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ZUSAMMENFASSUNG 

Die Ansiedlung von Bakterien auf Oberflächen führt zu einer unerwünschten Bildung von 

Biofilmen, die als Biofouling bezeichnet wird. In der Regel werden Biofilme mit Bioziden 

bekämpft, die aber eine Gefahr für andere Organismen darstellen. Eine effiziente Alternative zur 

Vermeidung von Biofouling-Prozessen ist die Anwendung von Ceroxid (CeO2), das als Katalysator 

in der Lage ist, die bakteriellen Kommunikation durch oxidative Bromierung zu unterbrechen und 

somit eine neue Möglichkeit bietet, die Biofilmbildung ohne Biozide oder Toxine zu hemmen. 

Der erste Teil dieser Arbeit widmet sich daher den Oberflächeneigenschaften unterschiedlicher 

CeO2-Nanopartikel und deren Einfluss auf die katalytische Aktivität in der oxidativen Bromierung 

von Thymol. Es wurde gezeigt, dass sowohl eine hohe Lewis-Acidität, ein hohes Produkt aus Zeta-

Potential und BET-Oberfläche, als auch eine hohe Stabilität des oberflächengebundenen 

Wasserstoffperoxids zu einer Beschleunigung der Bromierungsreaktion beitragen. 

In einer weiteren Studie wird untersucht, inwiefern sich die zuvor untersuchten 

Oberflächeneigenschaften von CeO2 durch Variation der Reaktionszeit beeinflussen lassen. 

Kürzere Reaktionszeiten liefern Nanopartikel mit hohem Zeta-Potential und kleinem Ce3+/Ce4+ 

Verhältnis, längere Reaktionszeiten führen zu Nanopartikeln mit großer BET-Oberfläche und 

großem Ce3+/Ce4+ Verhältnis. Bei Haloperoxidase-ähnlichen Reaktionen sind CeO2-Nanopartikel 

mit großem Zeta-Potential für die katalytische Aktivität vorteilhaft, da ein oberflächengebundenes 

Halogenid auf H2O2 oder ein organisches Substrat übertragen werden muss. Im Gegensatz dazu 

müssen bei der Peroxidase-ähnlichen Reaktion die BET-Oberfläche und das Ce3+/Ce4+ Verhältnis 

erhöht werden, um eine leichtere Elektronenübertragung auf das Substratmolekül zu gewährleisten. 

Im dritten Kapitel wird die Anwendung optimierter Nanopartikel in Antifouling-Lacken untersucht. 

Biofilm-Tests zeigen eine deutliche Reduktion des Biofilms von Gramnegativen Bakterien in 

Anwesenheit der Nanopartikel. Durch die Anwendung des Reporterstamms A. tumefaciens A136 

konnte die Quorum Quenching Aktivität der CeO2-Nanopartikel bestätigt werden. In den 

Überständen der Bakterienkultur P. aeruginosa sind die Bromidkonzentration und die 

Konzentration der Signalmoleküle in Anwesenheit von CeO2 deutlich reduziert. Zum ersten Mal 

wurde bromiertes HQNO (2-Heptyl-4-hydroxychinolin-N-oxid) in Gegenwart von CeO2 

nachgewiesen, was den postulierten oxidativen Bromierungsmechanismus untermauert. Die CeO2-

Partikel wurden anschließend in Polyurethan-Lacke eingearbeitet, in denen sie immer noch eine 

signifikante Biofilm-inhibierende Wirkung aufweisen. 

Da für alle oxidativen Bromierungsreaktionen das Oxidationsmittel H2O2 zur Verfügung stehen 

muss, wurde im letzten Kapitel untersucht, ob eine in-situ H2O2 Erzeugung möglich ist. Dazu wurde 

eine H2O2-freisetzende Substanz in eine Polymermatrix eingebettet. Zusätzlich wurde die 

photochemische Erzeugung von H2O2 mittels graphitiertem Kohlenstoffnitrid (g-C3N4/BDI) 

untersucht. 
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ABSTRACT 

The colonization of bacteria on surfaces leads to an undesirable formation of biofilms, which is 

called biofouling. Generally, biocides are used to control biofilms, but they pose a threat to other 

organisms. An efficient alternative to prevent biofouling is the application of cerium oxide (CeO2), 

which can interrupt bacterial communication by catalyzing the oxidative bromination of signaling 

compounds, thereby providing a new way to prevent biofilm formation without biocides or toxins. 

The first part of this work is therefore devoted to the surface properties of different CeO2 

nanoparticles and their effect on the catalytic activity for the oxidative bromination of thymol. A 

high Lewis acidity, a high product of zeta potential and BET surface area, and a high stability of 

the surface-bound hydrogen peroxide were shown to accelerate the bromination reaction. 

