
Optimization of Photocatalytic Processes:
Catalyst Design, Kinetics and Reaction

Engineering

Von der Naturwissenschaftlichen Fakultät

der Gottfried Wilhelm Leibniz Universität Hannover

zur Erlangung der Lehrbefugnis (venia legendi)

im Fachgebiet

Technische Chemie

angenommene

kumulative Habilitationsschrift

von

Dr. rer. nat. Jonathan Zacharias Bloh
geboren am 17.09.1983 in Neustadt am Rübenberge, Ortsteil Vesbeck

2021



“On the arid lands there will spring up industrial colonies without
smoke and without smokestacks; forests of glass tubes will extend
over the plains and glass buildings will rise everywhere; inside
of these will take place the photochemical processes that hitherto
have been the guarded secret of the plants, but that will have
been mastered by human industry which will know how to make
them bear even more abundant fruit than nature, for nature is
not in a hurry and mankind is. And if in a distant future the
supply of coal becomes completely exhausted, civilization will
not be checked by that, for life and civilization will continue as
long as the sun shines! If our black and nervous civilization,
based on coal, shall be followed by a quieter civilization based
on the utilization of solar energy, that will not be harmful to
progress and to human happiness.”

— Giacomo Ciamician,
The Photochemistry of the Future, Science, 1912



Abstract

The use of light energy to drive chemical reactions has gained increasing interest for a variety
of applications in the last decades. This habilitation thesis comprises a selected number of
original papers from the author’s own research in this field, particularly concerning semiconductor
photocatalysis. Semiconductor photocatalysis has so far been explored for two main applications:
The decontamination of air, water or surfaces from unwanted pollutants and the synthesis of
value-added chemical products. While in principle the design criteria and required properties
of photocatalysts and devices for these two applications are quite different, they also share a
number of fundamental aspects.
A universally important aspect is the design of efficient photocatalyst materials, which on

the one hand absorb the light energy and convert it efficiently to usable chemical potential
energy and on the other hand exhibit good catalytic properties so that this energy can be
effectively transferred to the target molecules. Modification with metals and metal ions is a very
prominent and powerful tool to improve the catalyst properties. This procedure may improve
the catalyst’s activity and selectivity to certain products or even alter the spectrum of usable
light. However, the induced properties are very sensitive to the concentration and location of the
added metals. Therefore, a fundamental model was developed that is able to predict the optimal
metal concentration for a given system with good precision.

Photocatalysis can be used to degrade and thereby remove harmful pollutants such as nitrogen
oxides from the air. Of particular interest in the optimization of this application is the selectivity
of the photocatalytic reaction. Unlike in chemical synthesis where unwanted side-products are
mainly a nuisance for product isolation and purification, potentially toxic intermediates and
side-products may pose severe risks in environmental applications where the population may be
directly exposed to them. However, as shown herein, modification with metal ions as co-catalysts
is a very effective way to engineer the selectivity and suppress the formation of side-products.

Being a light-driven process, the photocatalyst’s activity is dynamic with respect to the locally
absorbed photon flux, which due to its exponential decay often varies by several orders of
magnitude throughout the studied system. This highly inhomogeneous distribution in catalyst
activity adds another layer of complexity to the process and requires specific approaches to model
the kinetics and optimize these processes. Herein, a new holistic approach for this problem is
presented and evaluated on the basis of two exemplary cases. Furthermore, the integration of
photocatalytic reactions into combined reaction cascades with traditional chemical or biocatalytic
reaction steps is discussed and kinetically analyzed.
As a consequence of the exponential decay of light intensity, photocatalytic processes cannot

be performed efficiently in traditional reactor types, particularly at larger scales. Herein, the
fundamental challenges and basic design criteria for photoreactors are discussed. Also, a new
concept for powering photocatalytic reactions based on internal illumination with wirelessly
powered light sources is presented.
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1 Introduction

Driven by the need for action to combat climate change and resource scarcity, modern industry
is currently facing what probably amounts to the greatest fundamental transformation since
industrialization itself - the transition into a carbon-neutral circular economy. Towards this goal,
fossil-based power generation, fuels and feedstocks need to be substituted by carbon-neutral
alternatives and waste-streams completely recycled. The majority of concepts on how this can be
achieved are largely reliant on the widespread exploitation of renewable energy sources. Great
potential is also seen in the optimization of current processes to reduce the overall amount of
required resources and to prevent waste in the first place rather than recycling it.
With an annual supply of approximately 1.5× 1018 kWh at the Earth’s surface, the Sun is

by far the most powerful energy source available to mankind and could theoretically provide
about ten thousand times as much energy as is presently consumed by the entire human society.
This energy can not only be used to generate electricity or heat but also to directly induce
chemical transformations and synthesize chemical products. This has long been exploited by
Nature to create chemical energy in the well-known photosynthesis process that takes place in
plants and phototrophic microorganisms. The global magnitude of photosynthesis is estimated
at 130 TW and it thereby constitutes the greatest chemical process on Earth. However, natural
photosynthesis is rather inefficient, typically less than one percent of the sunlight is converted
to chemical energy. Also, with the exception of using custom-engineered organisms, a plethora
of products is generated, from which only a fraction is actually desired. Therefore, there is
increasing interest to utilize light also in specifically engineered industrial processes, often termed
artificial photosynthesis, which efficiently create specific chemical products.

The inside cover of this thesis features a quote from photochemistry pioneer Giacomo Ciamician
who already envisioned a solar-driven chemical industry more than a century ago. [1] His vision is
also quite compatible with the more modern principles of green chemistry. [2,3] Photochemical
processes enable the use of renewable energy either directly through sunlight or by employing
artificial lighting which is powered by renewable power supplies such as photovoltaics or wind
power. Additionally, the unique reactivity of photocatalysts which often involves highly reactive
radicals, enables completely new reaction pathways with potential shortcuts in many production
routes. [4–12] [P22] The substitution of often toxic and hazardous high energy reagents and reduction
in process steps helps to reduce both the costs and the environmental footprint of the production
processes.

However, the prospects of light energy utilization are not just limited to the industry. Another
one of the great challenges of our time which solar energy can contribute to solving is the supply
of clean water and air to allow for healthy living conditions everywhere. Photocatalysis can be
used to activate water and oxygen, forming highly oxidizing compounds which can decompose
almost all known pollutants in the water, air or on surfaces. On the one hand, this can be utilized
for waste-water treatment, offering an alternative or addition to traditional methods which
is environmentally friendly, particularly when sunlight is employed. [13–15] On the other hand,
photocatalysts can be incorporated into construction materials so that once built, our buildings
can passively remove pollutants such as nitrogen oxides from the air using only sunlight. [16–19] [P3]

Several challenges in the implementation of photocatalysis have so far prevented this vision
from becoming reality, these can best be illustrated by first considering how photocatalysis works.
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Chapter 1. Introduction

The fundamental principle of photocatalysis is based on the property of semiconductors to absorb
photons with energy matching or exceeding the so-called band gap, which is the energy difference
between the electronically filled valence band and the empty conduction band. [20,21] During this
process, the photon energy is transferred to one of the electrons in the valence band, exciting
it into the conduction band. The absorber can also be a molecule, in this case the excitation
happens from the HOMO to the LUMO orbital. As a result of the excitation, also a positively
charged “hole” is left behind in the valence band, where the electron used to be. Together,
these two charge-carriers, electron and hole, are the basis of the photocatalyst’s reactivity. They
are extremely reactive since in comparison to the ground state their reduction and oxidation
potentials, respectively, are offset by the band gap energy (typically 2 to 3.5 eV). [22]

Since the formed charge carriers present a short-lived high-energy state that can readily fall
back to its ground state through recombination, the catalyst needs to realize the reactions faster
than the lifetime of the charge carriers. However, before any reactions can take place, the charge
carriers first have to diffuse to the surface of the particle and there be transferred to the target
substrates. [23] This also outlines one of the primary design criteria for efficient photocatalysts.
To facilitate productive energy transfer at the surfaces, the materials not only need a good charge
carrier mobility but also small dimensions, e.g., nanoparticles, so that the diffusion path to the
surface is kept as short as possible. In addition, doping may be employed to facilitate charge
carrier separation through trapping.

Once the charge carriers make it to the surface, they should not linger and must be transferred
to the target substrates as fast as possible, lest they recombine while waiting. This highlights
that the employed materials need to have good catalytic properties as well, i.e., fast electron
transfer kinetics. Noteworthy, this task may also be “outsourced” by using co-catalysts anchored
on the surface of the semiconductor particles. [24–26] Extensive research in the last decades has
succeeded in producing fundamental insight into this issue and also in the development of better
materials. However, the majority of currently reported processes are still suffering from poor
overall quantum efficiency, i.e., are only transferring a small fraction of the light energy into the
products.

The kinetics of the surface reaction are also strongly influenced by the reaction conditions, e.g.,
temperature and substrate concentration. [P15,P19,P20] Consequently, the effect of the reaction
conditions and the kinetics should be known and optimized together with the catalyst in a holistic
approach. Particularly for the application in the chemical industry a detailed investigation of
the kinetics is required anyway to allow for knowledge-based process optimization and scale-up.
However, detailed kinetic analysis and modeling has so far been done only in select few cases and
with great effort. [27–31] The majority of current models are either strongly simplified and thereby
imprecise or very time-consuming and difficult to apply. The reason for this is the complexity
of modeling the light distribution, which is, however, extremely important as a photocatalyst’s
activity is dynamic with respect to the locally absorbed photon flux.
Finally, the application of these reactions in the chemical industry requires suitable photore-

actors in which they can be realized. Since usually this cannot be done in current standard
equipment, specific solutions need to be developed. This is not a trivial task since in addition to
all of the challenges associated with traditional chemical reaction engineering, the light required
by the reactions needs to be efficiently introduced into the reaction medium which can be quite
difficult given light penetration depths of typically only a few millimeters. [32,33]

The following chapters describe the author’s own contributions to overcome the abovementioned
challenges and pave the road for a future solar-driven chemical industry. Throughout this thesis,
to distinguish references to the author’s own work they are marked by bold blue citations which
feature the prefix “P” (e.g. [P1]). A complete list of these references is compiled in chapter 6
while the citations to the general literature can be found in chapter 7.
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The first part of this thesis (chapter 2) describes the author’s work on improving photocatalyst
materials by modification with metals. Metal modification may be useful to facilitate charge
separation though the formation of electron or hole traps. Metals situated on the surface may
also act as (co-)catalysts and thereby increase the materials effectiveness. In both cases, it has
been shown that there exists an optimal metal concentration to achieve the maximum effect. In
order to facilitate the process of material optimization and enable a knowledge-based catalyst
design, the author developed a fundamental model to predict the optimal metal concentration.
This model is also helpful in understanding some of the observed effects of metal modification.

On of the major applications of photocatalysis at the present time is NOx abatement to help
clean the ambient air and reduce health risks associated with air pollution. This particular
application and the author’s contributions to it are described in detail in chapter 3. The author
conducted intensive research in this area with the aim of improving the catalyst materials with
respect to a wider spectral response as well as higher activity and selectivity. In particular
in the latter aspect also the fundamental mechanisms governing the selectivity were studied
in detail in order to allow a knowledge-based design of better, more selective catalysts. As it
turned out that metal-grafted materials are ideal for this, these works are also closely linked
with those described in chapter 2. Furthermore, the often overlooked effect of photocatalysis
on ozone, which is inadvertently linked to NOx via the Leighton equilibrium, was studied as
well. Here, it was found that given appropriate catalysts, photocatalytic ozone decomposition
may contribute greatly to the overall air cleaning effect of the technology. Finally, the overall
effect of the technology on real-world scenarios is discussed, which is not only dependent on the
kinetics of the photocatalytic reaction but also strongly influenced by the geometry and weather
conditions of the site.

On the contrary, this is not an issue when reactions are performed in controlled environments,
for instance to synthesize value-added products in a chemical reactor. Here, the reaction efficiency
is a direct function of the reaction kinetics which consequently should be well understood to
implement optimal processes. This is one of the main research areas of the author and the
corresponding works are illustrated in chapter 4. One reaction which was intensely studied is the
photocatalytic reduction of molecular oxygen to hydrogen peroxide leading to a full understanding
of the effect of different reaction conditions. Also, the effect of introducing easily oxidizable,
so-called sacrificial reagents into the system was studied in detail, taking the whole reaction
pathway and intermediate oxidation products into account. The studies of the photocatalytic
hydrogen peroxide generation have been particularly useful in the design of photoenzymatic
processes, where a semiconductor photocatalyst is coupled with a peroxygenase enzyme to achieve
highly selective oxyfunctionalization reactions. For these reactions, knowledge of the kinetics
is particularly important as both sides of the reaction system, generation and consumption of
peroxide, need to be precisely tuned to each other. To facilitate the kinetic studies, a kinetic
model was developed which presents a compromise between complex numerical solution of the
light distribution in the reaction medium and the simple but inaccurate assumption of uniform
distribution. This model does consider the light distribution but in an generalized abstracted
form so that it is easier and faster to apply to a given system. Subsequently, the model was
applied to number of photocatalytic reactions which could be described with excellent accuracy.
Moreover, the fundamental parameters obtained from fitting the model gave further insight into
the reactions and allowed a directed optimization of the reaction conditions reaching in one case
even a record-high apparent quantum yield of 142 %.

Finally, as illustrated above, industrial application of photocatalytic processes require specific-
ally optimized photoreactors. The authors own work in this area is summarized in chapter 5,
which encompasses general design considerations for suitable photoreactors and the corresponding
light sources. Also, the energetics of photocatalytic reactions are discussed with a strong argument
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Chapter 1. Introduction

for studying photocatalytic reactions at higher process temperatures to allow for technically useful
heat generation. As a possible solution to circumvent the limitation of small light penetration
depths demanding small reactor dimensions, the use of delocalized wirelessly-powered internal
illumination is presented and discussed. Finally, the author gives a personal opinion of the future
prospects of photocatalysis in the chemical industry.
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2 Optimization of photocatalyst materials by
modification with metals

One of the major challenges complicating widespread application of semiconductor photocatalysis
is the often observed poor quantum efficiency of the overall process. In this case, the majority
of the absorbed light energy is not converted into chemical energy but instead falls victim to
recombination. This is an unproductive process that occurs when electron and hole meet each
other again in the semiconductor before reacting with adsorbed molecules and annihilates the
photo-generated charge carriers, dissipating their energy as heat or re-emission of a photon. [34]

To prevent recombination, the charge carriers have to be spatially separated from each other
and the time-span between their generation and their reaction with adsorbed molecules must be
kept as short as possible, to give them as little time and opportunity as possible to recombine.
The latter can easily be arranged by reducing the size of the photocatalyst particles down to
dimensions much smaller than the average diffusion length of the charge carriers. Better charge
separation, however, is much harder to achieve. Traditional methods known from photovoltaics
for instance rely on creating an intrinsic electric field inside the semiconductor to drive the
electrons to one and the holes towards the opposite direction. This can be realized by electrically
polarizing the semiconductor, by constructing a p-n-junction or by utilizing the space-charge-layer
formed at the interface with the electrolyte. However, all of these mechanisms are not readily
applicable when dealing with individual semiconductor particles with dimensions of only a couple
nanometers. An alternative route is to modify the photocatalyst material with metals. [P1]

This chapter describes the effect of metal addition to semiconductor photocatalyst materials
with the aim of improving their activity through better charge separation and/or surface-bound
catalytic properties. The author’s own work in this area, focused in particular on understanding
the effect of metal addition and predicting its optimal concentration, is published in the references
P1-P2.

