series do not show any linearity (Model 1), but 
rather follow Model 2 to a certain extent. Hence, we assume that a change in the morphology’s 
nature is also taking place for these systems, proving the success of the isolation strategy. 
The relative TOF increase was stronger for the PO4/TiO2 substrate, which also speaks for the 
contribution of the surface modification strategy to facilitate the formation of more active co-
catalyst sites on PO4/TiO2 than on TiO2. However, absolute TOF values are always higher for 
the bare TiO2, due to the charge-blocking effect of the PO4 groups. 

 

6.4.5. Earth-abundant series: Influence of light during synthesis 
 
Based on the results discussed in Section 6.4.3, in which a high influence of light on the 
deposition and, therefore, on the activity of the noble metal systems was observed, analogous 
experiments were carried out for the Cu- and Ni-based systems. Experimental details for the 
dark synthesis and in-situ photodeposition (PD) experiments can be found in Section 5.4 and 
Section 5.5, respectively.  
 

Figure 23 compares the TOF values of the differently prepared (normal, PD and dark) earth-
abundant photocatalysts on bare TiO2. It becomes apparent from Figure 23A that the Cu’s 
HER-activity gets significantly decreased (by a factor of almost 10) when the catalyst is 
prepared via in-situ photodeposition. This can be ascribed to a different deposition mechanism 
than that of the noble metal systems. The added Cu-precursor might not adsorb as strongly 
onto TiO2 during the photodeposition and much of it might not be taking part during the HER 
reaction. However, this precursor, cannot be recovered through this synthesis path and can 
be considered to be used up in the procedure. Compared to the PD-sample, our normal 
impregnation method seems to be the most effective and delivers the highest activity. The 
TOF for the 1/Cu/dark sample is in the same order of magnitude and decreased only slightly. 
However, the real loadings of the 1/Cu@TiO2/dark was lower than for 1/Cu@TiO2 (estimated 
through TXRF: 0.098 vs. 0.133 wt.%, respectively) but delivered almost the same TOF-value. 
This result suggests that ambient light does affect the Cu-impregnation procedure, however 
to a small extent only, and that the Cu species generated by photodeposition are generally 
less active compared to those obtained via impregnation. One can further suggest that in-situ 
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PD-experiments may result in larger species (i.e. NPs or aggregates) while the dark 
impregnation process is likely to stabilize more individual species, thus increasing the TOF 
value. 
 

 
Figure 23 | Comparison of different synthesis methods for composite materials altering the light 
conditions against TOF-value (H2 evolution per co-catalyst amount per hour) for A, 1/Cu@TiO2 systems 
and B, 1/Ni@TiO2 systems. 
 
The photodeposition experiments have a less pronounced effect on the TOF-activity of 
1/Ni@TiO2, as shown in Figure 23B. We assume that the Ni-precursor is affected by light to 
a certain extent and active Ni species can be generated under UV light, similar to the Pt-
systems, which were discussed in Section 6.4.3. The ionic Ni-species obtained through the 
normal impregnation procedure – which should also contribute to the HER-activity – seem to 
be unstable under PD-conditions, as a result, light-assisted Ni reduction and subsequent 
particle growth might be taking place. Hence, the TOF of the photodeposited Ni-samples is 
roughly half as high as for the normal impregnation. Previous studies by Rodríguez et al.[103] 
have shown that larger Ni NPs (7-15 nm) grow through photodeposition on TiO2 and they 
reported the existence of metallic Ni NPs, as well as nickel oxide in their composite materials. 
We assume to have a similar situation for our PD-experiments. DFT calculations suggest that 
Ni is likely to become metallic and grow to larger particles, which further explains this behavior 
for the Ni-systems. 
 
Dark conditions also showed a TOF-decrease of approximately 30%, which suggests that Ni 
does benefit from partial interaction with light. In this case, a reduction of the real loadings of 
1/Ni@TiO2 vs. 1/Ni@TiO2/dark from 0.25 to 0.15 wt.% was observed, respectively. Moreover, 
dark conditions probably allowed ionic Ni species to form but hindered the formation of the Ni 
NPs observed in the TEM-images of the Ni@TiO2 samples, which also take part in the 
photocatalytic reaction, hence reducing the TOF. These results align well with the DRS 
observations, which stated a mixed situation for the Ni@TiO2, in which ionic species and NPs 
coexist. 
 
To sum up, the earth-abundant systems have quite different behaviors when it comes to light 
interaction. A significant decrease in the loadings is observed for the samples prepared under 
dark conditions. Cu’s activity suffers under PD-conditions, whereas normal and dark 
conditions appear to render very similar TOFs. This is because more ionic and potentially 
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single-site species are generated, instead of NPs or other forms of aggregates, which 
formation is promoted in the presence of ambient or UV light. In any case, the TEM-images of 
the impregnation process did not show particles for the Cu-systems. Nickel, on the other hand, 
benefits slightly from light, which can suggest that so-generated Ni NPs, in synergy with Ni 
ionic species, provide optimal catalytic performance for HER compared to exclusively particles 
(photodeposition) or more ionic (dark conditions) species. This is in good agreement with our 
previous findings that Ni0 is generated in-situ through light activation, which shows improved 
catalytical performance.[100] TEM-results discussed before also confirm the formation of ~ 2.5 
nm Ni NPs. 