In another study, we investigated to what extent the surface properties of CeO2 can be influenced 

by the reaction time. Shorter reaction times yield nanoparticles with high zeta potential and small 

Ce3+/Ce4+ ratio, whereas longer reaction times yield nanoparticles with large BET surface area and 

large Ce3+/Ce4+ ratio. In haloperoxidase-like reactions, CeO2 nanoparticles with large zeta potential 

are crucial for catalytic activity, since a surface-bound halide must be transferred to an organic 

substrate. In contrast, in the peroxidase-like reaction, the BET surface area and Ce3+/Ce4+ ratio must 

be increased to ensure electron transfer to the substrate molecule. 

In the third chapter, the application of optimized nanoparticles in antifouling paints was 

investigated. Biofilm tests showed a significant reduction of the biofilm of Gram-negative bacteria 

in the presence of the nanoparticles. The application of the reporter strain A. tumefaciens A136 

confirmed the quorum quenching activity of the CeO2 nanoparticles. In the supernatants of the 

bacterial culture P. aeruginosa, the bromide concentration, as well as the concentration of signaling 

molecules, was significantly reduced in the presence of CeO2. For the first time, brominated HQNO 

(2-heptyl-4-hydroxyquinoline N-oxide) was detected in the presence of CeO2, supporting the 

proposed oxidative bromination mechanism. The CeO2 nanoparticles were incorporated 

subsequently into polyurethane coatings, in which they still exhibit significant biofilm inhibiting 

activity. 

Since the oxidant H2O2 must be available for all oxidative bromination reactions, the last chapter 

investigated whether H2O2 generation is possible in-situ. This involves embedding an H2O2-

releasing substance in a polymer matrix. In addition, the photochemical generation of H2O2 using 

graphitized carbon nitride (g-C3N4/BDI) was investigated. 
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GENERAL REMARKS 

This work is divided into six chapters. In the introductory chapter, the theoretical 

background is examined in some detail, followed by the motivation and the scientific goal 

of this work. Four projects are presented and discussed in the following four chapters. Each 

chapter is introduced with a short summary, which highlights the scientific goal of the 

project, as well as the authors' contributions. References and the supporting information are 

always attached at the end of each chapter. 

NMR spectra were analyzed with MestreNova, XPS data was processed using CasaXPS 

and chemical structures were prepared using ChemDraw Prime 17.0. Matlab R2017b and 

OriginPro 8 were used for graphical data analysis including plotting and fitting. All Figures 

were prepared originally using Matlab R2017b, CorelDRAW 2021, PowerPoint and 

Inkscape if not mentioned otherwise. 
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 THEORETICAL BACKGROUND 

1.1. BIOFOULING 

From a general point of view, a biofilm is an aggregate of surface-associated bacteria 

enclosed in a self-produced, protective slimy matrix of carbohydrates. These carbohydrates, 

also known as extracellular polymeric substances, are responsible for irreversible surface 

attachment.1,2  

 

 

Figure 1-1. Schematic biofilm formation process. (I) Attachment of organic molecules forming a 

conditioning film. (II) Reversible attachment of bacteria. (III) Formation of extracellular polymeric 

substance (EPS). (IV) Colonization of small microorganims (V) Attachment of larger organisms.3 

 

The undesirable formation of biofilms, so-called biofouling, occurs in many areas of 

everyday life. Surfaces in an aqueous environment are mainly affected. The dynamic and 

complex biofilm formation process is shown schematically in Figure 1-1 and consists of 

five steps. (I) First, adsorption of carbohydrates and proteins on the surface through 

electrostatic interactions and van der Waals interactions occurs leading to a substrate film 

("conditioning film"). The substrate layer serves as a nutrient base for bacteria and other 

microorganisms. (II) At the beginning the primary colonizers migrate and adhere to the 

surface, but they are still losely bound. (III) Under optimal conditions, microbial biofilm 

production starts by forming an extracellular polymeric substance (EPS) and the bacteria 
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are irreversibly attached ("microfouling"). This polysaccharide-containing hydrogel allows 

nutrient exchange, enzymatic interactions as well as a protection from external influences, 

such as biocides and predators. At this stage, the biofilm can no longer be removed without 

enormous effort. (IV) A more complex community is formed by colonization of small 

eukaryotes, invertebrates, and microalgae (V) followed by attachment of larger organisms 

like bivalves, fungi and macroalgae ("macrofouling").3,4 
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1.2. QUORUM SENSING 

As described in Section 1.1, bacteria form biofilms in which they live together in protected 

habitats. To develop such complex biofilms, the bacteria communicate with each other. 

They can communicate silently with messenger molecules, so called autoinducers (AI). 