2.1 Fundamental aspects of metal-ion doping and prediction of the
optimal doping ratio

Doping the photocatalyst with metal ions has successfully been explored as a means to reduce
recombination rates. Metal dopants in the semiconductor are thought to be able to capture the
roaming charges inside the semiconductor, trapping them. [35] These trapped charges reduce the
amount of free charge carriers and thus their recombination rate. In 1994, Choi, Termin and
Hoffmann published an extensive study on colloidal TiO2 nanoparticles doped with a variety of
transition metal ions. [35] They found that almost irrespective of the metal used, the addition of
0.5 at.% of metal ions dramatically improved the photocatalytic activity. With a few exceptions,
the procedure improved the material’s quantum yield for both reduction and oxidation reactions.
They attributed the observed improved activity to better charge separation. Since the doped
metal ions induce additional localized states within the band gap they can act as electron or
hole traps. This reduces the amount of free charge carriers and thereby the recombination rate.
The longer charge carrier lifetime due to reduced recombination could be experimentally verified
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Chapter 2. Optimization of photocatalyst materials by modification with metals

using laser flash photolysis with transient absorption spectroscopy and correlated well with the
increased photocatalytic activity. [35]

In the wake of this study, there have been numerous publications on metal-doped semiconductors
for photocatalytic applications utilizing the same principle. The common consensus amongst all
of these studies is that metal-doping can enhance the intrinsic photocatalytic activity if applied
in the correct dosage. Usually, an optimal doping ratio is observed, above which the activity
decreases again. The decrease at higher doping ratios can be attributed to the appearance of
recombination centers once the average distance between dopants becomes very small. [35,36]
Unfortunately, despite the high number of publications on the topic there is a profound lack
of systematic studies so there is little insight into how the materials really work and what the
optimum parameters for a given system are. In practically all cases, only a few different dopant
concentrations were studied. Also, in many studies, fundamental data such as the particulate
size are not stated so they cannot be properly evaluated. Moreover, virtually every study used
their own non-standardized activity test, making a proper comparison almost impossible. Even if
the same host material and dopant is employed, the observed optimal doping ratios vary wildly
between the different studies. Many researchers report a rather high optimal doping ratio of
around 0.5 at.% while others find that their optimum is orders of magnitude lower in the range
of 0.001 to 0.1 at.%. [35–39] Analysis of this controversy suggested that the optimal doping ratio
might be dependent on the particulate size. [40]

Several years ago we proposed a model that attempts to explain and predict this size dependency
of the optimal doping ratio. [41] The model is based on the simple assumption that any particle
that lacks at least one dopant atom cannot participate from any positive effect the doping
might cause. [41] Under this assumption, for any given particle size the minimum doping level
necessary to guarantee at least one dopant per particle can be calculated under the conditions of
homogeneous distribution of the dopants and spherical particle shape. [41] Due to the drastically
reduced number of atoms per particle, the minimum doping level is exponentially higher for
smaller sized particles.
When analyzing a set of 14 different data set from various literature sources, the respective

calculated minimum doping level corresponds very well with the experimentally observed optimal
doping ratios, i.e., it seems best to add just enough dopants to guarantee at least one dopant per
particle, but no more. [35–38,40–47] However, upon further analysis it was found that the optimal
number of dopants per particle increased linearly with the particle size, larger photocatalysts
seem to favor more dopants per particle. Even though the precision of this first model was limited
due to the small number of used data points it allowed a good first indication of the optimal
doping ratio for a given material, significantly reducing the amount of experiments required for
optimization. [41]

2.2 Refined model of the optimal doping ratio: surface grafting
versus doping

As described above, the optimal number of doped atoms appears to increase with the particle
size, i.e., the optimal doping ratio shows a second-order dependence on the particle size. This
suggests a surface-based effect rather than a bulk one which was the basis for the original model,
since the latter would incur a third-order dependency. Also, there is good reason to assume that
surface metal dopants are more effective than bulk dopants as charge carrier traps since they
can release their trapped charges directly onto adsorbed reactants. Charges trapped by bulk
dopants, on the other hand, first have to be de-trapped and brought to the surface before they
can react. [P1] Surface-bound metal centers have also frequently been reported to enhance both
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2.2. Refined model of the optimal doping ratio: surface grafting versus doping

charge transfer and multi-electron reactions. In particular, the oxygen reduction reaction (ORR)
which is very important in environmental applications is enhanced by many metal ions on the
photocatalyst surface by allowing multi-electron transfer reactions with more favorable redox
potentials. [48–51]

For these reasons, the original model was re-evaluated under the assumption that only dopants
located at the surface of the photocatalyst particles contribute to the activity enhancement.
Using a simple core-shell model, the fraction of dopants located at the surface can be calculated
by assuming uniform distribution and by approximating the surface layer thickness to be equal
to the nearest neighbor distance. [P1] Interestingly, in this calculation the optimal doping ratio
of all data sets used in the original model falls between the narrow corridor of 1 to 10 surface
dopants per particle with a weighted 3, now irrespective of the particle size. Coincidentally, this
equals 95 % of all particles having at least one dopant at the surface, so basically just enough to
guarantee good coverage. [P1]

In order to substantiate this theory and also address the second problem of the original model,
the limited database, the number of data points used was drastically increased on the one hand
by including more studies [52–58] and on the other hand by also evaluating the whole dataset in
each report instead of just the value of the optimal doping ratio. The latter was accomplished
by normalizing the datasets and fitting them to an empirical function. [59] [P1] Altogether, this
extended database amounts to a total of 177 data points from 29 data sets taken from 17
independent sources. [P1]
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Figure 2.1: The relative normalized activity data as a function of doping ratio and particle size as calculated
by the refined model. All data points are plotted as small black dots with their respective optimal doping ratio
marked by a large black circle. The solid and slashed blue lines represents the calculated optimal doping ratio at
3.54 and the corridor where there are between 1 and 10 surface dopants present per particle, respectively. [P1]

In the next step, a global optimization over all data sets was performed to calculate the
optimum number of surface dopants per particle which considered not just the maxima in activity
but also all the other data points given. The optimization yielded a best fit for 3.54 as the ideal
number of surface dopants. With this parameter it is possible to calculate a three-dimensional
matrix for the relative photocatalytic activity spanning the whole parameter-space of both,
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Chapter 2. Optimization of photocatalyst materials by modification with metals

doping ratio and particle size. The resulting plot along with the points used to calculate the
parameters can be seen in Figure 2.1. The plot fits the used data sets very well and almost all
experimentally determined optimal doping ratios fall within the corridor of 1 to 10 dopant atoms
at the surface per particle, most of them near the calculated optimal line at 3.54. [P1]

Surprisingly, this much more complicated approach yielded only a marginally different result
from the previous simple approach. However, it is substantiated by a much larger database and
allows predicting the optimal doping ratio with increased certainty for a given material and
particle size. Also, this refined fundamental model fits the observed behavior much better than
in the original version and is in line with the emerging theory that metal grafting is superior to
metal doping in terms of activity increase. [P1] Again, the calculated optimum of 3.54 dopant
atoms present on the surface of each particle is again just about enough to guarantee every
particle (>97 %) has at least one. The doping ratio necessary to achieve this can be calculated
with the new model, eqn. 2.1, using nd,s,opt = 3.54, the molecular mass M of the material, the
particle size d and the thickness of the surface layer δ. [P1]

rd,opt(d) = nd,s,opt ·M
π ·NA · ρ · (δd2 − 2δ2d+ 4

3δ
3)

(2.1)

The degree of correlation with the model is remarkable given the number of other parameters
involved, e.g., different materials, dopants, synthesis methods and activity tests. This suggests
that indeed the doping ratio-size-activity relationship is predominantly governed by the number
of surface dopants and all the other parameters only seem to play the minor role of fine-tuning
the optimal doping ratio within the order of magnitude already set by the former effect. [P1]

2.3 Advantages of metal-grafted materials

As shown in the previous section, it appears as if doped metal ions situated on the surface of the
particle are solely responsible for the positive effect on the photocatalytic activity achieved by
doping. These serve not only to efficiently extract the charges from the photocatalyst but also
serve as co-catalysts to enhance the charge transfer rate to the target substrates. Dopants located
in the bulk, on the other hand, only serve as recombination centers once their concentration
reaches a critical level and cluster formation starts to become an issue and should therefore be
avoided. [36,41] [P1] Other authors have also observed the beneficial effect of surface versus bulk
doping. [60–64] If that is indeed the case, is it possible to selectively dope the surface of the particle
to achieve the same effect? That way, the detrimental impact of bulk dopants could be avoided
and also much less mass of the doping element would be required.
A process resembling selective surface doping has been explored by Hashimoto et al. since

2008. [51] This procedure is described as “grafting” and involves the adsorption of metal-ions
onto the surface of the semiconductor photocatalyst. Among other effects such as visible light
sensitization, these metal-grafted materials exhibit enhanced intrinsic photocatalytic activity.
The latter is attributed to better charge separation and improved oxygen reduction properties,
both of which are observed for the corresponding metal-doped photocatalysts, as well. [P1]

This raises the question whether metal ion grafting actually produces the same result as surface
doping, i.e., whether the grafted metal ions are chemically identical to doped metal ions that
happen to be located at the surface. In fact, Co(ii) ions are reported to adsorb on rutile “at sites
corresponding to the Ti-equivalent positions in an extension of the rutile structure” [65], i.e., they
are acting as if they were dopants in the host material, and there is good reason to assume a
similar mechanism for other metals such as Fe(iii) or Cu(ii). [51]
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At the moment there is not enough data available yet to offer a definite conclusion about
this issue. Also, while some reports tentatively suggest an optimal metal-to-semiconductor
concentration ratio for metal-grafted semiconductors there seems to be only little information
about its position and whether or not there is a size-dependency as well. [48,49,63,66–68] Further
studies will be necessary to elucidate whether this model is readily applicable to surface grafting
and where the optimal loading is for those materials. Presumably, the absence of detrimental
bulk dopants will in this case allow for more flexibility, potentially leading to higher numbers of
grafted ions per particle at the optimum. An indication of this can be seen in our studies with
iron-grafted TiO2 for NOx abatement, see section 3.3.
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3 Air pollutant degradation using
photocatalysis

The air we breathe is one of our most precious resources. However, even in modern industrialized
countries, it is often contaminated with many different harmful substances such as ozone, volatile
organic compounds (VOCs) and nitrogen oxides (NOx) which present a hazard to our health and
the environment. Nitrogen dioxide (NO2) in particular has been the focus of new environmental
legislation, such as the directive 2008/50/EC of the European Union, aimed at minimizing its
emissions. However, the imposed limits are are frequently exceeded in many European cities. [69,70]
Some sampling stations even register concentrations as high as 80 µg m−3 NO2, twice the allowed
value. [71] This has also been made an issue of strong public interest since the revelation of defeat
devices in diesel cars in 2017. The chosen actions to achieve the target values, namely low
emission zones, forbidden areas for heavy vehicles or more strict emission values for vehicles have
had only negligible effects on the concentration of NO2 in recent years. [69,72] Although extremely
difficult to quantify, epidemiological studies estimate the number of premature deaths as a result
of air pollution caused by land-based traffic in the 6 to 7 digit range per year. [73] For instance,
the 2017 Air Quality in Europe Report of the European Environmental Agency attributes an
annual 78.000 to 229.000 premature deaths in the EU-28 as a result of elevated NO2 levels. [74]

The majority of the NOx emissions are generated through high temperature processes of
anthropogenic nature, i.e. combustion engines, gas- or oil based heating systems and industrial
furnaces. [75] Many technologies have been developed to either reduce the formation of or treat the
air pollutants directly at the emission source, this is typically achieved using a three-way catalyst
in petrol-powered cars or using selective catalytic reduction (SCR) in diesel-powered vehicles.
However, this direct reduction at the emission source appears more difficult than anticipated, in
particular due to the dramatically dynamic load and environmental conditions. [76] Additionally,
there are many emission sources such as residential or commercial heating, gas-fired stoves or
ships which have no or only limited exhaust treatment. To really achieve widespread clean air,
every single one of these emission sources needs to feature an efficient treatment system. Since
this is really difficult to accomplish, at least in sensible time-spans, alternative measures which
enable to actively reduce the pollutant concentration in the ambient air, i.e. immission rather
than emission reduction, are very appealing. One of the technologies which can achieve this it
semiconductor photocatalysis.
This chapter is devoted to the use of semiconductor photocatalysis to combat NOx-based

air pollution. The author has focused his research in this area at optimizing the employed
photocatalyst materials with respect to their spectral response, activity and selectivity. The
following pages present a summary of the publications P2-P11, which are described and put
into context.

3.1 Mechanism of photocatalytic NOx oxidation

The basic principle of photocatalysis has already been outlined in the introduction. After the
photocatalyst (here exemplary TiO2) is excited with photons whose energy exceeds the band
gap, electron-hole pairs are created, eqn. 3.1. Once the charges diffuse to the catalyst surface
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3.1. Mechanism of photocatalytic NOx oxidation

they can react with adsorbed molecules. Under environmental conditions, the usual electron
acceptor is molecular oxygen and the electron donor is water. The products of oxygen reduction
are superoxide radicals and, after subsequent protonation, hydroperoxyl radicals (eqns. 3.2-3.3).
Water, on the other hand, is oxidized to the strongly oxidizing hydroxyl radicals (eqn. 3.4).

TiO2
hν−−→ TiO2(e −

CB /h +
VB ) (3.1)

O2 + e −
CB −−→ O2 · − (3.2)

O2 · − + H+ −−→ HO2 · (3.3)
H2O + h +

VB −−→ ·OH + H+ (3.4)

Interestingly, due to this mechanism, both the oxidation and the reduction reaction yield
strongly oxidizing reactive oxygen species (ROS). No oxidant other than the ubiquitous molecular
oxygen is required. These highly reactive species subsequently react with both NO and NO2
and oxidize them to nitrate. NO can be oxidized to NO2 either in a two-step process via
nitrous acid (HONO) with hydroxyl radicals, eqns. 3.5-3.6, or with hydroperoxyl radicals which
yields peroxynitrous acid (HOONO), eqn. 3.7. This intermediate is highly unstable and quickly
decomposes to form a hydroxyl radical and NO2 (eqn. 3.8) or isomerizes to nitric acid (eqn. 3.9). [77]
It has been suggested that the surface pH of the catalyst plays an important role in this reaction,
as the deprotonated form, peroxynitrite (OONO– ) is much more stable so a higher pH might
lead to less NO2 release through this pathway. [78] As the NO oxidation rate steadily decreases
with increasing humidity while the NO2 oxidation rate has a maximum at about 10 % humidity,
it has been suggested that the main oxidation pathway for NO is through hydroperoxyl radicals
(eqn. 3.7) rather than hydroxyl radicals (eqn. 3.5). [79] NO2 on the other hand is directly further
oxidized with a hydroxyl radicals, forming nitrate or nitric acid, eqn. 3.10. [80,81] [P3]

NO + ·OH −−→ HONO (3.5)
HONO + ·OH −−→ NO2 + H2O (3.6)

NO + HO2 · −−→ HOONO (3.7)
HOONO −−→ NO2 + ·OH (3.8)
HOONO −−→ HONO2 (3.9)

NO2 + ·OH −−→ HONO2 (3.10)

The mechanism of photocatalytic NOx oxidation is summarized in Figure 3.1. The nitrate
formed by the NOx oxidation remains adsorbed on the photocatalyst as nitrate or can diffuse to
deeper layers of the material or other nearby adsorbents in the matrix. The maximum attainable
nitrate surface coverage is about 2molecules/nm2. [82] This nitrate can later be readily desorbed
either by artificial washing or by rainfall. This is not a problem in terms of nitrate pollution in
the ground water, as the natural mineralization pathway for NOx would also eventually lead to
nitrate, so no higher concentrations are formed. [75] However, the natural mineralization pathway
is much slower, leading to longer exposure times of the population and the environment to the
toxic NOx gases and the formation of particulate matter, e.g. ammonium nitrate. [75]

However, it should be noted that the nitrate is not necessarily a non-reactive end-product of
the reaction since it has been suggested that both oxidative and reductive re-noxification can
take place. In these reactions, the nitrate is converted back into NO and NO2. [83] [P4] As both of
these pathways are strongly dependent on the amount of adsorbed nitrate, a high nitrate surface
coverage should be avoided in practice.
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Figure 3.1: Left: The typical primary processes occurring at the semiconductor particles that lead to the
generation of reactive oxygen species (ROS). Right: The major reaction pathways of NO/NO2 to nitric acid
(HONO2) over illuminated titanium dioxide surfaces with the intermediate steps. The predominant pathway is
highlighted with bold arrows.