 

6.4.6. Overall HER-performance assessment 
 
Considering that the most active systems are of utmost interest to industrial applications, this 
sub-chapter will be dedicated to compare all investigated systems, i.e. noble metals and earth-
abundant metals for both support materials. Plotting the TOF-values against the real loadings 
in double-logarithmic scale results in Figure 24 and allows us to compare all the different 
composite materials prepared in this Thesis. As it becomes clearer through this 
representation, all trends on bare TiO2 rather follow Model 2 (red dashed line) and not Model 

1 (grey dashed line). This becomes more complex for PO4/TiO2, but the same trend can be 
observed in general. 
  

 
Figure 24 | Double logarithmic representation of all the Pt, Au, Cu and Ni real loadings against TOF 
values for A, bare TiO2 and B, PO4-modified TiO2. Model 1 (grey dashed line) is a straight line parallel 
to the X-axes and Model 2 (red dashed line) is a straight line with a non-zero slope. Arrows show the 
factor by which the TOF is increased between the highest and lowest loadings. 
 
First, looking at the bare TiO2 support, the performance trend for all employed co-catalysts, 
shown in Figure 24A goes as follows: Pt > Au > Cu > Ni. At the lowest loadings, however, Cu 
approaches the order of magnitude of the Au’s TOF, which is an attractive result considering 
that Cu is a much more desirable co-catalyst component, due to its abundance. The relative 
TOF increase from highest to lowest loadings is the strongest for Pt (x21), showing that the 
isolation strategy worked best for this noble metal. 
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Considering the trends for the PO4/TiO2 support, shown in Figure 24B, a strong deviation from 
Model 2 can be appreciated, especially for Au@PO4/TiO2 and Ni@PO4/TiO2. As has already 
been discussed in Section 6.4.2 and Section 6.4.4, this may indicate a stronger structural 
change of the co-catalyst that takes place in these systems compared to the assumption of 
Model 2. In the case of PO4/TiO2 support, Pt outperforms all the other co-catalysts in an even 
more prominent way, delivering around 10 times higher TOFs than the next best system. 
Interestingly, the performance trend for these series changes slightly to Pt > Cu  Au > Ni. 
The Cu-series outperformed or was very similar to the Au-series on PO4/TiO2. The Ni-series 
also becomes comparable to Au using this support. Moreover, the relative TOF increase 
between the highest and lowest loadings was considerably greater for earth-abundant metals 
than for noble metals in this case. The factors for Cu and Ni are x39 and x25, respectively, the 
highest values observed in this Thesis, confirming an even greater success of the isolation 
strategy for these systems. 
 
Nevertheless, the overall trend is that the PO4 modification rendered lower photocatalytic 
activities under UV-light (365 nm) than the bare TiO2. However, the PO4/TiO2 support showed 
a narrowing of its band gap (see Section 6.1.1), which makes it promising for visible-light 
applications. We hypothesize that visible-light experiments for the composite materials on both 
supports could potentially result in more equal catalytic performances between TiO2 and 
PO4/TiO2 or even a more advantageous situation for PO4/TiO2.  

 

6.4.7. Economic considerations 
 
Based on the reasonings in the introduction of this Thesis, especially from Section 2.3.1, in 
which a shift towards more abundant co-catalysts was emphasized, considerations in this 
regard will also be accounted for. Abundance or scarcity can be directly translated to the prices 
of the employed co-catalysts. Taking the prices of the metal-precursors (from commercial 
suppliers) used for the synthesis of the composite materials into consideration, a new “turn-
over frequency” arises. The TOF is defined as moles of H2 evolved per hour per mole of co-
catalyst. If the price of such co-catalyst precursors is taken into account, i.e. how much the 
immobilized co-catalyst costs for each particular composite, then a H2 evolution rate per hour 
per €co-cat can be constructed. After plotting this new activity per € against the real loadings 
(Figure 25) of the composite materials, a very different representation can be seen. Strikingly, 
the earth-abundant systems show an increased HER-performance per € compared to the 
noble metals. For both investigated supports, the performance trends change from the 
common Pt > Au > Cu > Ni to the new Cu > Ni > Pt > Au.  
 
This goes well in line with Gray’s argument, who stated that future photocatalysts should be 
as cheap as “literally a rock”.[1] In order to implement photo-catalysts for high-scale 
applications, they should not only be highly active, but also affordable and robust. Being 
slightly less active but significantly cheaper seems to be a convenient trade-off for the earth-
abundant-based photo-catalysts prepared in this work. 
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Figure 25 | HER-activity per € of co-catalyst against real loadings for A, Pt, Au, Cu and Ni on bare TiO2 
and B, Pt, Au, Cu and Ni on PO4/TiO2. 
 