These autoinducers are small diffusible organic molecules produced by other bacteria or 

the bacteria themselves. The surrounding bacteria can recognize these autoinducers. At a 

certain concentration of the signaling molecules, the bacteria can initiate transcription 

processes that determine certain properties such as pathogenicity, biofilm formation or 

bioluminescence. This silent communication process is called “Quorum Sensing” (QS). 

Both, Gram-negative and Gram-positive bacteria use Quorum Sensing mechanisms to 

regulate their group behaviour. However, their autoinducers differ from each other. Gram-

negative bacteria use mostly N-Acyl-homoserine lactones (AHL, autoinducer-1 (AI-1)), 

whereas Gram-postive bacteria communicate via small peptides (autoinducer-1 (AI-1)). In 

addition, bacteria can communicate across species using furanosyl compounds (AI-2).5,6 

Figure 1-2. shows autoinducers isolated from red algae Delisea pulchra.5 

 

 

Figure 1-2. Signaling molecules acyl-homoserine lactones and 3-oxo-acyl-homoserine lactones as 

autoinducers-1 (AI-1) and furanosyl compounds as autoinducers-2 (AI-2) isolated from Gram-

negative bacteria Delisea pulchra.5 

 

Bacterial communication was first discovered in the Gram-negative bacterium Vibrio 

fischeri. Figure 1-3 shows the simplified schematic LuxIR-QS system. V. fischeri and other 

Gram-negative bacteria can produce AHL’s (purple and grey) catalyzed by the enzyme 

LuxI. As the cell population increases, so does the concentration of AHL molecules, which 

diffuse in and out of bacteria. At a sufficiently high concentration, AHL molecules bind to 

the receptor LuxR (green) forming a LuxR-autoinducer complex. This complex activates 
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the expression of genes. In case of V. fischeri gene regulation leads to luciferase activity.6–

8 Since the synthesis enzyme LuxI (violet/grey) is also regulated by QS, the production of 

AHL increases rapidly, resulting in an exponential increase in light production by 

luciferase. A so-called autoinduction occurs. Quorum sensing based processes change the 

phenotypic behavior of bacteria at a higher cell density. 

 

 

 

Figure 1-3. Simplified LuxIR based Quorum Sensing system found in Gram-negative bacteria. 

AHL’s (purple and grey) are produced by LuxI enzyme. After binding of AHL to LuxR receptor, 

the LuxR-autoinducer complex activates gene regulation.6  

 

The group behavior of bacteria differs from that of individual bacteria. V. fischeri shows 

bioluminescence only at sufficiently high AHL concentrations due to a certain cell 

population density, while the single bacterium shows no bioluminescence. It is assumed, 

that all bacteria communicate via Quorum Sensing systems using different autoinducers. In 

case of Gram-negative bacteria, AHL’s differ slightly in length of the hydrophobic side 

chain. This results in each bacterium speaking its own dialect, which can be partially 

understood by other bacteria. Moreover, bacteria can also have more than one Quorum 

Sensing system. The human pathogen Pseudonomas aeruginosa, for example, uses two 

AHL-based systems that interact with each other.6–8 
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1.3. NEGATIVE EFFECTS OF BIOFILMS 

The formation of biofilms causes major problems in many industries, such as water 

management, the food industry and medical technology. Since bacteria in a biofilm matrix 

are better protected from hostile influences, biofilms make cleaning more difficult, which 

can lead to hygienic problems. In addition, biofilms can release pathogens and lead to 

serious infections, especially in a clinical environment. Here, 10–20% of infections in 

hospitals are caused by Pseudomonas aeruginosa.9,10 Pseudomonas aeruginosa is a Gram-

negative bacterium that is commonly distributed in natural environment. However, it is an 

opportunistic pathogen for humans causing infections in wounds, urinary and respiratory 

tracts.11,12 Diseases of similar severity can also be caused by Klebsiella pneumoniae. As the 

name implies, this bacterium can cause pneumonias as well as urinary tract infections and 

pyogenic liver abscesses.13 According to a report by the Centers for Disease Control (US), 

the annual costs of healthcare-associated infections (HAI) are $5.7 billion to $6.8 billion, 

with low cost estimates.14 Biofilms occur not only in hospitals, but almost on any surface 

in a moist environment. They can be found on ship hulls, in automotive parts, in steel and 

paper production, in the food and beverage industry up to water desalination and drinking 

water treatment.15,16 Blockages and energy losses due to biofilm formation lead to a 

significant increase in costs for industry. The presence of biofilms on ship hulls can result 

in performance losses of up to 86% due to reduced speed and maneuverability. The higher 

frictional resistance results in enormous costs due to additional fuel consumption. In 

addition, emissions of greenhouse gases, which have negative ecological effects, 

increases.17 Biofouling plays a crucial role also in water treatment processes. Polymer 

membranes used for purification suffer from biofouling if they are regularly exposed to 

moisture. The resulting blockage of pores leads to higher hydrodynamic pressure and 

reduced flux. The membranes suffer a loss of performance and lifetime.18,19  
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1.4. ANTIFOULING STRATEGIES 

Many different antifouling strategies were developed in the past decades and centuries. 