The photocatalyst can either be incorporated into building materials such as concrete, roof
tiles, paving stones or facade paints so that the corresponding building surfaces passively clean
the ambient air using sunlight. Alternatively, dedicated air-cleaning devices using artificial
lighting can be employed, for instance in ventilation systems.

3.2 Catalyst materials

The most widely used material for this application is titanium dioxide (TiO2), mostly in its
anatase modification or as a mixture of anatase and rutile. This material is preferred since it is
industrially produced in large quantities, available at affordable prices, chemically inert, non-toxic
and readily compatible with a variety of building material matrices. Other materials such as
zinc oxide (ZnO) have also been explored but found inferior due to lower chemical compatibility
and toxicity issues. [36,39,84,85] With a bandgap of 3.0 to 3.2 eV, TiO2 does not absorb visible light
and if made as sufficiently small particles or films it is optically transparent, which is important
for some applications. However, this also means that the material can only be excited using
ultraviolet light.

The sunlight only contains a small fraction (<5 %) of ultraviolet light, which is further dimin-
ished at morning or evening hours or in the winter months, particularly at higher latitudes. [P5]

To achieve a more robust system that works under all conditions, it is therefore desirable to use
photocatalyst materials which can also utilize part of the visible light spectrum.
The most obvious option to achieve this would be to use a photocatalyst material which can

intrinsically absorb visible light. Here, however, the challenge is that many other suitable oxidic
materials such as hematite (Fe2O3) or tungsten oxide (WO3) are not reducing enough, i.e. have
a too low conduction band potential, to reduce molecular oxygen via the one-electron reaction.
Nonetheless, if combined with an oxygen reduction co-catalysts these materials can show some
activity. [86] Another option is graphitic carbon nitride (C3N4), which can absorb visible light up
to approximately 460 nm and is even more reducing than TiO2. [87–91] However, little is known
about the long-time stability and performance of these materials as well as potential negative
interactions with the building material matrices. Therefore, research efforts have mostly been
focused on modifying the approved above-mentioned materials TiO2 and ZnO through doping to
achieve visible light sensitivity. [39,84,92,93]
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3.2. Catalyst materials

One of the most promising approaches in this area is nitrogen doping. [94–97] This is achieved
by mixing the titanium dioxide precursor with ammonium compounds prior to calcination. Some
of the nitrogen is then incorporated into the titanium dioxide lattice. [98–100] It has been shown
through spectroscopy, that nitrogen does not directly replace oxygen in the lattice but rather
occupies interstitial positions, where it is closely associated with a lattice oxygen, effectively
forming a [NiO]3– adduct located on a lattice oxygen position. [101] [P6] Since this has three negative
charges versus two of the oxygen, this constitutes p-type doping, with additional undesired
side-effects such as reduced donor density. [P7] The 2p orbitals of the nitrogen dopants create
additional acceptor levels which are located slightly above the valence band of the material. [97] [P7]

Consequently, the transition from the acceptor levels to the conduction band is smaller than the
band gap and allows for visible light absorption, usually in the region of 400 to 500 nm. [P7]

The amount of nitrogen that can be incorporated by these low-temperature solution-based
methods is limited. However, if an additional n-dopant is employed to compensate for the excess
charge of the nitrogen, much higher levels of doping can be achieved. Using this strategy and
partially substituting Ti(iv) in the lattice by Nb(v) or W(vi), we were successful in producing
materials which had a much higher degree of nitrogen-doping and visible light absorption than
without compensating dopants (Figure 3.2a). [P7,P8] Furthermore, we could show that for the
W/N-system the amount of nitrogen doping can be precisely controlled by the amount of
added tungsten (Figure 3.2b). [P7] Theoretical calculations predict that in these systems, the
nitrogen dopants are preferentially located in close vicinity to the cation dopant. [102] We could
experimentally validate this via EPR spectroscopy, showing that the nitrogen dopants exhibit a
close-range electronic coupling to the tungsten dopants. [P6]
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Figure 3.2: Left: UV-vis diffuse reflectance spectra of different W/N-codoped TiO2 samples. The inset shows
a magnified version of the area from 360 to 500 nm. Displayed are an undoped control (a), a purely W- (b) or
N-doped control (c) and W/N-codoped samples with increasing W-content (d-f). Right: Amount of doped nitrogen,
estimated by the absorption at 450 nm, in relation to the nominal tungsten content. [P7]

Quite interestingly, it could be shown that these materials also exhibit the ability to store
the photo-generated electrons for prolonged periods and thereby exhibit photocatalytic activity
“in the dark”. This was attributed to trapping of the conduction band electrons as W(v) which
appears to be quite stable and only slowly reacts with molecular oxygen to discharge the stored
electrons. [P9]

As expected, these materials were also photocatalytically active under visible light illumina-
tion. [P6] Unfortunately, careful evaluation revealed that the visible light activity is accompanied
by a decrease of the intrinsic activity under ultraviolet light illumination. [P3] The latter was
attributed to the slightly lowered conduction band edge of the nitrogen doped materials which
makes the already challenging reductive activation of molecular oxygen even more difficult. [P7]

This means that under daylight conditions, the net positive effect of these materials is only small
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as the larger number of usable photons is mostly compensated by the reduced intrinsic activity.
However, for applications which are purely reliant on the use of visible light such as indoor wall
paints these materials are still an interesting option.
We also discovered that these materials show an increased selectivity towards nitrate in

comparison to undoped TiO2 (vide infra). While the pristine material only shows a selectivity of
less than 30 %, this is increased to more than 90 %. [P3] However, control experiments showed
that this effect is not associated with the nitrogen doping and is purely the result of tungsten
doping. [P3] Intrigued by this effect we wanted to find out what the underlying mechanisms are
that govern the selectivity and if this knowledge could be used to custom-tailor more selective
catalysts.

3.3 Optimization of the selectivity and activity using metal
co-catalysts

As mentioned in the description of the reaction mechanism (Figure 3.1), during the oxidation of
nitrogen monoxide to nitrate it passes through two intermediate species, namely nitrous acid and
nitrogen dioxide. These two compounds are both much more harmful than nitrogen monoxide
itself. [103–105] The generation and release of these toxic intermediates would be the exact opposite
of what the technology strives to achieve and must therefore be absolutely minimized. [P3] This
effect can be expressed as the selectivity to nitrate (S, eqn. 3.11), where a high value is desirable
as it corresponds to a low fraction of by-products.

S = ∆NOx
∆NO (3.11)

Unfortunately, most of the currently employed photocatalyst materials show rather low selectiv-
ities of well below 50 %, indicating that NO2 rather than nitrate is actually the main product. [P3]

This is illustrated exemplary for the popular material Aeroxide R© P25 (Evonik) measured under
standardized ISO 22197-1 conditions (Figure 3.3a). [106] [P4] A detailed investigation revealed that
the low selectivity appears to be an intrinsic property of the employed base material and that
anatase is more selective than rutile (Figure 3.3b). [P3]
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Figure 3.3: Left: A representative experiment for the photocatalytic oxidation of nitric oxide (NO) according to
ISO 22197-1 using AeroxideR© P25 powder. Plotted are the relative concentrations of NO (blue), NO2 (red) and
NOx (black) on the left axis as well as the selectivity towards the desired product nitrate (green) on the right
axis. [P4] Right: The selectivity of the photocatalytic reaction with respect to nitrate formation versus the rutile
content in the phase composition. [P3]

The example shown in Figure 3.3a also illustrates that the selectivity decreased significantly
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with prolonged reaction times. The adsorption capacity for NO2 on TiO2 is much higher than that
for NO and should therefore buffer the NO2 formation to some extent. [107] However, significant
NO2 evolution is observed immediately upon illumination. This suggests that there are two
different aspects to consider. On the one hand there is the intrinsic selectivity of a material
which is observed at the very beginning of an experiment with a clean surface. On the other
hand, the selectivity decline during the reaction needs to be considered.
The most obvious reason for the first aspect is that the oxidation rate of NO2 to nitrate

is much slower than the oxidation of NO to NO2 and the latter therefore accumulates during
the reaction like in classical follow-up reaction kinetics. For instance, over pristine titanium
dioxide, the ratio of the oxidation rates is as high as 10 in favor of NO. [P2,P4] A more selective
catalyst consequently must be much more active towards NO2. Another reason lies in the
reaction mechanism itself. Most of the NO is oxidized with hydroperoxyl radicals to peroxynitrite
which spontaneously decomposes to form NO2. If the life-time of the peroxynitrite is increased,
this reaction could be slowed down in favor of the direct isomerization to nitrate. This could
for instance be achieved by deprotonation on alkaline surfaces, since the anion is much more
stable. [78] This could also explain why more alkaline materials or building matrices such as
concrete typically exhibit higher selectivity. [78] Another approach would be to use a material
which actively catalyses the isomerisation to nitrate.

However, if these were the only mechanisms at work, the selectivity should be constant in
prolonged experiments. Since this is not the case, there rather seems to be an additional
mechanism in place that leads to a significant decrease in selectivity over time. As essentially, the
only thing changing is the concentration of accumulated nitrate on the surface, this is likely the
cause for the observed phenomenon. This nitrate accumulation seems to poison the catalyst in a
way that not only reduces its activity due to blocked surface sites but also reduces its selectivity.

The nitrate formed during photocatalytic oxidation is usually considered to be the inert end-
product that stays on the photocatalyst surface until it is eventually washed off by rain. However,
there are some experiments which show that a nitrate-rich photocatalyst surface can release
significant amounts of NO2 upon illumination, even in a NOx free atmosphere. [83] Presumably,
this is caused by a photocatalytic reaction with adsorbed nitrate to nitrogen dioxide, which
is subsequently desorbed and released. Previously, this has been attributed to photocatalytic
oxidation of nitrate to NO3 with subsequent photolysis, leading to NO, NO2 and O3. [83,108]
However, the reduction of nitrate is also possible and will directly yield NO2, eqn. 3.12.

NO −
3 + e− + 2 H+ −−→ NO2 + H2O (3.12)

The adsorbed nitrate on the titanium dioxide will be in constant competition with molecular
oxygen for the electrons. This fits well with the observation that the selectivity decrease is less
pronounced at higher oxygen partial pressure. [P3] Unfortunately, oxygen reduction on pristine
titanium dioxide proceeds slowly and will often present the rate-determining step of the overall
reaction. [109] However, if an alternative electron acceptor is present, titanium dioxide will readily
reduce it instead. Judging by the reduction potential, nitrate is a much better electron acceptor
than molecular oxygen. [110,111]. Consequently, the reduction of nitrate versus molecular oxygen
is thermodynamically favored and even very small amounts of nitrate can already significantly
affect the reduction behavior. This means that even though this is predominantly a long-term
effect, it might also already affect the observed selectivity at the very beginning of the reaction,
making a clear differentiation with the above-mentioned other mechanisms difficult. [P4]

Based on this theory that the back-reduction of already formed nitrate is the sole reason for
decreasing selectivity with longer reaction times, we developed a model to describe the relationship
between observed selectivity and nitrate surface coverage (θ), eqn. 3.13. In this equation, S0
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represents the initial or intrinsic selectivity of the material when no nitrate is yet present, ko is a
dimensionless figure for the relative oxygen reduction rate and α is a dimensionless attenuation
factor. A detailed derivation of the formula can be found in the respective publication. [P4]

S(θ) = S0 − θ ·
(2 + S0)(4− 3(1− e−αθ))

4(θ + ko(1− θ))− 3θ(1− e−αθ) (3.13)

This equation yields excellent fit to the observed behavior for pristine TiO2 materials as well
as modified ones (vide infra), supporting the theory that back-reduction of nitrate is indeed the
cause of the lowered selectivity. [P2,P4] This also explains the different selectivity of the three
common titanium dioxide modifications, anatase, rutile and brookite. We observed that brookite
(39 %) is the most selective of the three, closely followed by anatase (25 to 29 %), while pure rutile
is very unselective (6 to 7 %). [P3] This can be readily explained by their different conduction
bands, which are increasingly unsuitable for oxygen reduction. [112,113] [P7]

This pathway for NO2 formation could be suppressed by making the oxygen reduction more
favorable, for instance by employing co-catalysts for the oxygen reduction reaction (ORR). Well
known ORR-catalysts are for instance noble metals such as platinum or palladium. [114–116]
Consequently, titanium dioxide materials decorated with small amounts of the noble metals
show an increased selectivity. [115,117–119] We also achieved similar results when adding 0.1 at.% of
ruthenium to ZnO whereupon the selectivity was increased from 55 % to 87 %. [84] However, due
to their limited production and unfavorable economics, using platinum-group metals even in sub-
percent concentrations would be challenging for large volume applications in building materials
such as concrete. [120] The observation that the above-mentioned W-doped and W/N-codoped
titanium dioxide are more selective can also be readily explained by this mechanism as these
materials also have an improved oxygen reduction behavior. [P10]

Unfortunately, all of these examples for more selective DeNOx photocatalysts have either
utilized very expensive metal co-catalysts (Pt, Pd, Ru) or the selectivity increase was accompanied
by a reduction in absolute activity (W-doped TiO2). However, improved ORR can also be achieved
by far easier means. It is well known that grafting a photocatalyst with certain transition metal
ions such as Cu(ii) or Fe(iii) significantly increases their oxygen reduction capabilities. [63,121,122]
The grafting can easily be achieved with wet impregnation techniques and only uses very small
amounts of abundant and affordable elements.
We consequently explored this type of material for photocatalytic NOx abatement. To our

satisfaction, it turned out that even grafting very small amounts (<0.1 %) of Fe(iii) ions onto
different commercial TiO2 powders dramatically increased the selectivity up to more than 90 %.
In this case the intrinsic activity of the materials was not compromised. On the contrary, the
activity was even higher than for the pristine material. Overall, the amount of total NOx removed
in a standard ISO 22197-1 test was increased from 10 % up to 48 %, an increase by a factor of
almost 5. [P2]