Our wet impregnation synthesis approach (under ambient light or dark conditions) also proves 
to be beneficial from an economic point of view, when comparing it to the well-established in-

situ photodeposition. During the PD-experiments, the whole amount of metal precursor is 
being added to the reactor, and it cannot be recovered. However, elemental analysis (TXRF) 
results have shown that the amount of co-catalyst loaded on TiO2 after the photocatalytic 
reaction for such experiments is only around half of the added amount. Hence, we believe that 
a significant part of the precursor gets wasted in using this deposition method. Contrastingly, 
the composite materials prepared through the wet impregnation process preserve only the 
strongly absorbed precursor species, which are taking part in the photocatalytic reaction in 
their totality. As our results in Section 6.2.2 have shown, a significant part of the precursor 
used in the impregnation-synthesis stayed in the solution. After filtration, the unused precursor 
stays intact and it can be easily recovered and used for further impregnations, maximizing the 
utilization of the precious precursor species (especially considering Pt and Au) and making 
our impregnation procedure more advantageous to the common photodeposition approach.  
 
Summing up, the general trend for the catalytic performance in terms of TOFs (moles of H2 
per hour per moles of co-catalyst) for the most active support, i.e. bare TiO2, is  
Pt > Au > Cu > Ni. Taking prices of used co-catalysts into consideration, the performance per 
cost of co-catalyst gets almost inverted, and the earth-abundant systems appear to be 
surpassing the noble metal ones in the following order: Cu > Ni > Pt > Au. In addition to this, 
for all investigated systems, following the isolation strategy does increase the TOF numbers 
significantly, reflecting the increased atom-utilization efficiency and potential stabilization of 
co-catalyst with single-site nature. 
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7. Conclusions 

The implementation of suitable protocols for the synthesis and evaluation of heterogeneous 
single-metal-site photocatalysts – being this work’s main motivation – was achieved 
successfully. HER-active earth-abundant and noble metal-based co-catalysts were prepared 
through the wet impregnation process and the use of the isolation strategy increased the 
catalytical activity for all investigated systems significantly, which, aided by theoretical models, 
proves a tendency towards the single-site’s formation. 
 
The precursor’s type and structure had major effects on the adsorption and deposition 
process, reflected on the final loadings at the support. Earth-abundant precursors showed 
lower real loadings compared to noble metals, which is attributed to the different deposition 
mechanisms. Noble metal precursors – aided by light – photo-reduce and form nanoparticles 
with real loadings similar to the ideal ones. In contrast, the impregnation of earth-abundant 
metal precursors is not strongly affected by ambient light. In their case, only the substrate-
stabilized co-catalyst species were left at the surface, resulting in lower real loadings. The 
DRS spectra showed NP-characteristic peaks for Pt and Au co-catalysts, while Cu 
demonstrated ionic complexed species adsorbed on the substrate’s surface. In the case of Ni, 
a mixed situation could be seen, in which NPs and other ionic species coexist. Further 
confirmation was obtained through TEM-micrographs, in which 1-2, 5-13 and 2-3 nm NPs 
were detected on the surface of TiO2 for Pt, Au and Ni, respectively. Cu samples, in turn, did 
not exhibit any surface decoration. However, the formation of small clusters and/or ionic 
species cannot be excluded due to the TEM-instrument’s resolution limits.  
 
The surface of TiO2 was functionalized with phosphate groups, which narrowed the 
semiconductor’s bandgap from 3.20 to 3.15 eV, estimated through DRS-measurements and 
subsequent extrapolation using Tauc-plots. Furthermore, the change in the surface chemistry 
and surface charge caused by the PO4 groups resulted in enhanced adsorption of the metal 
precursor and therefore an increased loading of the earth-abundant metals was successfully 
achieved. However, the composite materials prepared with PO4-modified TiO2 invariably 
exhibited lower H2 evolution rates and TOF-values compared to the bare TiO2 counterpart. 
This was ascribed to the slower charge transfer dynamics and charge blocking effect of the 
PO4 layer during the photocatalytic reactions. This same effect also decreased the light-
dependent deposition of noble metal systems, resulting in lower loadings. Hence, while 
potentially enabling the formation and better stabilization of more single-site species, this 
modification diminished the catalytic performance under UV-illumination.  
 

The prepared composites based on two different substrates (TiO2 and PO4-modified TiO2), 
four different metal precursors (Cu, Ni, Pt and Au), and different co-catalyst loadings (ranging 
from 0.008 to 5 wt.%) have been next evaluated towards photocatalytic HER. 
 
The experimental HER data for earth-abundant and noble metal systems was consistently in 
line with our non-linear Model 2, describing an alteration in the co-catalyst’s size/morphology 
upon decreased loadings. This comparison strongly suggests that the proposed isolation 
strategy did facilitate the formation and stabilization of smaller, perhaps even single-site-like 
co-catalyst species. Furthermore, they were more active (per atom), which speaks for an 
enhanced atom utilization efficiency, reflected in the increased TOF-values for the lowest 
loadings, especially in the case of Pt. The PO4/TiO2 support contributed more strongly to the 
size/morphology change towards smaller species for the Au and Cu systems, thus confirming 
the beneficial structural effect of surface modification to single-site stabilization.  
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Moreover, differently to well-established photodeposition protocols, our findings show that 
“synthesis under dark” conditions have a strong impact during synthesis and indeed promote 
the formation of more active co-catalyst species. This effect was especially pronounced in the 
case of Pt and Au, where the photodeposition of 2-3 and 5-11 nm nanoparticles, respectively, 
was suppressed, resulting in the formation of smaller and more active co-catalysts. 
 