Generally, antifouling strategies are distinguished into two categories: i) surfaces which 

repel bacteria and inhibit biofilm formation and ii) surfaces capable of killing bacteria. 

First, methods for killing or destroying adhered microorganisms will be discussed briefly. 

One possibility to kill bacteria is the design of biocide releasing surfaces. Here, biocides or 

biocide-forming substances are embedded in a polymeric matrix and released over a certain 

time period (Figure 1-4 II).These matrices release biocides in a controlled manner and kill 

bacteria on the surface and in its immediate vicinity.20,21 Starting around two centuries ago 

metals like copper, arsenic or mercury where embedded in paint to combat biofilm 

formation. In the 1960’s, the antifouling efficacy of trialkyltin compounds was observed 

leading to the development of tributyltin (TBT) containing coatings. TBT paints were able 

to control biofouling on ship hulls for approximately seven years. During this time the 

coating leaches toxic biocides, which inhibit growth of bacteria on the surface. However, 

TBT is toxic to marine organisms, leading for example to abnormal shell growth of oysters. 

From 2008, TBT coatings on vessels were completely banned by the International Maritime 

Organization (IMO) due to their high toxicity, poor degradability and hormonal effects.15,17 

The substitute product Irgarol® (Cybutryne), which initially seemed promising, has already 

been banned in some countries too due to its hormonal effect.22 After banning TBT, copper-

based paints were used more frequently again. However, copper paints are also suspected 

of being harmful to the environment. They are under scrutiny in many countries because 

copper ions are known to be toxic to bacteria and cells. Copper is known to bind to 

functional protein groups (such as thiols) and to disrupt the structure and function of 

enzymes. Metal centers of various enzymes could be replaced by copper ions and alter 

enzyme functions. In addition, copper can increase the formation of reactive oxygen species 

(ROS), which exhibit antimicrobial activity due to their attack on diverse targets.20,23,24 In 

another strategy, silver is used, generating Ag+ as antibiofouling species. However, it is 

considered that organisms can become resistant after a longer time of exposure. All the 

above-mentioned attempts are based on the embedding of biocides or biocide-generating 

substances in a carrier matrix. Their antifouling activity is not unlimited due to the finite 

amount of bactericidal substance incorporated.21  

Another option is to design surfaces that kill bacteria on contact (Figure 1-4 I). One attempt 

involves the irreversible binding of antimicrobial compounds to a surface, such as 
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quaternary ammonium salts, which destroy bacteria after attachment due to electrostatic 

attractions between R4N
+ and the phospholipid-based cell wall. In addition, a new approach 

has been reported using nanopatterned polymers that induce mechanical stress in bacteria. 

It is believed that nanopatterned surfaces can damage the cell membrane by penetration of 

the nanopatterns.21,25 

 

 

Figure 1-4. Strategies against biofouling based on (I) contact biocide, (II) biocide release, (III) 

electrostatic repulsion forces, (IV) low surface energy and (V) steric repulsion forces.21 

 

Microorganism repellent surfaces that prevent their bacterial attachment are designed in 

different ways. Superhydrophobic surfaces, for example, exhibit antifouling properties due 

to their low surface energies (Figure 1-4 IV), which decrease attraction forces between 

bacteria and surface. Here, researchers have learned a lot from antifouling and self-cleaning 

surfaces found in nature, such as lotus leaves. Low energy surfaces can be designed using 

a special chemical composition and a hierarchical micro- to nanometer scale topographie. 

However, these surfaces only show this behaviour at the interfaces between air and solids, 

because after immersion in water the surface becomes moist due to the decreasing surface 

tension.15,21 In addition to superhydrophobic surfaces, hydrophilic surfaces also exhibit 

antifouling properties. Hydrophilic surfaces are covered by a thin layer of water, which is 

tightly connected to the surface by hydrogen bonds. To enhance the antifouling effect of 

hydrophilic surfaces, hydrophilic polymers such as polyethylene glycol are often applied. 