Impressed by this much better than expected performance, we analyzed these materials
in more detail. Figure 3.4a shows the observed selectivity of the TiO2 grafted with different
concentrations of iron in dependence of their nitrate surface coverage. It is apparent that both the
initial selectivity and also the long-term performance is dramatically improved in comparison to
the pristine material. [P2] The profiles also fit very well to our proposed model which substantiates
the underlying theory of reductive re-noxification. Fitting the model to the data also allows to
extract the intrinsic selectivity and relative oxygen-to-nitrate reduction rate ratios, which are
shown in Figure 3.4b.
The intrinsic selectivity already sharply jumps up at a very small iron loading of only a few

ppm which is extremely challenging to detect with conventional means but could be verified

16



3.3. Optimization of the selectivity and activity using metal co-catalysts

0 1 2 3 4 5 6 7 8
0

1 0
2 0
3 0
4 0
5 0
6 0
7 0
8 0
9 0

1 0 0
Ob

se
rve

d n
itra

te 
se

lec
tivi

ty 
/ %

N i t r a t e  s u r f a c e  c o v e r a g e  /  %

 p r i s t i n e
 w a s h e d
 0 . 0 0 0 4 %
 0 . 0 0 3 %
 0 . 0 2 %
 0 . 1 0 %
 0 . 7 7 %

p r i s t i n e

w a s h e d

0 . 7 7 %
0 . 0 0 0 4 %

0 . 0 0 3 %

0 . 0 2 %

0 . 1 0 %

a

0 . 0 0 0 1 0 . 0 0 1 0 . 0 1 0 . 1 1 1 0
0  %

5 0  %

1 0 0  %

1 5 0  %

2 0 0  %

2 5 0  %

3 0 0  %

3 5 0  %

4 0 0  %

r e a l  I r o n - L o a d i n g  /  a t - %

Re
lat

ive
 ox

yg
en

-to
-ni

tra
te 

red
uc

tio
n r

ate

0 . 0 3 7 %  F e

0
1 0
2 0
3 0
4 0
5 0
6 0
7 0
8 0
9 0
1 0 0

Int
rin

sic
 se

lec
tivi

ty 
/ %

b

Figure 3.4: Left: The behavior of the observed nitrate selectivity with increasing nitrate surface coverage for
a selection of iron-grafted TiO2 samples. The numbers in the figure indicate the iron content of the respective
samples. Also displayed are the best fits to our proposed model (eqn. 3.13) as dotted lines. [P2] Right: The relative
oxygen reduction rate (black circles, left axis) and initial selectivity (blue filled circles, right axis) of the samples
with varying iron-grafting ratio as extracted from the fits on the left-hand side. The horizontal lines represent the
respective values of the ungrafted reference samples. [P2]

using EPR spectroscopy. [P2] After that the selectivity reaches a broad plateau over several orders
of magnitude of iron concentration up to about 0.1 at.%, after which it drops again. Interestingly,
the onset of the ideal performance is between 0.0006 to 0.003 at.% which corresponds to 2 to
10 atoms per particle, matching exactly the predicted optimal value according to our model
(section 2.2). [P1] This is a very promising indication that our model to predict the optimal metal
content might indeed be applicable to metal-grafted materials, as well. The analysis of the oxygen
reduction performance allows to further differentiate these samples and pins down the ideal iron
concentration at 0.037 at%, which corresponds to 148 atoms per particle. This indicates that
in the absence of immediate negative effects (bulk defects) the optimal grafting ratio might be
higher than the optimal doping ratio. The iron ions grafted onto the TiO2 surface are relatively
stable and only minimal amounts are lost upon washing. Nonetheless it might be beneficial to
employ a slightly higher than the optimal amount of iron to make the materials more robust
against loss of the adsorbed ions. [P2]

This readily explains why the materials are so much better in their long-term performance
than the reference materials as the tolerance towards nitrate build-up is much higher. However, it
cannot explain the extremely high intrinsic selectivity. Therefore, we studied the reactivity in more
detail and found out that their activity towards NO2 oxidation is also greatly improved. Kinetic
analysis revealed that the first-order reaction rate constant for NO2 oxidation is increased by a
factor of 9 upon iron-grafting, almost putting it on par with that of NO oxidation. We attribute
this to strongly reactive ferryl ions (FeO2+) being formed on the photocatalyst surface, either
by photocatalytic oxidation of Fe3+ or mediated through other oxidative species (Figure 3.5a).
These ferryl ions react basically diffusion controlled and indiscriminately with both NO and NO2,
leading to oxidation rates of similar magnitude. [123,124] [P2]

However, even though the NO2 oxidation rate is greatly increased, this alone fails to explain that
the selectivity exceeds 90 % since usually kinetics of similar magnitude in consecutive reactions
still lead to significant build-up of the intermediate. Therefore, we proposed an additional
mechanism which directly addresses the third pathway for NO2 formation, the decomposition of
peroxynitrous acid. It is well known that some iron complexes and metallo-enzymes strongly
coordinate peroxynitrite and can catalyse its isomerisation to nitrate. [123,125,126] We proposed
that iron ions grafted on the TiO2 behave similarly and catalyse the peroxynitrite isomerisation
(Figure 3.5b). [P2]
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Figure 3.5: Left: The proposed reaction mechanisms that lead to the formation of the highly oxidizing ferryl ions
(FeO2+). [P2] Right: The proposed reaction mechanisms for peroxynitrite/peroxynitrous acid isomerisation on the
grafted Fe(iii) that would prevent NO2 release through peroxynitrous acid decomposition. [P2]

Since this material addresses all three proposed mechanisms of NO2 formation simultaneously
and effectively, is long-term stable as well as easy and inexpensive to manufacture it can be
seen as an ideal solution to the selectivity problem. Interestingly, we also observed that these
iron-grafted materials are excellent catalysts for photocatalytic ozone abatement.

3.4 Photocatalytic ozone decomposition

Another harmful air pollutant is ground-level ozone (O3). While this has in recent years not
been in the focus of public interest, in Europe many measurement stations frequently exceed the
limit values, particularly in the southern countries. [74] In urban areas, ozone itself often does not
present a significant problem owing to its reactivity with the high concentrations of NOx present.
While there often is an ozone background of several tens of ppb, it is typically not observed in
that magnitude and mostly present in the form of NO2 which is formed by reaction of ozone
and NO, eqn. 3.14. [69] However, as described by the Leighton equilibrium, some of that NO2
photolyses back to NO and O3 during daytime, eqns. 3.15 and 3.16. [127]

NO + O3 −−→ NO2 + O2 (3.14)

NO2
hν−−→ NO + O(3P) (3.15)

O(3P) + O2 −−→ O3 (3.16)

Due to these reactions, NO2 and O3 are always dependent on each other. So each molecule
of ozone that can be decomposed effectively equals one NO2 molecule that is not formed out
of NO in the first place. Therefore, ozone abatement can be considered as an indirect but
equally effective way to reduce ambient NO2 levels. Also, in more rural areas with very low NOx
levels, ozone can present a significant problem as it is not immediately quenched by NO and
can therefore reach dangerous concentrations. The air quality in those areas would also greatly
benefit from a reduced background ozone level.
It is well known that ozone can be photocatalytically degraded on illuminated titanium

dioxide surfaces. [128] As evidenced by EPR spectroscopy, the reaction proceeds both via reductive
activation, forming an ozone anion radical (eqn. 3.17), and also oxidatively via photo-generated
hydroxyl radicals, forming a tetraoxygen anion radical (eqn. 3.18). [128] Both of these short-lived
intermediates readily decompose to form O2 and O2 · – (eqns. 3.19-3.21). The latter is also
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3.4. Photocatalytic ozone decomposition

helpful in the general context of air pollution control as it can directly contribute to the overall
photocatalytic oxidation efficacy.

O3 + e −
CB −−→ O3 · − (3.17)

O3 + ·OH −−→ O4 · − + H+ (3.18)
O3 · − + O3 −−→ O2 + O4 · − (3.19)

2O3 · − −−→ O2 + 2O2 · − (3.20)
O4 · − −−→ O2 + O2 · − (3.21)

The study of photocatalytic ozone abatement for the purpose of environmental air pollution
control has been largely neglected in favor of direct NOx abatement. Only few studies exist
which report on the photocatalytic ozone abatement properties of titanium dioxide. [127–130] This
is partly due to the poor efficiency for ozone decomposition of pristine titanium dioxide. However,
we could show that the ozone decomposition efficiency can be dramatically improved by grafting
the photocatalyst with small concentrations of transitions metal ions. [P11]

By grafting different commercially available titanium dioxide materials with small amounts
of copper, manganese or iron ions, the performance towards ozone decomposition was greatly
increased by up to a factor of 4. Even though all of the metals studied improved the performance,
copper and iron proved to be the most effective at low loading, while higher concentrations were
required of manganese. However, the materials modified with the latter were also quite effective
in the absence of light, presumably due to the intrinsic activity of manganese oxides towards
ozone. [131–133] Interestingly, the procedure worked almost equally well on all of the different
commercial titanium dioxide powders tested suggesting universal applicability. [P11]
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Figure 3.6: The proposed mechanism of ozone degradation over Fe-grafted TiO2. [P11]

As illustrated in Figure 3.6 for the case of Fe(ii)-grafting, we suggested a mechanism similar
to the well-studied ozone decomposition over manganese oxides. [131–133] In the first step, the
Fe(iii) is photocatalytically reduced to Fe(ii), which has a much higher reactivity with ozone
and can form ferryl ions (Fe(iv)=O) as a result of the reaction. [134,135] The latter is able to react
with another ozone molecule, leading to its eventual disproportionation and regenerating the
catalytically active Fe(ii). [133] The catalytic cycle may also be initiated by direct or indirect
oxidation of Fe(iii) to ferryl ions and is only terminated once the relatively inactive Fe(iii) is
formed again by secondary reactions. [P11]
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Overall, the photocatalytic ozone decomposition presents an interesting means to improve the
overall air pollution efficacy that can be achieved with relatively little effort and is also free from
by-products as only oxygen is formed.

3.5 Efficacy and limitations of the technology

The technology has mostly been applied to construction materials such as concrete, roof tiles,
window panes or paving stones, where a small fraction of photocatalyst is coated onto the surface
or mixed into the bulk. These materials should then help to mitigate air pollution once the
are installed at a suitable site. The actual effect in real-world scenarios is extremely difficult to
predict and measure as it is not just dependent on the nature and amount of photocatalytically
active materials but also on the geometry of the site, fluctuating weather and sunlight conditions
as well as the background pollution and emission sources. Nonetheless, there have been several
attempts to simulate the effect of photocataltic NOx abatement in real-world scenarios using
microclimatic modeling. These suggest an overall effect of 5 to 10 % reduction and indicate that
the efficacy is strongly dependent on the wind direction and speed as the local abatement effect
is strongly superimposed by transport from the surrounding area. [136]

To date, several field-tests have also been conducted in order to demonstrate the efficacy of the
technology in real-world scenarios. [137] These include artificial street canyons and tunnels, where
extremely high reduction in NOx of 37 to 82 % and 23 % in comparison with a photocatalyst-free
reference site where reported, respectively. [138–140] However, for both cases later studies were not
able to reproduce this and only observed minimal changes in the NOx concentrations, highlighting
that achieving reproducible results in field-tests is almost impossible due to the high number
of uncontrollable variables. [141,142] Other studies performed in Hengelo, Copenhagen and Hong
Kong were able to provide evidence that the NO levels are reduced but the NO2 levels are almost
unaffected. [19,143,144]

Ultimately, the real world performance is strongly dependent on the specific application site
and the nature of the used photocatalyst material. However, no matter the activity of the
material, an upper limit will always be unavoidable due to limitations in the mass transport
of the pollutants to the active surface, which can only readily be increased by functionalizing
a larger fraction of the available surface. Under most conditions, the photocatalytically active
surface will practically oxidize all NO molecules that reach its surface, leaving not much room
for further improvement. However, the reactivity towards other targets such as NO2 and O3 is
typically much lower in unoptimized materials. However, in light of the mass-transfer limitation,
it is even more important that every pollutant molecule (NO, HONO, NO2 and O3) hitting the
surface is completely converted. This highlights one of the major shortcomings of the studies so
far, as non-selective ordinary TiO2 was used which is not very active towards NO2 and ozone.
Consequently, most of the studies observe a reduction in NO and total NOx but not in the
relevant NO2 levels. By using new materials that are much more active towards the latter and
are also selective in the NO oxidation reaction such as the iron-grafted materials described herein,
the overall observed efficacy in immision reduction could still be significantly improved.
Also, in applications which are not reliant on weather-controlled mass-transfer, such as

dedicated air-cleaning devices with forced convection, much higher reaction rates are possible.
Therefore, a much higher degree of intensification and very high space-time-yields can be achieved
in those devices, in particular due to the also possible high light intensity with artificial lamps.
This will allow relatively small but effective devices that can for instance be incorporated into
ventilation and air conditioning systems to provide clear air not just in particularly polluted
spaces such as certain industrial and commercial sites but also in offices, houses or vehicles.
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4 Kinetic modeling and optimization of
photocatalytic processes

In addition to the removal of unwanted pollutants, photocatalysis may also be used in synthetic
chemistry, to produce value-added products. However, a successful implementation of these
reactions in industrially relevant processes requires them to be both efficient and productive, i.e.,
have both high quantum yield and reaction rates at the same time. Also, the kinetics and the
influence of all relevant reaction parameters need to be known precisely in order to properly set
up and control the processes. Yet, relatively little is known about the behavior of photocatalytic
reactions at the very high photon fluxes required to reach the productivity remands, i.e., molar
conversions in hours. Also, the influence of other reaction parameters is typically only studied
one-dimensionally, i.e., only varying one parameter at a time. However, precise kinetic modeling
requires a holistic multi-dimensional approach that considers all relevant reaction parameters at
the same time.

This chapter describes the author’s research on kinetic modeling and optimization of photocata-
lytic processes which is centered around developing a holistic kinetic model for these reactions as
well as the design of photoenzymatic reactions where a photocatalyst is coupled to an enzyme.
The works presented herein have been published in the papers P12-P20.