The general trend for the catalytic performance in terms of H2 evolution rates and TOF 
numbers for all investigated co-catalysts holds the expected sequence Pt > Au > Cu > Ni. At 
low loadings and when using PO4/TiO2 however, earth-abundant systems reach HER activities 
comparable to that of Au-based samples. Relative increase factors for TOF values between 
the highest and lowest loadings show that the isolation strategy was most successful for 
Pt@TiO2 (x21) and for Cu@PO4/TiO2 (x39). 
 
Finally, the economic considerations of the prepared catalysts have been considered. Taking 
the prices of the precursor species into consideration, the performance of the systems 
normalized per cost gets inverted, and the earth-abundant systems surpass the noble-based: 
Cu > Ni > Pt > Au, thus suggesting that this single-site photocatalysis strategy can open up 
new prospects towards some of the practical applications of photocatalysis.  
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8. Outlook 

A series of promising experiments and measurements had to be left out due to the time 
constraint of this project. Regarding the PO4/TiO2 substrate, synthesis parameters need to be 
adjusted, in terms of pH-buffers and reaction times, to obtain full/controlled coverage of TiO2 
with phosphate groups. We believe this would not only allow us to control the adsorption of 
precursors but would further enable us to narrow the bandgap even more. In this line, we 
strongly presume that visible-light HER-experiments on the PO4/TiO2 composite materials are 
likely to outperform bare TiO2 and can be pursued in the future. Moreover, the behavior of all 
composite materials in photocatalytic experiments without the use of sacrificial agents could 
help further elucidating the charge-blocking effect of the phosphate layer. 
 
For improving the loadings but suppressing the growth of nanoparticles, optimal conditions 
need to be found during the wet impregnation process. Using dark conditions, longer 
impregnation times and avoiding high temperatures while drying – by using reduced pressures 
(Schlenk-line) – could potentially facilitate the formation of more ionic and better-stabilized 
single-sites even further. This hypothesis stands on two observations: i) the loadings of the 
dark impregnation samples were consistently lower than those of the normally prepared 
composites, and ii) the Au@TiO2/dark sample was white right after washing and only got a 
deep purple coloration – a clear sign for the SPR-effect of Au-NPs – after the oven-drying. 
 
Long-run HER-experiments, especially for the Ni-systems, which never reached a steady-
state H2 evolution rate in our short-term experiments, are of great interest as well, since Ni’s 
activity seemed to be increasing with time. Such investigations, also for the other metals, 
would additionally provide insights in terms of robustness and stability of the photocatalysts, 
important qualities that could not be investigated during this work. Furthermore, other catalytic 
reactions, as the OER and CO2-reduction reaction would be worth investigating too. 
 
As stated in the Introduction, characterization of single-sites is very challenging. Although X-
ray photoelectron spectroscopy was used during this work to determine the oxidation state of 
the catalytically active species, the sensitivity of the employed instrument (SPECS XPS- 
spectrometer) was not high enough to obtain satisfactory data. Hence, more powerful 
synchrotron techniques would be an essential aid to understand our systems more deeply. 
With XANES and EXAFS measurements, the bonding situation in the catalyst 
(existence/absence of metal-metal bonds) or the average oxidation states of the co-catalyst 
could be understood more in detail and the single-site structure could be proven further, not 
only in a phenomenological way.  
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Appendix 

Table 3 | A summary of the prepared samples. 
 