Polyethylene glycol functionalized surfaces can prevent the adhesion of bacteria through 

steric repulsion. On the one hand, the mobile polymer chains make it more difficult for 

bacteria and proteins to adhere, and on the other hand, these polymer chains have a high 
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exclusion volume (Figure 1-4 V).21 Repulsion between bacteria and surface can also be 

caused by electrostatic forces. Since the cell membrane is in general negatively charged, 

due to phosphate and carboxyl groups, negatively charged surfaces lead to repulsion and 

antibiofouling behavior (Figure 1-4 III). Surfaces functionalized with ionic polymers lead 

to both, electrostatic and steric repulsion.21 
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1.5. QUORUM QUENCHING 

Antifouling methods described in Section 1.4 are in part copied from nature but not nearly 

as efficient. Certain hosts can protect themselves against bacterial attack by chemically 

altering autoinducers. These produce enzymes which catalyze the degradation of 

autoinducers. Due to a different chemical structure, autoinducers cannot be any longer 

recognized by the bacterial receptors, which leads to a disruption in communication. 

Interruption of bacterial communication is called Quorum Quenching (QQ).6 

 

 

 

Figure 1-5. Illustration of the disruption of bacterial communication by Quorum Quenching in 

Gram-negative bacteria. The autoinducers-1, AHLs (triangles), are produced by LuxI enzyme. After 

diffusion out of the cell, QQ enzymes chemically modify the AHLs (pentagon). The formed 

compounds cannot bind to LuxR receptor, the LuxR-autoinducer complex is not formed and no 

gene regulation ocurs.8  

 

The mechanism of QQ mechanisms by Gram-negative bacteria is shown schematically in 

Figure 1-5. AHLs (triangle) produced by LuxI enzyme diffuse out of the cell, where they 

are chemically altered by an QQ enzyme (pentagon). No LuxR autoinducer complex is 

formed, and no gene regulation occurs since the modified molecules can no longer bind to 

the LuxR receptor (green). 

AHLs can chemically be altered by a number of different enzymes. Some enzymes degrade 

them, others modificate their structure. Five different QQ enzymes with their corresponding 

reaction pathway are shown exemplary in Figure 1-6. Acylase, deaminase and lactonase 

degradiate the AHL molecule. Acylase splits the AHL molecule forming homoserine 

lactone (HSL) and a fatty acid. The lactone ring can be split by lactonase, whereas 

deaminase forms an NH2-terminated side chain and HSL with the hydroxyl group.8 
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Figure 1-6. Enzymatic AHL inactivation by Quorum Quenching enzymes. Degradation (acylase, 

deaminase, lactonase and modification (oxidoreductase, haloperoxidase) pathways with reaction 

products.8  

 

Two of the QQ enyzmes shown above can inactivate AHLs due to modification. 

Oxidoreductases can reduce the ketone in the acyl side chain to an alcohol using the 

nicotinamide adenine dinucleotide phosphate (NADPH/NADP) cofactor. Another 

mechanism is based on the oxidative halogenation of AHL molecules at the CH-azide site. 

Enzymes, which can halogenate organic substrates in the presence of hydrogen peroxide 

and halides are called haloperoxidases.8,26,27 However, these are attempts to inactivate 

signaling molecules due to chemical modification or degradation: Blocking the receptor or 

inhibit AHL synthesis would also be a possibility to inhibit bacterial communication.8,28 

 

1.6. DETERMINATION OF QUORUM QUENCHING ACTIVITY 

QQ activity of enzymes can be quantified in a bio-assay using reporter strains. These strains 

express certain genes by detection of AHLs. Agrobacterium tumefaciens A136 is one 

frequently used bacterial strain to prove the QQ activity of enzymes. Since A. tumefaciens 

A136 is genetically modified, it cannot produce AHL molecules by itself. However, long-

chained AHLs can be detected by binding to the receptor TraR (pCF218) forming an AHL-
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TraR complex. As a result, β-galactosidase production is induced by traI-lacZ 

activation.8,29 As the β-galactosidase scales with AHL concentration, β-galactosidase 

activity can be used as a metric for QQ or QS processes. AHL detection pathway in A. 

tumefaciens A136 is shown schematically in Figure 1-7.  

 

 
 

Figure 1-7. (A) Schematically quorum sensing mechanism of Agrobacterium tumefaciens A136. 

AHL detection lead to formation of AHL-TraR complex, which initiates traI-lacZ activation and 

consequently the production of β-galactosidase. (B) Reaction of β-galactosidase with X-Gal (5-

bromo-4-chloro-3-indolyl-β-D-galactopyranoside) and ONPG (o-nitrophenyl-β-D-

galactopyranoside) to form the colored products 5,5'-dibromo-4,4'-dichloroindigo and o-

nitrophenol.8,29,30 

 

Hydrolysis of ONPG (o-nitrophenyl-β-D-galactopyranoside) or X-Gal (5-bromo-4-

chloro-3-indolyl-β-D-galactopyranoside) catalyzed by β-galactosidase yields galactose 

and yellow o-nitrophenol or colorless 5-bromo-4-chloro-3-hydroxyindole, respectively. 