4.1 Kinetic analysis of the photocatalytic reduction of molecular
oxygen to hydrogen peroxide

Hydrogen peroxide (H2O2) is a very important compound in semiconductor photocatalysis.
Mainly being formed formed through reduction of molecular oxygen, it is one of the reactive
oxygen species used in environmental applications to oxidize unwanted pollutants. [145] Industrially,
hydrogen peroxide is used in medicine, waste water treatment, as a ripening agent, in detergents
and even as a liquid propellant. [146–148] The compounds is particularly interesting for oxidation
reactions due to its exceptionally high content of active oxygen (47.1 wt.%) and its high oxidation
potential over the whole pH range. [146,149] Since oxygen and water are the only by-products of its
reaction, it is also considered environmentally friendly. Therefore, it is mainly used in pulp and
paper bleaching [150,151] and also increasingly as a reactant in chemical syntheses. [152–155] [P12–P14]

Today, hydrogen peroxide is predominantly produced via the anthraquinone process, which
comprises of three separate reaction steps: hydrogenation, oxidation and hydration. [149,156,157]
The hydrogen gas required for the first step is usually derived from steam reforming which leads
to a high overall carbon footprint. To overcome this issue, also the direct synthesis of H2O2
from molecular O2 and H2 over metallic catalysts, such as Pd and Au nanoparticles also been
studied intensively. [158] Moreover, the century-old electrosynthesis has also been rediscovered as
a green method if renewable energy is used for H2O2 generation via oxygen reduction or water
oxidation. [149,159–163]

Additionally, the generation of hydrogen peroxide from molecular oxygen over irradiated
semiconductors is well-known since Baur and Neuweiler first observed it over ZnO in 1927. [164] As
in this case, only water, oxygen and light are required, it can be considered as a green alternative
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Chapter 4. Kinetic modeling and optimization of photocatalytic processes

to the abovementioned variants. Since its original discovery, the photocatalytic formation was
also reported on a number of other photocatalyst materials, both inorganic as well as carbon
based materials which have also in some cases been specifically modified with metal co-catalysts
to increase the efficiency. [163,165–175]

The mechanism of hydrogen peroxide formation over illuminated semiconductors has been
studied in detail by several authors. [20,176–183] The reduction of molecular oxygen can proceed
either via two consecutive one-electron transfers or one concerted two-electron transfer. In
the absence of additional co-catalysts, one-electron reactions are much more probable and the
reaction proceeds as illustrated in Figure 4.1a through two reversible single electron and proton
transfer reactions via a superoxide radical cation, hydroperoxyl radical and hydrogen peroxide
anion as intermediates. [184] The peroxide formed may also be further reduced to hydroxyl
radicals and finally water. It should be noted that in addition to the photocatalytic reactions
that are illustrated here, particularly the radical intermediates may also undergo a number of
non-photoinduced reactions such as the disproportionation of superoxide radicals.
In the absence of other reducing agents, water will act as the electron donor, usually being

oxidized to molecular oxygen. However, this reaction may also yield hydrogen peroxide as an
intermediate or product, this is particularly expected of materials with a strong tendency for
hydroxyl radical adsorption such as BiVO4. [182] If easily oxidizable, so-called “sacrificial” reagents
such as alcohols are introduced into the system they can replace water as the electron donor and
this strongly inhibits other oxidation processes due to their lower oxidation potentials and faster
reaction kinetics. This is shown exemplary in Figure 4.1b for the photocatalytic oxidation of
2-propanol as sacrificial reagent for H2O2 generation. [185]
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Figure 4.1: Schematic view of the possible reaction pathway of photocatalytic hydrogen peroxide generation via
reduction of oxygen without (a) and with (b) 2-propanol as sacrificial electron donor in aqueous media. [P15]

In many of the potential applications for photocatalytic hydrogen peroxide generation, partic-
ularly those with coupled secondary processes (see section 4.5), precise knowledge of the reaction
kinetics is very important to properly control and optimize the reactions. The kinetics of the
photocatalytic H2O2 formation have already been studied in detail by Kormann, Bahnemann
and Hoffmann in 1988. [186] Briefly, the formation rate (rF ) is based on zero-order kinetics, while
the degradation rate (rD) is first-order with respect to the peroxide concentration, eqns. 4.1-4.2.
Both of these have been reported to linearly depend on the absorbed photon flux (Iabs) and
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4.1. Kinetic analysis of the photocatalytic reduction of molecular oxygen to hydrogen peroxide

individual quantum yields (Φ). In combination, they can be integrated to yield an explicit
expression for the time-dependent H2O2 concentration, eqn. 4.3. Using this equation, both the
formation and degradation rate constants can be extracted from concentration-time profiles using
non-linear optimization. Over longer time-frames, an equilibrium is established, which, according
to this simple model, is only dependent on the quantum yields for formation and degradation,
eqn. 4.4. [186] [P15]

rF = ΦF · Iabs = kF (4.1)
rD = ΦD · Iabs · [H2O2] = kD · [H2O2] (4.2)

[H2O2] = kF
kD

(1− e−kD·t) + [H2O2]0 · e−kD·t (4.3)

[H2O2]eq = kF
kD

= ΦF

ΦD
(4.4)

However, when studying the behavior of the peroxide formation with different applied light
intensities, we quickly noted that this is not the case and instead the equilibrium concentration
also changes with the light intensity. [P15] Kinetic analysis of the time-concentration profiles
revealed that contrary to the model described above the degradation is only linearly dependent
on the light intensity at low photon flux (Figure 4.2b). [P15] At higher light intensity, the behavior
becomes increasingly non-linear and finally levels off at a constant value. This is even more
pronounced when an alcohol is present as a sacrificial electron donor since this suppresses the
H2O2 degradation reaction (Figure 4.2a). In this case, the degradation rate is almost constant in
the light intensity range studied. [P15]
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Figure 4.2: Dependence of the H2O2 formation (kF , black boxes) and degradation (kD, red circles) rate constants
on the photon flux density a) (left) using 10 vol.% 2-propanol and b) (right) water as electron donor. Conditions:
0.1 mol L−1 phosphate, 2 g L−1 catalyst, 25 ◦C, 365 nm light, 2 mL min−1 O2-bubbling, pH 7. Also shown is the
calculated fit for the formation rate according to the developed model (section 4.3) as a solid black line. [P15]

At the same time, the formation rate constant shows a similar behavior, albeit with a slower
onset, i.e., the non-linearity starts to show its effect at a higher light intensity. In combination,
these two effects lead to the observation that the equilibrium concentration also increases with
the light intensity and is not constant as suggested in the earlier model. [P15]

When the catalyst concentration is varied, the formation rate first increases approximately
linearly but then quickly plateaus in the area of 0.1 to 1.0 g L−1, Figure 4.3a. Interestingly, the
degradation rate is constant when an alcohol is present but increases linearly over the whole
studied range without it. In consequence, the equilibrium concentration increases with catalyst
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concentration when an alcohol is added but decreases with the catalyst concentration with water
as electron donor. [P15]

The non-linear response of the formation rate on the light intensity is not surprising given
that other authors have made similar observations for other photocatalytic reactions. [81,187,188]
However, what was intriguing is that the change in the reaction order from linear to non-linear
changed with different catalyst concentrations. This can be illustrated in a double logarithmic
plot of the formation rate constant on the photon flux, Figure 4.3b. Here, it becomes obvious
that the different catalyst concentrations have negligible impact at lower light intensity but
significantly change the response at high light intensity. Also, vice versa, the saturation point
in the catalyst concentration increases with the light intensity. This mutual inter-dependence
of light intensity and catalyst concentration was reported by us for the first time and cannot
be explained with the traditional models. A new model which accounts for this is discussed in
detail in section 4.3. [P15]
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Figure 4.3: a) (left) Dependence of the H2O2 formation (kF , black boxes) and degradation (kD, red dots)
rate constants on the catalyst concentration at a fixed photon flux of 3437 µmol L−1 min−1. Also shown is the
calculated fit for the formation rate according to the developed model (section 4.3) as a solid black line. b) (right)
The H2O2 formation rate constant in dependence of the photon flux for different catalyst concentrations on a
double logarithmic scale. Conditions: 0.1 mol L−1 phosphate, 25 ◦C, 365 nm light, 2 mL min−1 O2-bubbling, pH 7,
10 vol.% 2-propanol. [P15]

The addition of an alcohol such as 2-propanol increased the formation rate by approximately
a factor of 7, the optimum alcohol concentration was determined at 10 vol.%. [P15] The beneficial
effect was attributed to the better oxidation kinetics of the alcohols in comparison to water, which
not only have a more favorable redox potential but are also easier kinetically as less electrons are
transferred. Also, the so-called “current doubling” effect improves the overall observed efficiency
of the reactions. [189,190] The alcohols are first oxidized by the photocatalyst to their radicals in a
one-electron transfer. These radicals are very reducing and may inject an additional electron into
the semiconductor without the aid of an additional photon. [191] This effect effectively doubles
the amount of electrons transferred. We also recognized that the effect of added alcohols may
be even more complex as also the gas solubility is improved and the presence of intermediate
oxidation products needs to be considered (see section 4.2). [P16]

Increasing the oxygen partial pressure also slightly increases the observed formation rates. [P16]

As long as the availability of oxygen on the surface of TiO2 is a limiting factor, the generation
rate is dependent of the oxygen content. When the oxygen availability is not limiting anymore,
a higher oxygen content does not further increase the generation rate. This saturation point
appears to be reached at about 50 % in this case. Compared to a study of photocatalytic H2O2
production over ZnO [186] where saturation was already reached at about 20 %, one can conclude
that the point of saturation is dependent on the magnitude of the generation rate, similar effects
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4.2. The effect of sacrificial electron donors on the kinetics of photocatalytic reactions

have also been found for phenol degradation. [192] If the reaction rate is lower, a lower gradient
between liquid and gas phase oxygen is required to maintain saturation at the catalyst surface
and therefore less oxygen content in the atmosphere is required. [P16]

As additional parameters, also the temperature and the pH of the solution were studied.
Regarding the former parameter, it was found that while with water as the electron donor,
both the formation and the degradation rate are invariant of the temperature, they increase
exponentially in the case of added 2-propanol. This indicates that water oxidation is rate-limited
by a step that is not influenced by the temperature. [P16]

Similarly, when studying the effect of the solution pH value, also quite a different behavior is
observed with or without an alcohol being added. When an alcohol is present, presumably its
oxidation is so fast that the reduction reaction becomes rate-limiting. So in this case, the effect
on the oxygen reduction is most apparent and no systematic effect of the pH value was observed
so this reaction seems to be relatively invariant of the pH value. On the contrary, in case of water
oxidation, there is an exponential increase in the formation rate with higher pH, particularly
above 7. Therefore, water oxidation appears to be very much favored in basic pH. [P16]

Overall, it appears that both the formation and the degradation reaction rates have their own,
quite different dependencies on pH, temperature, catalyst concentration and intensity and can
therefore not be accurately described using the simple model described before if any of these
parameters are varied. [186] Also, there are significant changes in the behavior if other substances
are added to the system such as alcohols which may act as sacrificial reagents. This motivated us
to take an in-depth look at both the effect of sacrificial reagents and the kinetics of photocatalytic
reactions and develop a new model which can accurately describe these observations, which are
covered in the next two sections.

4.2 The effect of sacrificial electron donors on the kinetics of
photocatalytic reactions

Sacrificial electron donors are often applied in photocatalysis to enhance the performance of
reduction reactions in aqueous media as pure water oxidation is usually rather inefficient. [190]
Mostly, short-chain aliphatic alcohols, aldehydes or carboxylic acids are used for this purpose,
which in addition to their superior oxidation kinetics can also donate additional electrons due
to the current doubling effect described in the previous section. [189,190] In many photocatalytic
reduction reactions such as hydrogen production, carbon dioxide reduction or nitrogen fixation,
the use of sacrificial electron donors is very popular. They are used not only to speed up the
overall reaction but also to selectively study the reduction reaction without risking the oxidation
half-reaction to become rate-limiting. [193–196] However, only in few cases, the sacrificial reactant
is completely consumed in the reaction and leaves no by-products which can undergo further
reactions or modify either the solution or the catalyst in the process. [190] On the contrary, even
in the relatively simple case of methanol, the oxidation pathway proceeds through formaldehyde
and formic acid, both of which may act as electron donors themselves, superimposing the effect
of the original reagent. Moreover, the intermediates may accumulate, leading to unwanted
side-reactions or pH changes as well as complicating the work-up and product isolation. This is
typically ignored and may lead to false conclusions regarding the efficiency and suitability of
individual compounds evaluated as electron donors.

The study of an oxidation reaction always requires a corresponding reduction reaction as well.
Ideally, this reduction reaction should be well known and not need a co-catalyst so the catalyst
is not artificially altered for the purpose of the study. Therefore we chose the photocatalytic
reduction of molecular oxygen to hydrogen peroxide, since we already studied the effect of many
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reaction parameters for that reaction as described in the previous section.
We chose the commonly employed alcohols methanol, ethanol, 2-propanol and t-butanol (2-

methylpropan-2-ol) to study the effect of different electron donors. The corresponding aldehydes,
ketones and carboxylic acid are studied indirectly as well as they appear as intermediates in the
oxidation pathways anyway. Photocatalytic experiments were conducted with the respective
alcohol in a starting concentration of 10 mM where the concentration of the alcohol as well as all
intermediates were monitored over time. Afterwards, the concentration-time-profiles were fitted
using a kinetic model based on a Langmuir-Hinshelwood approach and the oxidation pathways
outlined below. As many of the intermediates appear in more than one pathway, the optimization
was done globally, i.e., only delivering one shared value for each kinetic constant determined
from all the data sets. The resulting kinetic constants are reported in Table 4.1.

Table 4.1: Calculated zero- and first-order oxidation rate constants for various alcohols and their oxidation
intermediates derived from the kinetic modeling, normalized to the methanol rate constant. For the intermediates,
zero-order rate constants could not be accurately determined as their concentration was never high enough during
the experiments. [P16]

Electron donor k0/k0
MeOH k1/k1

MeOH

Methanol 100 % 100 %
Formaldehyde n.d. 1170 %
Formate n.d. 462 %
Ethanol 214 % 118 %
Acetaldehyde n.d. 121 %
Acetate n.d. 47 %
2-Propanol 182 % 25 %
Acetone n.d. 9 %
t-Butanol 303 % 3 %
2-Methylpropan-1,2-diol n.d. 18 %
2-Hydroxy-2-methylpropanal n.d. 13 %
2-Hydroxy-2-methylpropionic acid n.d. 5 %

The oxidation pathways of methanol and ethanol are quite well described in the literature
and illustrated in Figure 4.4. [11,197–201] In the first step, the alcohol is oxidized in a one-electron
transfer followed by deprotonation (effectively an α-H abstraction), leading to the corresponding
carbon-centered alcohol radicals. These are so strongly reducing that they practically immediately
inject an additional electron into the photocatalyst, oxidizing themselves to the aldehyde in the
process. [189–191]

The same procedure is repeated for the aldehyde which again after two consecutive one-electron
transfers and additionally in this case, hydration, results in the formation of the corresponding
carboxylic acid. It appears that with the exception of the extremely fast reacting formaldehyde,
the oxidation rates of the alcohol and the corresponding aldehyde are of similar magnitude. [P16]

Further oxidation will yield the corresponding carboxylate radical. [176,191,202] In the case of formic
acid, this radical readily decomposes to carbon dioxide while donating its final electron. Longer
chain carboxylates such as acetate release carbon dioxide from their carboxylate radicals. [201]
However, the hydrocarbon radical formed this way immediately reacts with oxygen and after
rearrangement is oxidized directly to the shorter chain aldehyde, formaldehyde in the case
of acetate. The corresponding shorter chain alcohol was not detected in any of the studied
cases. [P16]

While the oxidation of formic acid showed one of the highest kinetic constants of all compounds
tested and was faster than that of methanol, in all other cases the carboxylic acids reacted
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Figure 4.4: The complete photocatalytic oxidation pathways of methanol and ethanol. [P16]

significantly slower than their alcohol and aldehyde counterparts. We attributed this to the
lack of α-H-atoms in these intermediates which requires breaking a C-C bond instead. These
reactions appear to be generally slower and often present the rate limiting step. [P16] A similar
behavior was observed with 2-propanol, which as a secondary alcohol is oxidized to its ketone,
acetone. The further oxidation, which again requires breaking a C-C bond to form formaldehyde
and acetaldehyde, was also found to be relatively slow and rate limiting. [203,204] [P16]