Sample name 
Experimental 

procedure 
Modifications Post-treatment 

Characterization 
performed 

Other tests 
performed 

HER-active Interesting 

PO4/TiO2 
as prepared 

according to 5.1 
Phosphate-

modified TiO2 
- IR, TXRF, DRS HER ✔ Fluffy 

5/Mn@TiO2 
as prepared 

according to 5.2 
5 wt.% loading of 

Mn on TiO2 
- DRS HER ✘ - 

5/Fe@TiO2 
as prepared 

according to 5.2 
5 wt.% loading of 

Fe on TiO2 
- DRS HER ✘ Reddish 

5/Co@TiO2 
as prepared 

according to 5.2 
5 wt.% loading of 

Co on TiO2 
- DRS HER ✘ - 

5/Ni@TiO2 
as prepared 

according to 5.2 
5 wt.% loading of 

Ni on TiO2 
- 

DRS, TXRF, 
TEM 

HER ✔ - 

5/Cu@TiO2 
as prepared 

according to 5.2 
5 wt.% loading of 

Cu on TiO2 
- 

DRS, TXRF, 
TEM HER ✔ Greenish 

5/Ag@TiO2 
as prepared 

according to 5.2 
5 wt.% loading of 

Ag on TiO2 
- DRS HER ✘ - 

5/Au@TiO2 
as prepared 

according to 5.2 
5 wt.% loading of 

Au on TiO2 
- DRS, TXRF HER ✔ Purple 

5/Pt@TiO2 
as prepared 

according to 5.2 
5 wt.% loading of 

Pt on TiO2 
- DRS, TXRF HER ✔ Orange 

0.5/Mn@TiO2 
as prepared 

according to 5.2 
0.5 wt.% loading 

of Mn on TiO2 
- - HER ✘ - 

0.5/Fe@TiO2 
as prepared 

according to 5.2 
0.5 wt.% loading 

of Fe on TiO2 
- - HER ✘ Reddish 

0.5/Co@TiO2 
as prepared 

according to 5.2 
0.5 wt.% loading 

of Co on TiO2 
- - HER ✘ - 

0.5/Ni@TiO2 
as prepared 

according to 5.2 
0.5 wt.% loading 

of Ni on TiO2 
- - HER ✔ - 

0.5/Cu@TiO2 
as prepared 

according to 5.2 
0.5 wt.% loading 

of Cu on TiO2 
- - HER ✔ Greenish 

0.5/Ag@TiO2 
as prepared 

according to 5.2 
0.5 wt.% loading 

of Ag on TiO2 
- - HER ✘ - 
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Sample name 
Experimental 

procedure 
Modifications Post-treatment 

Characterization 
performed 

Other tests 
performed 

HER-active Interesting 

0.5/Au@TiO2 
as prepared 

according to 5.2 
0.5 wt.% loading 

of Au on TiO2 
- - HER ✔ Purple 

0.5/Pt@TiO2 
as prepared 

according to 5.2 
0.5 wt.% loading 

of Pt on TiO2 
- - HER ✔ Orange 

1/Ni@TiO2 
as prepared 

according to 5.2 
1 wt.% loading of 

Ni on TiO2 
- DRS, TXRF HER ✔ - 

0.2/Ni@TiO2 
as prepared 

according to 5.2 
0.2 wt.% loading 

of Ni on TiO2 
- DRS, TXRF HER ✔ - 

0.04/Ni@TiO2 
as prepared 

according to 5.2 

0.04 wt.% 
loading of Ni on 

TiO2 
- DRS, TXRF HER 

✔ 
- 

0.008/Ni@TiO2 
as prepared 

according to 5.2 

0.008 wt.% 
loading of Ni on 

TiO2 
- DRS, TXRF HER 

✔ 
- 

1/Cu@TiO2 
as prepared 

according to 5.2 
1 wt.% loading of 

Cu on TiO2 
- DRS, TXRF HER ✔ Greenish 

0.2/Cu@TiO2 
as prepared 

according to 5.2 
0.2 wt.% loading 

of Cu on TiO2 
- DRS, TXRF HER ✔ Greenish 

0.04/Cu@TiO2 
as prepared 

according to 5.2 

0.04 wt.% 
loading of Cu on 

TiO2 
- DRS, TXRF HER 

✔ 
Greenish 

0.008/Cu@TiO2 
as prepared 

according to 5.2 

0.008 wt.% 
loading of Cu on 

TiO2 
- DRS, TXRF HER 

✔ 
Greenish 

1/Au@TiO2 
as prepared 

according to 5.2 
1 wt.% loading of 

Au on TiO2 
- 

DRS, TXRF, 
TEM 

HER ✔ Purple  

0.2/Au@TiO2 
as prepared 

according to 5.2 
0.2 wt.% loading 

of Au on TiO2 
- DRS, TXRF HER ✔ Purple 

0.04/Au@TiO2 
as prepared 

according to 5.2 

0.04 wt.% 
loading of Au on 

TiO2 
- DRS, TXRF HER 

✔ 
Purple 

0.008/Au@TiO2 
as prepared 

according to 5.2 

0.008 wt.% 
loading of Au on 

TiO2 
- DRS, TXRF HER 

✔ 
Purple 

1/Pt@TiO2 
as prepared 

according to 5.2 
1 wt.% loading of 

Pt on TiO2 
- 

DRS, TXRF, 
TEM 

HER ✔ Orange 
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Sample name 
Experimental 