The latter oxidizes and dimerizes spontaneously forming the blue dye 5,5'-dibromo-4,4'-

dichloro-indigo.29,30 Since both ONPG and X-Gal are colorless, formation of the yellow or 

blue dye indicates β-galactosidase activity, which can be determined photometrically. QQ 

behavior is demonstrated if the β-galactosidase activity is reduced in the presence of an 

enzyme with respect to the reference sample. 
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1.7. HALOGENATION ENZYMES 

A large number of enzymes with halogenation activity are known from nature. The 

halogenated products are of biological interest due to their biological activities.31 Among 

other properties, some of the halogenating enzymes exhibit QQ activity because they 

brominate organic molecules.26,27 These enzymes halogenate organic substrates oxidatively 

using halide anions and an oxidizing agent. In this process, hypohalous acid (HOX), the 

halogenating agent, is formed in-situ. Different oxidants are required for HOX production, 

depending on the enzyme. Haloperoxidases use hydrogen peroxide (H2O2), whereas 

halogenases use oxygen (O2).
32 Reaction equations for both enzymes are shown in 

Figure 1-8. 

 

 

Figure 1-8. General reactions of the enzymes haloperoxidase and halogenase.33 

 

Since hydrogen peroxide as a substrate is easier to handle in the laboratory than oxygen, 

the focus in the following chapter is on haloperoxidase reactions. Haloperoxidase enzymes 

are divided into two different classes, the i) heme-dependent haloperoxidases and the ii) 

nonheme vanadium-dependent haloperoxidases. Their active sites are shown in Figure 1-9.  

 

 

Figure 1-9. Active sites of heme-thiolate chloroperoxidase from fungus Caldariomyces fumago34 

and vanadium-dependent bromoperoxidase discovered in Ascophyllum nodosum.31 

 

In heme-dependent haloperoxidases, the active site is an iron(III) ion which is equatorially 

coordinated by four nitrogen atoms of protoporphyrin IX. At the axial positions, the 
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iron(III) center is bound by a cysteine residue and a loosely coordinated water. During the 

catalytic cycle, the iron site switches between the oxidation states +3 and +4 to form 

hypohalous acid. The heme thiolate chloroperoxidase can catalyze other reactions besides 

the haloperoxidase reaction.34 Catalase-like activity can be detected when neither substrate 

nor halide is present.35 In the absence of halide, epoxidation of olefins36, oxidation of 

alcohols37, sulfoxidation38, or a peroxidase reaction may proceed.39 Vanadium-dependent 

haloperoxidases are more common. Vanadium chloroperoxidase (V-ClPO) can be isolated 

from terrestrial fungi40, whereas vanadium bromoperoxidase (V-BrPO) is predominantly 

found in marine environment and can be isolated from algae.31 Since the vanadium-

dependent haloperoxidases exhibit different oxidative ability, they are classified into 

chloroperoxidases, bromoperoxidases and iodoperoxidases. Chloroperoxidases have the 

highest oxidative ability, being able to oxidize chloride, bromide and iodide. The oxidative 

power (redox potential) decreases from chloroperoxidases to bromoperoxidases and finally 

to iodoperoxidases.32 

 

Figure 1-10. Proposed catalytic formation of HOX catalyzed by a vanadium-dependent 

bromoperoxidase isolated from the brown algae Ascophyllum nodosum. 31,33,41,42 
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In contrast to heme–dependent haloperoxidases, vanadium does not change its oxidation 

state during the catalytic reaction cycle as shown in Figure 1-10. Similar to heme–

dependent haloperoxidases, several reactions can be catalyzed by vanadium-dependent 

haloperoxidases. This makes them powerful catalysts in organic synthesis.43 In-situ 

formation of the halogenating agent HOX can result in various reactions such as 

halocyclization44, halohydroxylations45, oxidative decarboxylation46, and oxidative 

bromination.47 The biosynthesis of halogenated marine products catalyzed by vanadium-

dependent haloperoxidases is particulary interesting due to their biological activity.  

Algae can to protect themselves against bacterial colonization by producing hypohalous 

acid, which modify bacterial signaling molecules.48 This QQ activity was firstly reported 

for vanadium bromoperoxidase in 2011.26 Bromination and subsequent hydrolysis of the 

autoinducer 3-oxo-acyl homoserine lactone by vanadium bromoperoxidase isolated from 

Delisea pulchra is shown schematically in Figure 1-11. The degradation products can no 

longer bind to the bacterial receptors which leads to an interruption of bacterial 

communication. 