In some cases, the complete oxidation can be quite complex with several concurrent pathways.
This is illustrated in Figure 4.5 for the case of t-butanol, which is also often employed as electron
donor. Typically, this is not studied as a complete oxidation reaction and the tertiary alcohol is
just assumed to donate one electron and then form a stable radical product. [205–207] However,
our detailed kinetic analysis shows that this is far from the truth and indeed complete oxidation
takes place, liberating quite a substantial amount of reduction equivalents from intermediate
oxidation reactions (vide infra). Again here, carboxylic acids and ketones present the most stable
intermediates due to their slow oxidation kinetics. [P16]
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Figure 4.5: The complete photocatalytic oxidation pathway of t-butanol. [P16]

Interestingly, the kinetic analysis revealed that at these concentrations of sacrificial electron
donors, the amount of total reduction equivalents generated is much higher than just from the
alcohol oxidation (Table 4.2). Overall, the alcohol oxidation contributed only 30 to 80 % when
analyzing the first two hours of reaction. It was found that only a quarter to a third of the
theoretically generated reduction equivalents actually find their way into the reduction product.
This indicates that a significant amount of unproductive non-photocatalytic side-reactions takes
place which scavenge reduction equivalents, e.g., direct reaction of intermediates with molecular
oxygen. The total number of theoretically generated reduction equivalents is surprisingly similar
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for all cases, except for t-butanol which apparently generates about 70 to 80 % more. However,
in this case, the corresponding reduction reaction was found to be less efficient, indicating an
even higher fraction of side-reactions. [P16]

Table 4.2: Overview of the effect of the different alcohols on the theoretically generated reduction equivalents
(RE), the fraction of them originating from the original alcohol oxidation and the fraction found in reduction
product (H2O2). The calculations are based on analysis of the kinetics in first two hours of the reaction. [P16]

Electron donor Theoretical RE RE from the alcohol RE found in the product
Methanol 41.6 µM min−1 50 % 28.9 %
Ethanol 40.1 µM min−1 80 % 27.7 %
2-Propanol 43.8 µM min−1 76 % 24.0 %
t-Butanol 72.4 µM min−1 30 % 6.4 %

Overall, this indicates that the oxidation rate of a sacrificial electron donor cannot be inferred
by just looking at the rate of the corresponding reduction reaction and the latter may in fact
also change during the course of the reaction as more intermediates are formed and take part in
the reaction. To minimize interference from intermediates a compound should be used which is
either only oxidized once to a relatively stable intermediate such as 2-propanol, or is oxidized
completely very fast without accumulating intermediates such as methanol.

4.3 A holistic approach for kinetic modeling of photocatalytic
reactions

Understanding and modeling the kinetics is an essential part of optimization and implementation
of chemical reactions. In the case of photocatalytic reactions this is mostly done one-dimensionally,
i.e., only considering the effect of one parameter at the same time. For instance, many authors
model the substrate concentration dependence using relatively simple approaches based on
Langmuir-Hinshelwood type kinetics. [28,208] When the light intensity dependence is studied, the
common observation is that while linear for low light intensities, at some point the response of
the reaction rate to the light intensity becomes non-linear and yields increasingly diminishing
returns. [81,187,188] However, the use of an average light intensity as done in those cases is only a
valid approach if the reaction rate scales linearly with the light intensity at every point in the
reaction vessel which is often not the case. Accurately considering the distribution of the light
intensity and absorption inside the reactor and calculating local reaction rates to integrate into a
global average is only done in select few and very specific cases. [28,30,209–211] Unfortunately, even
though there have already been several attempts at simplifying this task, [31,212–216] the majority
of reports still use the abovementioned linear light dependency models.
Moreover, as shown recently by us, [P15] most of the reaction parameters show mutual inter-

dependence on each other and therefore cannot be properly studied in one-dimensional approaches
where just one parameter is varied. Instead, this calls for a holistic approach that takes the light
intensity and distribution, catalyst and substrate concentration as well as the temperature into
account at the same time.

Such a model is described in this section. It is essentially based on three elementary reaction
steps (R1-3), which are illustrated in Figure 4.6. While in the overall reaction, always a reduction
and oxidation have to take place, for the sake of simplicity only one of those half-reactions is
considered, whichever one is slower and rate-determining. This is done under the assumption
that the corresponding other half-reaction is much faster and has no effect on the overall observed
reaction rate.

28



4.3. A holistic approach for kinetic modeling of photocatalytic reactions

e- 

h+ 

CR
*  

CR  

CR  

R2 

S 

P 

R3 

R1 

Balancing reaction (faster) 

Figure 4.6: Illustration of the three elementary reactions which are the basis of the kinetic model. Shown are the
generation of reactive surface sites (R1), the recombination (R2) and the charge transfer to the target substrate
(R3). [P19]

The first reaction step (R1) is the generation of reactive surface sites (c∗
R) by trapping of

photo-generated charge carrier at surface sites (cR). These reactive surface sites can relax back
to the ground state by recombining with their respective charge-carrier counterpart (R2) or be
transferred to the target substrate to yield the desired product (R3). [P19]

Under the assumption that these processes are much faster than macroscopic mixing and
changes in the substrate concentration, a pseudo-steady-state approach yields an explicit equation
for the concentration of reactive surface sites and the substrate reaction rate (r), eq. 4.5, dependent
on the intrinsic quantum yield (φ), catalyst concentration (c0), local volumetric rate of photon
absorption (LVRPA, Lap), recombination rate constant (kr) and charge-transfer rate constant
(k∗

1). [P19]

r =
φ · Lap · k∗

1 · θ · c0

φ · Lap + kr + k∗
1 · θ · c0

(4.5)

This general rate law has the two limiting cases, that the light intensity is either very high or
very low in relation to the reaction’s kinetic limit. These limiting cases are also illustrated in
Figure 4.7. At low light intensity, the reaction is purely governed by the flux of absorbed photons.
In this regime, the observed overall photonic efficiency is constant. Parameters affecting the
rate of electron transfer from the photocatalyst to the substrate have only negligible effect here.
If on the contrary, the local light intensity is very high, the reaction is completely limited by
the intrinsic kinetics of the reaction. In this case, the photocatalyst effectively behaves like an
ordinary (thermal) catalyst, since all of the reactive sites are permanently active due to the high
photon flux. Most cases will not fall into either category but somewhere in between, where the
reaction rate shows a saturation-type behavior with respect to the light intensity. [P19]

Interestingly, both the limit of linearity and also the point of saturation are dependent on the
catalyst concentration. The higher the catalyst concentrations is, the longer the linear regime and
the more light is needed to be fully saturated with photons. This inter-dependency of catalyst
concentration and light intensity was recently reported by us for the case of photocatalytic
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Figure 4.7: Exemplary dependency of the local reaction rate (eq. 4.5) on the light intensity for different
catalyst concentrations in a double logarithmic plot. Parameters used: φ = 0.1, kr = 500 µmol L−1 min−1, k∗

1 =
5000 µmol g−1 min−1, θ = 1. [P19]

hydrogen peroxide formation by reduction of molecular oxygen (see section 4.1). [P15] Since
typically, the two parameters are not studied in depth at the same time, this effect had been
largely invisible up until then. The conclusion here is that it is possible to at least partly
counteract efficiency losses at higher light intensity by employing a higher catalyst concentration.
However, since there are obvious limits to this in terms of dispersibility of the photocatalyst
in the reaction medium, other measures should also be taken at very high light intensity (vide
infra).

Close inspection of the rate law reveals that it can be re-written into a pseudo-Langmuir-
Hinshelwood form. However, in this case the obtained parameters do not resemble their classical
physical meaning and are, in fact, influenced by a number of other parameters such as the light in-
tensity. [P19] This was also confirmed experimentally by other authors. [28,208,217,218] Consequently,
if the substrate concentration is the only parameter varied, Langmuir-Hinshelwood kinetics may
be employed to fit and extrapolate the data, but it will not give usable information about the
underlying physical processes.
The rate law presented above describes only a local reaction rate, dependent on the local

light intensity. Therefore, it can only be used to analyze observed global reaction rates if it is
linear with respect to the light intensity at every point of the reaction. However, particularly for
reactions with bad kinetics this will often not be the case even for moderate light intensities. In
these cases, the reaction rate has to be integrated over the whole reaction medium, taking the
local light intensity distribution into account. [P19]

While this is often a very challenging and time-consuming task, it may be vastly simplified if
several conditions are met. If the light is only attenuated alongside one direction in the reactor
and scattering effects are ignored, the light absorption behavior may simply be approximated
using the Lambert-Beer law. [31] In this case, the rather simple explicit equation valid for most
cases is obtained for the global average reaction rate (〈r〉), eqn. 4.6. Is rate is now dependent
on the optical density (α) and the volumetric photon flux density (qp, ideally determined using
chemical actinometry). [P19]

〈r〉 = k∗
1 · θ
α
· ln

(
φ · qp · α · c0
k∗

1 · θ · c0 + kr
+ 1

)
(4.6)
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An exemplary plot of this equation is shown in Figure 4.8a. Here, three regimes are apparent:
At low light intensity, the reaction scales linearly with the light intensity across the whole
reaction medium (A). At some point, non-linearities start to appear in some parts of the reactor
(the “bright” zone) and the average reaction rate starts to show diminishing returns (B). This
corresponds to the non-linear response that was often reported for photocatalytic reactions at
higher light intensites. If extremely high light intensities are used, the reaction will be limited
at every point in the reactor (C). Here, the photocatalyst behaves like an ordinary thermally
activated catalyst. This state, however, is virtually impossible to achieve with conventional light
sources unless very small reactors with dilute photocatalysts are used. [P19]
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Figure 4.8: Left (a): Exemplary course of the average reaction rate in dependence of the photon flux according to
the new model. Right (b): Locally resolved reaction rate as a function of reactor depth for the three cases marked
A-C in a. Parameters used: φ = 1, c0 = 2.5 g L−1, kr = 500 µmol L−1 min−1, k∗

1 = 1500 µmol g−1 min−1, θ = 1, ε =
16.4 L g−1 cm−1, d = 0.1 cm. [P19]

Figure 4.8 also nicely illustrates the fundamental dilemma of intensifying photocatalytic
reactions. In order to avoid kinetic limitations, the light intensity needs to be so low that even
at the beginning of the reactor no limitations manifest. This in turn means that in the rest
of the reactor, the reaction only proceeds with orders of magnitude lower rates. One way to
circumvent that is by using very dilute solutions or small dimensions that the light falloff through
the reactor is only small (e.g. <50 %). In that case, the reaction rate would not vary so much in
the reactor and the average reaction rate is almost equal to the maximum local reaction rate,
vastly increasing catalyst efficiency. However, this would also mean that a significant portion
of the light is transmitted though the reactor and not used, dramatically reducing the overall
photonic efficiency. Another possible solution is to use delocalized internal illumination so that
the light distribution in the medium is more homogeneous (see section 5.4). [P19,P23]

Another important reaction parameter is the temperature. While this is one of the most
important parameters in thermally activated catalysis and typically described via the Arrhenius
law, this parameter is only studied in few photocatalytic systems. The rationale behind this
seems to be that the reaction is initiated by the massive energy provided by the photons, so room
temperature is sufficient to drive the reactions. [14,219–221] Yet, there are many publications which
clearly show a temperature dependence of the photocatalytic reactions and use the Arrhenius
law to calculate apparent activation energies (E∗

A) of 5 to 28 kJ mol−1. [222–226]

The Arrhenius law can easily be integrated into the present kinetic model by modulating the
kinetic constant accordingly. [P19] As shown exemplary in Figure 4.9, the temperature effects are
strongly masked at lower light intensities, as improving the kinetics in that regime has negligible
impact on the overall reaction, which is limited by the available photons here. However, at high
light intensities, the temperature effect becomes much more prominent as it presents a way to
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overcome kinetic limitation there and to extend the linear regime. Consequently, using higher
temperatures is a promising approach to combine high productivity and high quantum yield. [P19]

0 . 0 1 0 . 1 1 1 0 1 0 0 1 0 0 0
0 . 0 1

0 . 1

1

1 0

1 0 0

E *
A  =  4 . 0  k J  m o l - 1

E *
A  =  2 4 . 4  k J  m o l - 1

E *
A  =  1 9 . 7  k J  m o l - 1

Av
era

ge
 re

ac
tio

n r
ate

 <r
> /

 µm
ol 

L-1  m
in-1

V o l u m e t r i c  p h o t o n  f l u x  d e n s i t y  q p  /  µ m o l  L - 1  m i n - 1

 T  =   0  ° C
 T  =  2 0  ° C
 T  =  4 0  ° C
 T  =  8 0  ° C

T

E *
A  =  1 0 . 6  k J  m o l - 1

Figure 4.9: The change in average reaction rate is a function of light intensity for different temperatures
calculated according to the new model. Also shown are the apparent activation energies E∗

A obtained from
Arrhenius plots at a given light intensity. Parameters used: φ = 1, c0 = 2.5 g L−1, kr = 500 µmol L−1 min−1, A =
3.325 × 108 µmol g−1 min−1, EA = 30 kJ mol−1, θ = 1, ε = 16.4 L g−1 cm−1, d = 0.1 cm. [P19]

At this stage, the kinetic model is able to holistically model the reaction rate of a photocatalytic
reaction in dependence of light intensity, catalyst and substrate concentration, temperature and
reactor geometry using a simple explicit rate law. If course there are also some limitations in the
applicability due to the assumptions made such as the negligence of scattering and the requirement
of collimated uni-directional illumination. However, as shown in the following chapter, the model
is able to quite accurately model the behavior of a number of experimentally studied reactions
and thereby allows performance prediction and optimization of process conditions. [P19]

Noteworthy, if only the photon flux is varied in the set of experiments, the reaction rate can
be abstracted to a very simple form which only has two parameters, eqn. 4.7. [227] However, in
this case only the empirical parameters β and γ are used and it is not possible to obtain the
direct physical information contained in the more detailed parameters.

〈r〉 = β · ln (γ · qp + 1) (4.7)

It is instead recommended that not only light intensity but also at least one other parameter,
e.g., catalyst concentration or temperature, is studied at the same time to better resolve the
properties of the catalyst. Since the intrinsic quantum yield is an optical property of the material
while charge transfer kinetics and recombination rate are catalytic properties, this model allows
to deconvolute the observed performance of the material into optical and catalytic effects.
According to the model, the optical properties of a photocatalyst primarily determine the

performance at low light intensity, while the catalytic properties are important for the performance
under high light intensity, this is illustrated in Figure 4.10. Consequently, if two catalysts are
compared to each other, they may exhibit a different rank order if measured at different light
intensities, even if all other parameters are kept constant. Since the inflection point between
linear and non-linear regime is also dependent on the optical density this could even lead to
different results depending on just the geometry of the employed reaction setup. This might
explain a lot of ambiguity in the literature concerning catalyst optimization where often different
“best catalysts” are reported for the same reaction.
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Figure 4.10: Schematic illustration of the reaction rate response to the light intensity for catalysts with good or
bad optical and catalytic properties according to the model.

Furthermore, this methodology of separating optical from catalytic effects may help to more
accurately determine structure-activity relationships of photocatalyst materials in future in order
to pave the way for a knowledge-based catalyst design.