procedure 
Modifications Post-treatment 

Characterization 
performed 

Other tests 
performed 

HER-active Interesting 

0.2/Pt@TiO2 
as prepared 

according to 5.2 
0.2 wt.% loading 

of Pt on TiO2 
- DRS, TXRF HER ✔ Orange 

0.04/Pt@TiO2 
as prepared 

according to 5.2 

0.04 wt.% 
loading of Pt on 

TiO2 
- DRS, TXRF HER 

✔ 
Orange 

0.008/Pt@TiO2 
as prepared 

according to 5.2 

0.008 wt.% 
loading of Pt on 

TiO2 
- DRS, TXRF HER 

✔ 
Orange 

5/Ni@PO4/TiO2 
as prepared 

according to 5.2 
5 wt.% loading of 
Ni on PO4/TiO2 

- TXRF HER ✔ - 

1/Ni@PO4/TiO2 
as prepared 

according to 5.2 
1 wt.% loading of 
Ni on PO4/TiO2 

- TXRF HER ✔ - 

0.2/Ni@PO4/TiO2 
as prepared 

according to 5.2 

0.2 wt.% loading 
of Ni on 

PO4/TiO2 
- TXRF HER 

✔ 
- 

0.04/Ni@PO4/TiO2 
as prepared 

according to 5.2 

0.04 wt.% 
loading of Ni on 

PO4/TiO2 
- TXRF HER 

✔ 
- 

0.008/Ni@PO4/TiO2 
as prepared 

according to 5.2 

0.008 wt.% 
loading of Ni on 

PO4/TiO2 
- TXRF HER 

✔ 
- 

5/Cu@PO4/TiO2 
as prepared 

according to 5.2 
5 wt.% loading of 
Cu on PO4/TiO2 

- TXRF HER ✔ Greenish 

1/Cu@PO4/TiO2 
as prepared 

according to 5.2 
1 wt.% loading of 
Cu on PO4/TiO2 

- TXRF HER ✔ Greenish 

0.2/Cu@PO4/TiO2 
as prepared 

according to 5.2 

0.2 wt.% loading 
of Cu on 
PO4/TiO2 

- TXRF HER 
✔ 

Greenish 

0.04/Cu@PO4/TiO2 
as prepared 

according to 5.2 

0.04 wt.% 
loading of Cu on 

PO4/TiO2 
- TXRF HER 

✔ 
Greenish 

0.008/Cu@PO4/TiO2 
as prepared 

according to 5.2 

0.008 wt.% 
loading of Cu on 

PO4/TiO2 
- TXRF HER 

✔ 
Greenish 

5/Au@PO4/TiO2 
as prepared 

according to 5.2 
5 wt.% loading of 
Au on PO4/TiO2 

- TXRF HER ✔ Purple 
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Sample name 
Experimental 

procedure 
Modifications Post-treatment 

Characterization 
performed 

Other tests 
performed 

HER-active Interesting 

1/Au@PO4/TiO2 
as prepared 

according to 5.2 
1 wt.% loading of 
Au on PO4/TiO2 

- TXRF HER ✔ Purple 

0.2/Au@PO4/TiO2 
as prepared 

according to 5.2 

0.2 wt.% loading 
of Au on 
PO4/TiO2 

- TXRF HER 
✔ 

Purple 

0.04/Au@PO4/TiO2 
as prepared 

according to 5.2 

0.04 wt.% 
loading of Au on 

PO4/TiO2 
- TXRF HER 

✔ 
Purple 

0.008/Au@PO4/TiO2 
as prepared 

according to 5.2 

0.008 wt.% 
loading of Au on 

PO4/TiO2 
- TXRF HER 

✔ 
Purple 

5/Pt@PO4/TiO2 
as prepared 

according to 5.2 
5 wt.% loading of 
Pt on PO4/TiO2 

- TXRF HER ✔ Orange 

1/Pt@PO4/TiO2 
as prepared 

according to 5.2 
1 wt.% loading of 
Pt on PO4/TiO2 

- TXRF HER ✔ Orange 

0.2/Pt@PO4/TiO2 
as prepared 

according to 5.2 

0.2 wt.% loading 
of Pt on 

PO4/TiO2 
- TXRF HER 

✔ 
Orange 

0.04/Pt@PO4/TiO2 
as prepared 

according to 5.2 

0.04 wt.% 
loading of Pt on 

PO4/TiO2 
- TXRF HER 

✔ 
Orange 

0.008/Pt@PO4/TiO2 
as prepared 

according to 5.2 

0.008 wt.% 
loading of Pt on 

PO4/TiO2 
- TXRF HER 

✔ 
Orange 

0.2/Ni@TiO2/250 

as prepared 
according to 5.2, 

modification 
according to 5.3 

0.2 wt.% loading 
of Ni on TiO2 

Heated up to 
250 °C for 3 h 

- HER ✔, no change 
from normal 

- 

0.008/Cu@TiO2/250 

as prepared 
according to 5.2, 

modification 
according to 5.3 

0.008 wt.% 
loading of Cu on 

TiO2 

Heated up to 
250 °C for 3 h 

- HER ✔, no change 
from normal 

- 

0.008/Au@TiO2/250 

as prepared 
according to 5.2, 

modification 
according to 5.3 

0.008 wt.% 
loading of Au on 

TiO2 

Heated up to 
250 °C for 3 h 

- HER ✔, no change 
from normal 

- 
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Sample name 
Experimental 