 

 

Figure 1-11. Enzymatic degradation pathway of 3-oxo-acylhomoserine lactone. First, double 

bromination occurs at the α-position, followed by a double basic hydrolysis leading to the cleavage 

of a fatty acid and the lactone ring.26,27 

 

Due to their complex structure, enzymes can bind the desired substrates with a high affinity 

in favorable spatial proximity to their active catalytic center. There, the catalytic conversion 

takes place with high efficiency.49 However, natural enzymes are very expensive and 

difficult to purify and store.50 Moreover, they are stable only under mild conditions in a 

small temperature and pH range. If these conditions are changed, the enzymes denature 
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easily. Much research has been done in recent years to make artificial enzymes based on 

nanomaterials to overcome the restrictions of limited stability of natural enzymes.50 

 

1.8. NANOZYMES 

Nanomaterials with an intrinsic enzyme-like activity have been dubbed “nanozymes”. They 

have some benefits over natural enzymes and can be used in biocatalysis. They are more 

resistant to harsh reaction conditions and their production is inexpensive.51,52 Magnetic 

Fe3O4 nanoparticles were the first reported nanozymes in 2007 showing peroxidase-like 

activity.53 Research on artificial enzymes has increased greatly in recent years. The 

artificial enzymes do not follow any particular structural design but can be of very different 

types. Organic compounds such as cyclodextrins54, superbranched polymers55,56 or 

fullerenes57, inorganic nanoparticles (FeOx
53, V2O5

58,59, CeO2
60–62, Au63, Ag64) as well as 

hybrid materials like metal-organic frameworks (MOF)65–67 can be used in various 

enzymatic reactions. Nanozymes are used mainly as catalysts in peroxidase, oxidase, 

catalase and superoxide dismutase reactions, as shown in Figure 1-12.  

 

 

Figure 1-12. A selection of commonly used nanozymes (FeOx, Au, V2O5, CeO2, hyperbranched 

polymers and fullerenes), which exhibit enzyme-like activity. General reaction pathways of 

peroxidase, catalase, superoxide dismutase and oxidase are shown schematically.68–71  

The reactions enabled by nanozymes lead to a variety of applications. For example, 

peroxidase-like nanozymes can be used for colorimetric sensing applications to detect 
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ions62 or certain compounds.72,73 Many nanozymes are also capable of degrading organic 

pollutants, making them suitable for wastewater treatment.74,75  

The first attempts to use nanozymes with haloperoxidase-like activity were inspired by 

nature, by using vanadium-containing organometallic compounds and V2O5 nanorods.76–78 

However, vanadium compounds form soluble vanadates and polyoxovanadates in aqueous 

environment by leaching, and their impact on the environment has not been adequately 

studied.79 A better, non-toxic and insoluble system with intrinsic haloperoxidase-like 

activity based on CeO2 nanorods was presented from Herget et al. in 2017.60,80 Similar to 

vanadium-dependent haloperoxidases, CeO2 nanoparticles show QQ behavior due to 

oxidative bromination of bacterial signaling molecules, which scales with a biofilm 

inhibitory effect. A significant biofilm reduction for the Gram-negative bacteria 

Pseudomonas aeruginosa and Phaeobacter gallaeciensis in the presence of CeO2 

nanoparticles was observed. The activity of this system was significantly improved by the 

substitution of cerium with bismuth.81 
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1.9. CERIUM DIOXIDE  

Cerium dioxide crystallizes in the cubic CaF2-type structure (space group Fm3̄m), as shown 

in Figure 1-13 and has a pale yellow color. Since cerium ions can exist in either their +3 or 

+4 oxidation states ceria is a non-stoichiometric oxygen-deficient compound with 

composition CeO2-x where oxygen vacancies originate from the presence of Ce3+ sites.82 

Reversible transitions between the cerium oxidation states Ce3+/Ce4+ lead to the formation 

of oxygen vacancies in nanoceria enhancing oxygen storage and diffusion capacity.83 Due 

to its unique redox properties, CeO2-x is capable of catalyzing a wide range of reactions. 

Ceria is especially well known for its use in three way catalysts for automotive industry.83 

Additionally, CeO2-x can be used as support in the water-gas shift reaction84 or for the 

catalytic oxidation of volatile organic compounds (VOC’s).85 However, the diverse 

catalytic activity of CeO2-x nanoparticles is not only based on their redox properties but also 

on their surface acidity/basicity.86 The Ce3+/Ce4+ ratio does not only influence the amount 

of oxide vacancies, but also the acidity of the nanoceria surface. Since Ce3+ and Ce4+ are 

unsaturated Lewis acid sites, adsorption of Lewis bases which donate unpaired electrons to 

the cerium cations is favored. Since Ce4+ is a stronger Lewis acid with respect to Ce3+, 

chemisorption of electron donor molecules is stronger at Ce4+ sites.87 

 

 

Figure 1-13. Crystal structure of CeO2 (Fm3̄m) created with Diamond Ver.4.6.5. 