4.4 Applications of the new kinetic model

As a first step, the data obtained while studying the photocatalytic reduction of molecular
oxygen to hydrogen peroxide (see section 4.1) was used to validate the model. As shown in
Figure 4.11, the inter-dependence of both light intensity and catalyst concentration was quite
successfully explained with this approach. Also, the dependence on substrate (molecular oxygen)
concentration and temperature could be modeled rather well. The former was accomplished
using a standard Langmuir isotherm and the latter by integrating an Arrhenius term into the
kinetic constant, as described in section 4.3. [P15]

Overall, the results suggest that efficiency losses are mainly a result of the photocatalyst’s poor
electron-transfer kinetics to molecular oxygen. Consequently, by increasing the oxygen partial
pressure, catalyst concentration and the temperature, the reaction rates and efficiency could be
significantly increased, particularly at high photon flux. The best obtained values of up to 19.8 %
apparent quantum yield also presented a new benchmark for this reaction using non-modified
TiO2. [P15] Contrary to many other studies, this efficiency increase was achieved not by altering
the catalyst but solely by the model-based optimization of the reaction conditions.
As a next example, the photocatalytic reduction of nitrobenzene in ethanol was analyzed in

detail with the model. [P20] In this reaction, nitrobenzene is reduced in six consecutive steps to
aniline, while at the same time ethanol is oxidized to acetaldehyde. [228–230] These two products
may even undergo further condensation to form quinoline compounds. [231–233]

The results indicated that the employed photocatalyst (Aeroxide P25) is a very good light
absorber and could theoretically reach an apparent quantum yield of up to 184 % in the absence of
any other limitations. In this reaction, more than unity efficiency (up to 200 %) are theoretically
possible due to the current doubling effect. Remarkably, by using the model to further optimize
the reaction conditions, up to 142 % apparent quantum yield were experimentally confirmed.
This presents the highest value reported to date for an organic synthesis reaction performed
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Figure 4.11: Interdependence of the measured H2O2 formation rate constant kF on the catalyst concentration
and the photon flux density shown as black and dark gray dots. Also shown is the calculated best fit to the
proposed model as a surface plot; the vertical lines attached to the data points show their respective difference to
the calculation. Data points that are black mean they are on or above the surface plot, and dark gray data points
signify they are below the surface. [P15]

with heterogeneous photocatalysis and proves that these reactions may indeed be very efficient if
properly optimized. [P20] Even at very high productivity of up to 7 g L−1 h−1 the efficiency was
still very high (124 %) demonstrating the feasibility of using heterogeneous photocatalysis is
large-scale synthesis reactions with acceptable space-time yield. [P20]

The photocatalytic oxidation of hydrogen chloride to chlorine (the photocatalytic equivalent
of the Deacon process) was also analyzed using the model. [234] [P17] Since this is a gas-phase
reaction studied using an immobilized photocatalyst film, direct application of the new kinetic
model proved a bit complicated. However, by treating only the volume of the 36 µm thick porous
photocatalyst film as the whole reaction volume, assuming no reaction happens in the gas-phase
away from the photocatalyst, the model could be easily adapted to the present case. [P17] In this
particular case, the model-based analysis revealed that the two reactants, hydrogen chloride and
molecular oxygen, likely adsorb on separate sites. This was a conclusion based on the fact that a
competitive adsorption isotherm approach did not yield a satisfactory fit to the model while two
independent adsorption isotherms could explain the experimental results perfectly. [P17]

Overall, the model reproduced the measured data points and was able to simulate the effect
of the reactant concentrations, light intensity and temperature. As shown in Figure 4.13, the
degree of accuracy is quite remarkable for the latter two cases. Noteworthy, the non-linearity
in the light intensity dependence suggests a strong kinetic limitation of the reaction which is
also substantiated by the fact that the temperature-dependence is almost ideally exponential.
However, in the latter case, there is a slight deviation from ideal Arrhenius behavior, and our
model actually fits better here due to the fact that at higher temperature, the kinetic limitation
begins to lose in dominance and other factors also play a role. [P17]

As mentioned above in this case, intrinsic kinetics of the catalyst seem to be the limiting factor
that prevent higher efficiency and turnover rates. Higher temperatures could help to overcome
this but would shift the equilibrium of the reaction away from the product side and thereby
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Figure 4.12: 3D-Plot of the nitrobenzene reduction rate as a function of both the volumetric photon flux density
and the photocatalyst concentrations. The blue surface shows the best calculated fit according to the new kinetic
model. Deviations from the calculation are illustrated by vertical lines attached to the data points. [P20]

limit the maximum attainable conversion. Alternatively, employing a better catalyst, e.g., by
employing co-catalyst materials, could solve this problem. Figure 4.14 illustrates that a better
catalyst with a higher kinetic constant could extend the linear regime and increase the overall
observed reaction rate significantly, particularly at higher photon flux. [P17]

Notably, other authors have also taken up the model to evaluate their own data. For instance,
recently the photocatalytic degradation of dichloroacetic acid in a black-body reactor was
successfully modeled using this approach. [227] Even though in this case the simplification of the
linear light path does not hold true because a point light source was applied, the calculation
still yielded a good fit. This is likely due to the fact that if the change in diameter between the
inner shell housing the light source and the whole reactor is not very high, also the radial light
attenuation can be neglected.
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Figure 4.13: Reaction rate of the photocatalytic oxidation hydrogen chloride to molecular chlorine in dependence
of a) the light intensity and b) the temperature. [P17]
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Figure 4.14: Simulation of the theoretical reaction rate of the photocatalytic oxidation hydrogen chloride to
molecular chlorine in dependence of the light intensity with hypothetically higher kinetic constants. [P17]

4.5 Modeling and optimization of photoenzymatic cascade reactions

One very interesting application of semiconductor photocatalysis is to couple them with enzymes
in what we call photoenzymatic cascade reactions. Here the idea is to combine the exceptional
catalytic selectivity of enzymes with the photocatalyts’ ability to create high-energy reagents. [235]
Of particular interest in this topic are hydrogen peroxide dependent enzymes such as peroxidase
and peroxygenase enzymes, which selectively catalyze oxygen-transfer reactions using hydrogen
peroxide as stoichiometric reagent. Figure 4.15 illustrates a selection of reactions which have
been reported with these enzyme classes. [P18]

These catalysts owe their exceptional reactivity to highly reactive heme groups in the active
site. In the resting state, this contains an Fe(iii)-ion which after activation by reaction with
hydrogen peroxide becomes a highly reactive Fe(iv) radical cation, which is also called Compound
I. This may undergo two subsequent reactions with the substrate via the so-called Compound
II intermediate to ultimately transfer an oxygen atom and regenerating itself to the resting
state. [236–239] [P18]

However, the challenge in using these enzymes lies in the fact that while they require stoi-
chiometric quantities of peroxide to function, they are often unstable even under millimolar
concentrations of it. The reason for this can be found in other possible reactions with peroxides
as shown in Figure 4.16. If Compound I reacts with an additional molecule of hydrogen peroxide
this results in the effective disproportion of two peroxide molecules to water and dioxygen,
which constitutes the well-known catalase reaction. If in this pathway the intermediately formed
Compound II reacts with yet another hydrogen peroxide molecule, hydroxyl radicals may be
formed as a result of a Haber-Weiss reaction. This is also known as “catalase malfunction” and
effectively inactivates the enzyme by irreversibly destroying the heme compound. Since three
molecules of peroxide are required for this to happen, its rate scales exponentially with the
peroxide concentration, giving rise to the high sensitivity of enzymes to even moderate peroxide
concentrations. [240] [P18]

For a productive process it is therefore critical that the peroxide is continuously supplied in low
concentrations. Amongst other methods evaluated for this purpose such as enzymatic, catalytic
or electrochemical in-situ hydrogen peroxide generation, [241–252] one very advantageous way of
doing that is by using semiconductor photocatalysis. [253] [P12,P13]
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Figure 4.15: An overview of different reported reactions involving enzymes and hydrogen peroxide. [P18]

As discussed in detail in section 4.1, semiconductors such as TiO2 can reduce molecular oxygen
to hydrogen peroxide. Since they also degrade it at higher concentration, there is an intrinsic
limit in the maximum H2O2 concentration reached in this system. Since this limit is typically well
below the critical millimolar range, this can be considered as quite a powerful safety mechanism
that effectively prevents peroxide runaway. Regardless, the generation of surplus hydrogen
peroxide should still be avoided to achieve an overall efficient system. Therefore, the peroxide
generation rate needs to be precisely tuned its consumption by the enzyme, which is now possible
thanks to the detailed kinetic studies described in the previous sections.
However, these photocatalysts are also able to form a number of very reactive oxidizing

radicals, namely superoxide and hydroxyl radicals, which may interfere with the enyzme and
deactivate it. [P14] Particularly the latter are known to react with the heme group and lead to its
irreversible degradation. [240] Consequently, it was observed that the enzyme deactivation rate in
the photoenzymatic system (studied using the model reaction of ethyl benzene hydroxylation by
AaeUPO coupled with TiO2) increases linearly with the light intensity, in line with both the
superoxide and hydroxyl radical formation rates. However, since hydroxyl radicals are mainly
formed during water oxidation, they may be effectively suppressed if an alternative electron donor
such as an alcohol is used. It was found that the addition of only 5 vol.% methanol decreased
the hydroxyl radical formation rate by more than three orders of magnitude (Table 4.3). At the
same time, the enzyme deactivation rate was reduced by 83 %. Since the superoxide formation
was in this case not reduced by instead significantly increased, it was concluded that hydroxyl
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Figure 4.16: The proposed pathway of H2O2-mediated inactivation in peroxygenase enyzmes via malfunction
within the catalase catalytic cycle. [P18]

radicals are indeed the main compound that leads to inactivation. [P14]

Table 4.3: Effect of different electron donors on the and ROS generation during the photoenzymatic hydroxylation
of ethyl benzene with TiO2 and AaeUPO. [P14]

Electron donor Formation of ·OH Formation of O2·− Formation of H2O2 Enzyme deact. TON

Water 732 000 nM h−1 280 µM h−1 200 µM h−1 52 nM h−1 4000
Methanol 240 nM h−1 1140 µM h−1 460 µM h−1 9 nM h−1 40 000
2-propanol 220 nM h−1 n.d. 330 µM h−1 12 nM h−1 30 000
t-butanol 530 nM h−1 n.d. 460 µM h−1 17 nM h−1 31 000

The addition of an alcohol has the additional advantage of increasing the reduction rate of
oxygen as well as the solubility of both oxygen and the hydrophobic substrate. Even though
similar effects could be achieved with other alcohols, methanol has the advantage of only small
amounts of intermediates accumulating during the reaction (see section 4.2) and was therefore
preferred.

The ultimate goal of this work will encompass a complete kinetic model of the entire photoen-
zymatic process, consisting of the photocatalytic hydrogen peroxide generation, the different
enzymatic reactions as well as the enzyme deactivation. This model could then be used to
completely simulate the process and predict optimum reaction conditions, which due to the
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complexity of the system, is extremely difficult to do analytically. We have not yet succeeded
completely with this part as a detailed kinetic analysis for the employed enzyme, taking catalase
activity, side-reactions and inactivation into account, was not yet available. However, we were still
able to optimize the photocatalytic hydrogen peroxide formation for a given enzymatic system.
This resulted in either the highest turnover number (220 000), apparent quantum yield (13.6 %)
or space-time yield (2.6 g L−1 d−1) for a photo-driven AaeUPO-catalyzed reaction reported to
far. [P14]
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5 Reactor concepts for efficient photocatalytic
processes

As photocatalytic reactions require photons basically as stoichiometric reagents, their efficient
generation and transport into the reaction medium is an essential part of the design of photocata-
lytic processes. Particularly the development of suitable reactors presents a major challenge as
they need to either incorporate the light sources or be transparent to allow illumination from
outside. Additionally, the distribution of the light inside the reaction medium is very important
to achieve efficient systems. Efficient photoreactor systems are not just relevant for photocata-
lytic processes but also for other light-driven processes such as pure photochemical conversions,
reactions utilizing photoenzymes or the cultivation of phototrophic microorganisms. [254] [P21,P22]

This chapter gives a general overview of different design aspects for photocatalytic processes
and summarizes the work published by the author in this context in the papers P21-P23.
Additionally, a personal perspective of the future prospects of photocatalysis in the chemical
industry is given at the end of the thesis.

5.1 General considerations

As described in detail in section 4.3, efficient photocatalytic processes require a homogeneous
as possible light distribution in the reactor. At the same time, high photocatalyst loadings are
required to achieve a high catalyst surface area. However, the latter results in extremely low
light penetration depths of typically a few millimeters at best. [255,256] Consequently, there will
be a dramatic falloff of light intensity over several orders of magnitude in medium- or large-scale
reactors.
The desire to achieve high specific light intensities and also to minimize “dark spots” has

sparked an explosive interest in reactor systems with at least one very small dimension such as
photomicroreactors or falling film reactors. [257–260] [P22] Particularly the former are very popular
in combination with flow chemistry as they can be easily constructed by just coiling a transparent
tube around the light source. [261,262] While these reactor types achieve good illumination efficiency
and a high surface-to-volume-ratio, they are often area intensive in scale-up and challenging to use
with heterogeneous catalysts. [263,264] The approach of scaling up by numering-up of these small
volume reactors also leads to significant challenges in process monitoring and control. [265,266]
Additionally, the requirement to invest into specific equipment such as photoreactors is often a
substantial obstacle for industrial implementation of these processes.

An alternative approach to solve this dilemma is using internal illumination, i.e., put the light
sources inside the reaction medium. Different types of internal illumination such as immersion
lamps [267] or optical fibers [268,269] have successfully been applied. Furthermore, wireless powering
of light sources for photocatalytic degradation of organic pollutants has shown good efficiencies.
Since the light sources themselves can easily be added to or separated from the reactor, it
allows for more flexibility in selecting a suitable reactor. Even standard multi-purpose reactors
can be used with these Wireless Light Emitters (WLEs) to power photocatalytic reactions,
which could tremendously help wide-spread application. Since they move freely within the
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reaction medium, they do not present significant obstacles for and can readily be used in stirred
systems. The principle has for example been demonstrated with light emitters powered via
the piezoelectric effect by ultrasonic waves [270] or microwave-powered electrodeless discharge
lamps. [271,272] Compared to those methods, resonant inductive coupling (RIC) for powering of
internal light sources, has great advantages for up-scaling photocatalytic processes. [273] [P23]

The possible energy transfer efficiency is already >75 % and the conductivity of water shows
no negative impact on the energy transfer efficiency. [274,275] Since there are already many well
known applications for RIC such as charging of portable devices, [276] endoscopic capsules [277] or
other sensors, [278,279] synergistic effects in future development can be expected. LEDs powered
by RIC were successfully introduced as a means to illuminate photobioreactors [254,280] and for
wastewater treatment. [281] In both cases, a multitude of WLEs in a suspension was powered
by one transmitting inductor while a single WLE consists at least of one LED, a receiving
coil and a capacitance forming a resonant circuit. Our approach to utilitze this technology for
photocatalysis is described in section 5.4.