procedure 
Modifications Post-treatment 

Characterization 
performed 

Other tests 
performed 

HER-active Interesting 

0.008/Pt@TiO2/250 

as prepared 
according to 5.2, 

modification 
according to 5.3 

0.008 wt.% 
loading of Pt on 

TiO2 

Heated up to 
250 °C for 3 h 

- HER ✔, no change 
from normal 

- 

1/Ni@TiO2/dark 
as prepared 

according to 5.4 
1 wt.% loading of 

Ni on TiO2 
- TXRF, DRS HER ✔ - 

1/Cu@TiO2/dark 
as prepared 

according to 5.4 
1 wt.% loading of 

Cu on TiO2 
- TXRF, DRS HER ✔ Greenish 

1/Au@TiO2/dark 
as prepared 

according to 5.4 
1 wt.% loading of 

Au on TiO2 
- 

TXRF, DRS, 
TEM 

HER ✔ Purple 

0.2/Au@TiO2/dark 
as prepared 

according to 5.4 
0.2 wt.% loading 

of Au on TiO2 
- TXRF, DRS HER ✔ Purple 

1/Pt@TiO2/dark 
as prepared 

according to 5.4 
1 wt.% loading of 

Pt on TiO2 
- TXRF, DRS HER ✔ Orange 

0.2/Pt@TiO2/dark as prepared 
according to 5.4 

0.2 wt.% loading 
of Pt on TiO2 

- TXRF, DRS HER ✔ Orange 

1/Ni@TiO2/PD 
as prepared 

according to 5.5 
1 wt.% loading of 

Ni on TiO2 
- - HER ✔ Grey after 

HER 

1/Cu@TiO2/PD 
as prepared 

according to 5.5 
1 wt.% loading of 

Cu on TiO2 
- - HER ✔ Greenish after 

HER 

1/Au@TiO2/PD 
as prepared 

according to 5.5 
1 wt.% loading of 

Au on TiO2 
- DRS, TEM HER ✔ Purple after 

HER 

0.2/Au@TiO2/PD 
as prepared 

according to 5.5 
0.2 wt.% loading 

of Au on TiO2 
- DRS HER ✔ Purple after 

HER 

0.04/Au@TiO2/PD as prepared 
according to 5.5 

0.04 wt.% 
loading of Au on 

TiO2 
- DRS HER 

✔ Purple after 
HER 

1/Pt@TiO2/PD 
as prepared 

according to 5.5 
1 wt.% loading of 

Pt on TiO2 
- DRS HER ✔ Grey after 

HER 

0.2/Pt@TiO2/PD  
as prepared 

according to 5.5 
0.2 wt.% loading 

of Pt on TiO2 
- TEM HER ✔ Grey after 

HER 

0.04/Pt@TiO2/PD 
as prepared 

according to 5.5 

0.04 wt.% 
loading of Pt on 

TiO2 
- - HER 

✔ Grey after 
HER 
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Appendix | Exemplary TXRF spectra 

Exemplary TXRF spectra composite 

materials in the solid phase | Excitation 
conditions: Rh(Kα), at V = 50 kV and I = 0.7 
mA, t = 200s. Addition of 10 ppm Y internal 
standard for quantification. A, 5/Cu@TiO2 
showing characteristic K-lines of Ti, Cu and 
Y. B, 5/Au@TiO2 showing characteristic K-
lines of Ti, Y and L-lines of Au. 

Exemplary TXRF spectra for liquid 

phase | Excitation conditions: Rh(Kα), at V 
= 50 kV and I = 0.7 mA, t = 200s. Addition 
of 10 ppm Y internal standard for 
quantification. A, Filtrate and washing 
solutions (WX) of the impregnation process 
for 5/Cu@TiO2. B, Filtrate and washing 
solutions (WX) of the impregnation process 
for 5/Ni@TiO2. Intensities for the metal of 
interest decrease with every washing step. 
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Appendix | Additional DRS spectra 

 

 
Comparison of different DRS spectra | A, Au/dark shows different spectra compared to normal synthesis. NP sizes from theoretical calculations result 
in d = 4-5 nm. B, Au/normal, Au/dark and Au/PD. Theoretical size of Au/PD also 4 nm. C, Pt/dark showing very little absorbance vs. Pt/normal due to 
lower loadings of co-catalyst. D, Pt/PD showing increased absorption in the visible range, due to NP-formation. E, Cu/dark showing very little absorbance 
vs. Cu/normal due to lower loadings of co-catalyst. F, Ni/dark showing very little absorbance vs. Ni/normal due to lower loadings of co-catalyst. 
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Appendix | Additional TEM images 

 

 
 

Additional TEM images | A, B, 1/Au@TiO2 showing major differences in the size distribution. C, D, 1/Au@TiO2/PD at different magnifications, sizes of 
Au NP between 5 and 11 nm. E, F, 1/Au@TiO2/dark at different magnifications, sizes of Au NP between 4 and 10 nm.  
G, H, 0.2/Pt@TiO2/PD at different magnifications, sizes of Pt NP between 2 and 3 nm.
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Appendix | Model Calculations 

The mathematical reasoning behind Model 1 are the following: The 
H2 evolution rate is directly proportional to the surface atoms of the 
co-catalyst NPs that are involved in the catalytical reaction. 
Decreasing the co-catalyst’s loading without changing the size/shape 
of the NPs results in a linear decrease of the number of particles, i.e. 
a linear decrease of the surface atoms and therefore a linear 
dependency (𝑦 = 𝑥) of the loading vs. the HER. 
 
If: 𝐻2 𝑒𝑣𝑜𝑙𝑢𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑒 ~ 𝑠𝑢𝑟𝑓𝑎𝑐𝑒  

 
and: 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 ~ 𝑐𝑜– 𝑐𝑎𝑡𝑎𝑙𝑦𝑠𝑡 𝑙𝑜𝑎𝑑𝑖𝑛𝑔  

 
then: 𝐻2 𝑒𝑣𝑜𝑙𝑢𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑒 ~ 𝑐𝑜– 𝑐𝑎𝑡𝑎𝑙𝑦𝑠𝑡 𝑙𝑜𝑎𝑑𝑖𝑛𝑔  

 
The turnover frequency, defined as:  
 𝑇𝑂𝐹 = 𝐻2 𝑒𝑣𝑜𝑙𝑢𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑒 𝑐𝑜– 𝑐𝑎𝑡𝑎𝑙𝑦𝑠𝑡 𝑚𝑜𝑙𝑒𝑠 

 
will be a constant, since: 
 𝐻2 𝑒𝑣𝑜𝑙𝑢𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑒 ~ 𝑐𝑜– 𝑐𝑎𝑡𝑎𝑙𝑦𝑠𝑡 𝑙𝑜𝑎𝑑𝑖𝑛𝑔 

 
Subsequently, the HER will be divided by the loading, hence  
 𝑇𝑂𝐹 =  𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 
 
As an example, arbitrary initial values will be taken for showing the 
behavior of Model 1 graphically: a loading of 5 wt.% (supposing it is 
1000 µmol atoms at the surface of the particle that are catalytically 
involved in the reaction) would give an activity of 500 µmolh-1.  

 

Decreasing the loading by a factor of 5 would result in a decreased 
number of surface atoms involved in the HER (black) by the same 
factor. Since the size/morphology of the co-catalyst particle stays 
unchanged, but its number gets reduced (linear decrease of surface 
atoms with the loading). This means for 1 wt.% (200 µmol) the H2 
evolution rate will also decrease by a factor of 5, i.e. 100 µmol h-1. 
The TOF (red), in this case, is a constant, since: 𝑇𝑂𝐹 = 𝐻2 𝑒𝑣𝑜𝑙𝑢𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑒 𝑐𝑜– 𝑐𝑎𝑡𝑎𝑙𝑦𝑠𝑡 𝑚𝑜𝑙𝑒𝑠 =  500 µ𝑚𝑜𝑙 ℎ−11000 µ𝑚𝑜𝑙 = 100 µ𝑚𝑜𝑙 ℎ−1200 µ𝑚𝑜𝑙 = 0.5 ℎ−1 

 
The same reasoning applies when going towards lower loadings. 
 

 
Graphical representation of Model 1 | Loading vs. HER (black slope, 𝑦 =𝑥) and loading vs. TOF (red constant, 𝑦 = 𝑎) 
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In the case of Model 2, we assume that the size/morphology of the 
co-catalyst NPs changes. The surface (𝑆) and volume (𝑉) of a sphere 
with a radius (r) are:  𝑆 = 4 𝜋 𝑟2   and   𝑉 = 43  𝜋 𝑟3 

 
Setting 𝑆 as a function of 𝑉 (i.e. loading) and substituting 𝑟 results in 
the following equation: 𝑆(𝑉)  =  4𝜋 ( 3𝑉4𝜋 )2 3⁄

 

 
Upon simplifying we obtain:  
 𝑆(𝑉)  = (6√𝜋 𝑉)2 3⁄

     →     𝑆(𝑉) ~ 𝑉2 3⁄  
 
Since 𝐻𝐸𝑅 ~ 𝑆     and     𝑙𝑜𝑎𝑑𝑖𝑛𝑔 ~ 𝑉 
 
then, the same relation as for 𝑆 and 𝑉 follows for 𝐻𝐸𝑅 and 𝐿𝑜𝑎𝑑𝑖𝑛𝑔: 
 𝐻2 𝑒𝑣𝑜𝑙𝑢𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑒 ~ 𝑙𝑜𝑎𝑑𝑖𝑛𝑔2 3⁄  
 
The TOF, as a function of the loading follows a different 
proportionality due to its definition: 
 𝑇𝑂𝐹 = 𝐻2 𝑒𝑣𝑜𝑙𝑢𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑒 𝑐𝑜– 𝑐𝑎𝑡𝑎𝑙𝑦𝑠𝑡 𝑚𝑜𝑙𝑒𝑠 ~ 𝑙𝑜𝑎𝑑𝑖𝑛𝑔2 3⁄𝑙𝑜𝑎𝑑𝑖𝑛𝑔  ~ 1𝑙𝑜𝑎𝑑𝑖𝑛𝑔1 3⁄  

 →    𝑇𝑂𝐹 ~ 𝑙𝑜𝑎𝑑𝑖𝑛𝑔−1/3 
 

For example: assuming a sample with 5 wt.% (1000 µmol atoms) and 
an initial HER1 value of 100 µmolh-1. A decrease by a factor 5 in the 
loading would then have a decrease in the HER by a factor of (𝑥)2/3, 
i.e. we expect that 1 wt.% (200 µmol atoms) would render a HER2 of  
 𝐻𝐸𝑅2 = 100 µ𝑚𝑜𝑙ℎ−1  ÷  (5)2/3 = 34.2 µ𝑚𝑜𝑙 ℎ−1 
 
The TOF, in turn, would follow the proportionality of (𝑥)−1/3. 
Differently to Model 1, where the TOF was a constant, in the case of 
Model 2 we observe an increase of the TOF with decreasing 
loadings: 
 𝑇𝑂𝐹1 =  100 µ𝑚𝑜𝑙 ℎ−11000 µ𝑚𝑜𝑙 = 0.10 ℎ−1 ≠ 𝑇𝑂𝐹2 =  34.2 µ𝑚𝑜𝑙 ℎ−1200 µ𝑚𝑜𝑙 = 0.17 ℎ−1 

 
Graphical representation of Model 2 | Loading vs. HER (black line,  𝑦 = 𝑥2 3⁄ ) and loading vs. TOF (red line, 𝑦 = 𝑥−1 3⁄ ) 
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