5.2 Suitable light sources

The most interesting light source to use is certainly the Sun, as it is available basically everywhere,
free of charge and completely environmentally neutral. However, the polychromatic and fluctuat-
ing nature of the sunlight in combination with its relatively low intensity (about 1 kW m−2 at
maximum) pose severe constraints for efficient utilization.
Fluctuations may be compensated by just modulating the production accordingly, this even

enables a constant product quality, albeit at a lower average productivity. [282] The polychromatic
nature of the light means that there is always a compromise between the fraction of photons
which can be used on the one side and the amount of energy that can be extracted from them
on the other (cf. the Shockley-Queisser limit for photovoltaic cells). [283] Even when Nature’s
idea of combining several photoabsorber materials is adopted in multi-junction or Z-scheme
systems, the maximum attainable efficiency falls in the area of about 20 to 30 %. [284–286] The low
intensity may be counteracted by using solar concentrators, which however do not diminish the
area demand of the site and also lead to significant side-effects such as intense heating. [257,287–289]

Therefore, in any application where the desired reaction products are valuable enough to
compensate for the energy cost, using artificial light sources is desirable since it enables more
intensified, selective and controlled processes. This can still be done using solar energy, which
is only first converted into electricity using solar cells and then converted again to the desired
artificial light. Amongst the myriad of different technologies developed to create artificial light,
in recent years light emitting diodes (LEDs) have solidified their status as the most efficient and
versatile candidate.

The last decades have seen exponential increases in LED radiant flux and at the same time
a dramatic reduction in costs which has even motivated the formulation of the so-called Haitz’
law in analogy to Moore’s law, Figure 5.1. [291,292] Today, blue LEDs with efficiencies above 80 %
exceeding 20 W cm−2 radiant flux density are already commercially available for very affordable
prices (<1AC/W) with UVA variants expected to follow soon due to sharing the same technology
basis. [293] Theoretically, LED efficiency can even exceed unity by consuming ambient heat
(Peltier effect), however, this will likely only be possible for (technically uninteresting) low power
densities. [294] Nonetheless, the efficiency of these devices is expected to closely approach unity
in the near future, which will practically result in light energy cost matching the equivalent
electricity cost.
At the same time, this enables radiant power densities in the range of kW L−1, at which
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Figure 5.1: The trend in luminous flux and specific costs for LEDs in recent years. [290]

point further increases are unreasonable due to the constraints of thermal management. It is
noteworthy that at perfect efficiency, this would allow very high reaction rates in the range of
mol L−1 min−1.

5.3 Energetic aspects and efficiency

Even though photocatalytic reactions are typically performed under mild conditions, e.g. ambient
temperature, it always has to be kept in mind that these are high-energy processes due to the
photon energy provided. Even when assuming perfect quantum efficiency, the facts that a UVA
photon (385 nm) has an energy of 311 kJ mol−1 and often more than one photon is required per
turnover means practically all of these reactions are highly exothermic. This is true not only for
true photocatalytic reactions (∆G < 0) but also for most photosynthetic reactions (∆G > 0).
For instance the reduction of nitrobenzene in ethanol to aniline and acetaldehyde features a
nominal heat of reaction of −296 kJ mol−1 which due to the need of at least three UVA photons
is further increased to at least −1280 kJ mol−1 if light energy is considered. [P20] The effective
heat of reaction can be calculated according to eqn. 5.1 in dependence of the number of required
photons per product (n), the photon’s molar energy (Emol) and the quantum efficiency (φ).

Hr,eff = Hr −
n · Emol

φ
(5.1)

This is plotted exemplary in Figure 5.2 for the mentioned case of nitrobenzene reduction. It
is apparent that the heat production is exponentially amplified with lower quantum efficiency,
reaching truly astronomical numbers.
This energetic catastrophe resulting from low quantum efficiency might be acceptable when

using “free” sunlight, when producing high-value chemicals, e.g. pharmaceuticals, or when only
very dilute concentrations of pollutants need to be removed, e.g. from waste-water. But for
the production of commodity chemicals or lower-value intermediates using artificial lighting
the associated waste of energy would render the process uneconomical and any “green” claims
doubtful. Therefore, it is essential that the latter are operated at very high quantum yield to
minimize unproductive thermal losses.
This also highlights that considerable effort needs to be invested into cooling these reactions

if they are intensified. Alternatively, it could be considered to utilize the generated heat for

42



5.4. Internal illumination with wireless light emitters

2 0 0 1 8 0 1 6 0 1 4 0 1 2 0 1 0 0 8 0 6 0 4 0 2 0 0
- 1 0 0 0

- 1 0 0 0 0

- 1 0 0 0 0 0

Eff
ec

tive
 he

at 
of 

rea
ctio

n /
 kJ

 m
ol-1

Q u a n t u m  e f f i c i e n c y  /  %

Figure 5.2: The effective heat of reaction of the photocatalytic reduction of nitrobenzene in ethanol in dependence
of the quantum yield.

other processes, e.g. steam production or industrial drying processes, to increase the overall
energy efficiency and economic feasibility of the photocatalytic process. In case of sunlight, this
also enables the use of the residual spectrum not absorbed by the photocatalyst as heat. This
approach has already been successfully implemented in simultaneous hydrogen production and
water evaporation for desalination. [295]

From an industrial perspective, it would be most useful to generate high pressure steam that
can be used to power other chemical or industrial processes or even generate electricity. However,
this would require operating the reaction at higher temperatures of ≥150 ◦C. Relatively little is
known about the behavior of photocatalysts in that temperature regime as only few researchers
ventured into this territory so far - however, with very promising results. [296,297]

For instance, the photocatalytic oxidation rate of ethylene was found to more than double
when the temperature was increased to about 160 ◦C. [297] The same study predicts an upper
limit of about 300 to 400 ◦C above which phonon-mediated recombination becomes a problem,
which might be overcome by catalyst design though. We also recently discovered that mild
temperature increases are beneficial for the photocatalytic reduction of nitrobenzene to aniline,
the photocatalytic reduction of molecular oxygen to hydrogen peroxide and the photocatalytic
oxidation of hydrogen chloride to chlorine. [P15,P17,P20] Recently, it has also been reported that
the photocatalytic water splitting reaction greatly benefits from elevated temperatures, reaching
astonishing quantum yields of more than 80 % at 270 ◦C. [296]

5.4 Internal illumination with wireless light emitters

As mentioned above, efficient photoreactors require the light distribution in the reactor to be as
homogeneous as possible. The only realistic approach to achieve this in larger-scale reactors is
the use of internal illumination techniques. Amongst others, using inductively coupled wireless
light emitters (WLEs) is a promising way to accomplish this. The use of delocalized small light
sources located inside the reaction medium also allows to directly coat the photocatalyst onto the
emitters. This makes the separation and re-use of the photocatalyst much easier and effectively
presents a completely integrated system that can be handled just like an ordinary supported
catalyst, for instance in fixed-bed or fluidized-bed operation. Even standard stirred tank reactors
are an option. This approach has the additional advantage that no light actually enters the
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reaction medium anymore, enabling even reactions with light sensitive or strongly absorbing
reagents. [P23]
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Figure 5.3: A photograph and scheme of the employed setup for the reactions with WLE (a), the composition
of each individual WLE (b) and a photograph of an uncoated and a coated WLE with a 1ACcent-coin as scale
(c). [P23]

In the first step to demonstrate the feasibility of this concept, the WLEs themselves were
designed (Figure 5.3). While the general design of WLEs, comprised of an LED, an induction coil
and a capacitor, housed in a polymer shell, was already established for the application in algae
cultivation [280]. However, in several aspects it had to be adapted for the use in photocatalysis,
namely the use of UVA-LEDs and corresponding UVA-transparent shell. Since the polymer
itself is susceptible to degradation a multi-layer coating was developed consisting of an oxygen
plasma treatment to functionalize the polymer, followed by sputtering thin layers of SiO2 and
TiO2 (Figure 5.3b,c). [P23] These layers serve to protect the polymer from the reaction medium
which may consist of strong solvents, acids and bases and also from the photocatalyst which may
generate highly oxidizing species. Additionally, it improves the adhesion of the photocatalyst,
which is subsequently deposited via dip-coating.

These coated WLEs were subsequently used for three model reactions, the generation of
hydrogen peroxide from water and molecular oxygen, the decolouration of methylene blue and the
reduction of nitrobenzene to aniline. All of these reactions proceeded with photonic efficiencies
at least as good as published references, in the case of nitrobenzene reduction, the efficiency
was even substantially higher. The reactions were performed in a standard glass flask equipped
with glass frit at the bottom for gas supply. The inductive powering was achieved by copper
coils mounted on a PMMA tube so it could easily be attached to or removed from the reactor
(Figure 5.3a). [P23] This demonstrates that the system is broadly applicable and easily adaptable
to existing equipment. Presently, studies are under way to prove the system is also well suited
for performing other photochemical processes such as photoenzymatic reactions. [P21]

Also a set of equations was developed which allow the prediction of principle performance
indicators such as radiant and photon flux densities in dependence of the fill factor (FF), i.e.,
how much of the reactor volume is taken up by the WLEs (Figure 5.4). The prediction is
that all relevant performance indicators increase exponentially with higher FF. This is the
result of both increased light intensity and at the same time reduced reaction medium volume,
indicating that tremendous intensification potential exists for the system. Indeed, the onset of
this predicted behavior could be observed for photocatalytic H2O2-generation when the fill factor
was increased up to 27 % (Figure 5.4). Theoretically, up to 74 % are possible in a closest packing
configuration. [P23]

The calculated numbers are quite substantial, given that the achieved radiant flux of 8 mW
per WLE was still relatively low. As a result of the resonant inductive coupling and lack of a
rectifier in the WLE, the LEDs are driven with alternating current and are therefore only active
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Figure 5.4: Left: The principle performance indicators radiant flux density, assuming maximum rated (Pmax) or
experimentally determined output of the used LEDs (Pexp), and geometric catalyst surface (Ageo) as a function
of fill factor (FF ). Shown are the values related to reactor volume (green line) and reaction medium volume
(red line). Right: Experimentally determined H2O2 formation rates (kB) using an increasing number of WLEs,
expressed as the fill factor. [P23]

for a maximum of half of the time. Also, the strength of the electric field was not yet optimized
for the WLE. In future, the WLEs could either be equipped with more than one LED or with a
simple rectifier to allow a higher radiant flux. Also, optimizing the electric field with respect to
maximum power transfer will undoubtedly increase the light output. [P23] The extremely rapid
development in the LED sector has now made high-power LEDs with radiant fluxes upwards of
1 W per unit available. With these, radiant flux densities upwards of 1 kW L−1 are possible with
the WLE system, which results in a tremendous intensification potential.

By distributing the light sources nearly homogeneously throughout the reaction medium, this
system could solve of principal dilemma of achieving highly efficient photocatalytic reactions
at scale. From detailed analysis of the kinetic model described in section 4.3 we know that the
required activity of the employed photocatalyst in order to prevent efficiency losses is directly
proportional to the maximum photon flux density or irradiance encountered at any point in the
reaction system, usually at the very surface facing the light source.
In contrast to other photoreactors, the maximum irradiance at any point in the reactor is

purely determined by the power of the individual emitter in the WLE system, not by the overall
power density. For instance, a WLE of the abovementioned type with 1 cm diameter and a
light output of 314 mW has an irradiance of approximately 100 mW cm−2 at the outer surface
of the half-sphere. At maximum FF, a system employing these devices can have a theoretical
power density of up to 1707 W L−1 without exceeding the abovementioned irradiance at any
point. These calculations assume that the reaction medium is strongly absorbing so that residual
light from one WLE does not increase the photon flux observed above others. However, given
that typically employed photocatalyst suspensions have light penetration depths of less than a
millimeter, this will usually be the case.
In contrast to the WLE system, a tubular reactor with 1 L volume, irradiated through a flat

bottom with an area of 50 cm2 could only achieve a power density of 5 W L−1 using the same
irradiance limit. To achieve the same maximum power density, an irradiance of 34 W cm−2 would
be required, more than 300 times the value of the WLE system. Consequently, also the employed
catalyst would require a higher activity by the same factor in order to prevent efficiency losses.
This demonstrates that the WLE system is vastly superior in achieving scalable efficient reactions
at high photon flux.
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5.5 Future prospects

For applications with medium to high value products, e.g., in the pharmaceutical or specialties
industries, where the energy costs to power the lamps are not critical for the overall process
feasibility, concepts such as the abovementioned WLE system will allow readily scalable, efficient
and fast photocatalytic reactions. For the production of lower volumes even the currently very
popular flow chemistry systems employing transparent tubing are quite feasible. [298]

Improved systems will likely feature higher power densities to further intensity the processes.
However, this needs to be done with care, keeping kinetic limitations in mind to prevent efficiency
losses. Also, if power densities in the excess of kW L−1 are employed, thermal management
will increasingly be an issue. Specific challenges that need to be addressed here in future are
to develop improved coatings which are more robust towards abrasion losses during operation.
This is a non-trivial task since the device contains electronics and polymers which may not
be subjected to high-temperature annealing conditions. Also, the materials used should be
carefully re-evaluated while keeping chemical resistance in mind if the technology is applied to
syntheses requiring very strong solvents, acids or bases. Finally, the price of the devices should
be significantly reduced to facilitate wide-spread usage, considering that for intensified conditions
there need to be hundreds to thousands of devices per liter. However, the latter will likely come
naturally with larger numbers produced due to the immense scaling effects for polymer and
electronics manufacturing.
On the other hand, the generation of low value commodity chemicals (e.g. around 1AC/kg)

will be challenging even with highly efficient catalysts and reactors. The reason here are the high
energy costs for powering the lamps that due to the extremely high heat of reaction (see section
5.3) will usually push the process out of feasibility if the generated heat cannot be exploited.

One way to solve this problem is by utilizing solar light instead of artificial light sources. This
can significantly reduce the energy costs for the process but comes at the expense of intensification
on account of sunlight having relatively low intensity (approximately 1000 W m−2 at 1.5x air
mass) and temporal fluctuations. Also, while the sunlight is essentially free of charge, it would
still be inefficient to let all the heat generated in the process go to waste.

A much more efficient way to realize these reactions would therefore be to run them at elevated
temperature (at least 100 ◦C) in order to use the excess heat from the reaction and light energy
in a secondary process such as water desalination or steam generation. This will at least to some
extend counter-balance the catastrophic energy balance of these reactions which would otherwise
make the reactions economically unfeasible. As a secondary effect, the use of high temperature
will also dramatically increase mass-transfer rates and the kinetics of the photocatalyst, enabling
faster, more intensified processes.

In terms of employed reactors, internal illumination like with the WLE system are unlikely to
succeed as the higher process temperatures are incompatible with the electronics of the LEDs.
Nonetheless, there is technically the option of using pseudo-internal illumination with optical
fibers. [299,300] Alternatively, thin slit fixed-bed reactors can be employed, where one wall is coated
with the photocatalyst and the other one is transparent, with the light source as surface irradiator
behind. [234] Given that irradiances of up to about 10 W cm−2 are possible with current LED
technology, conversion rates comparable to industrial electrolyzers (which kind of share the same
geometry) can be envisioned. Since the latter have successfully been implemented at scale in
the chemical industry for more than a century, this illustrates that from a reaction engineering
perspective there are no fundamental problems that prevent the implementation of photocatalytic
processes in a similar fashion to produce even commodity chemicals at large scale and finally
make Giacomo Ciamician’s vision from 1912 reality. [1]
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