 

Since nanoceria can reduce oxidative stress by scavenging reactive oxygen species (ROS), 

it exhibits numerous enzyme-mimetic activities. The oxidation states of surface cerium ions 

play a crucial role for its catalytic activity.88 A higher Ce3+ concentration on the surface 

improves superoxide dismutase (SOD)68 and peroxidase (PO)69 mimetic like activity, 
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whereas catalase70 and oxidase-like activity scales with higher Ce4+/Ce3+ ratios.71 Thus, the 

catalytic activity of ceria is very versatile making CeO2 a great catalyst in various reactions. 

Due to its high chemical stability over a wide temperature89 and pH range90 and its high 

insolubility (KL = 10-60)91, it is superior to enzymes with respect to many reaction 

conditions. Additionally, cerium oxide exhibits low acute toxicity. For rats, the single oral 

dose LD50 of cerium oxide is greater than >5000 mg·kg-1 given as a 50% w/w solution in 

distilled water.92 
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 MOTIVATION AND SCIENTIFIC GOAL 

Biofouling causes a variety of problems in many industrial sectors/industries. Generally, 

bacteria embedded in a biofilm matrix, are better protected from hostile influences, making 

cleaning and removal much more difficult. Especially in clinical facilities, biofilms can lead 

to serious infections, due to the release of pathogens. In addition to the infections caused 

by biofilms and the associated costs in the clinical field, biofilms also lead to major 

disadvantages in water purification and desalination facilities and in shipping. Blockages 

or increased friction forces lead to energy losses that drive up costs. In the past, biocide 

releasing paints were mainly used to prevent the formation of biofilms, which leads to 

bacterial death. However, these biocides have a toxic effect not only on the bacteria, but 

also on the settled marine organisms. For this reason, it is particularly important to provide 

a solution against biofouling that does not contain bactericidal or toxic substances.  

One promising approach is to suppress bacterial communication. Prior to the development 

of a biofilm, the bacteria communicate via small organic signaling molecules. If the number 

of bacteria and thus the concentration of signaling molecules is sufficiently high, group-

coordinated behavior occurs, which controls biofilm formation, virulence and 

luminescence, among other things. If communication is interrupted at an early stage, 

biofilm formation can be prevented. Marine algae defend themselves from bacterial 

colonization using exactly this strategy. They possess enzymes (V-ClPO, V-BrPO) that can 

oxidatively brominate organic signaling molecules in the presence of a halide and H2O2 by 

producing hypohalous acid (HOX) as halogenating agent.  

Cerium oxide (CeO2) nanoparticles are known for their enzyme-mimetic activity. Being 

able to scavenge reactive oxygen species (ROS), they can catalyze superoxide dismutase, 

peroxidase, catalase, and oxidase-like reactions as nanozymes. In 2017, Herget et al. have 

also discovered a haloperoxidase-like activity that makes CeO2 a promising catalyst for 

oxidative bromination reactions and in antibiofouling applications. Since CeO2 has many 

advantages over natural enzymes, such as low-cost production, thermal stability, stability 

over wide pH-range and resistance to solvents, the application of CeO2 as a biofilm inhibitor 
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is investigated in more detail in the present work. Thus, a main focus of this thesis is the 

synthesis of functional nanomaterials with antibiofouling activities.  

 

Figure 2-1.Schematic overview of the scientific goals, focusing first on identifying the surface 

properties that determine reaction rates to develop nanocatalysts with optimal enzyme-like 

properties and then on using these nanocatalysts in everyday antibiofouling applications. 

The first goal of this work is the identification of those surface properties that are 

responsible for the haloperoxidase-like reaction. For this purpose, nanoparticles with 

different morphologies are compared with respect to properties such as surface acidity, 

surface potential and specific surface area. Moreover, the reaction rates of the different 

nanoparticles on the oxidative bromination of the model substrate thymol are investigated 

in detail. The correlation of the surface properties with the reaction rates then allows to draw 

conclusions about the catalytically relevant parameters of the CeO2 nanoparticles. 

In addition, it was investigated whether and how the surface properties of CeO2 

nanoparticles and their performance as catalysts in enzyme-mimetic reactions change with 

time. The aim is to determine whether the same surface properties are responsible for the 

catalytic activity in haloperoxidase-like and peroxidase-like reactions. For this purpose, the 

examination of the nanoparticle growth process by small-angle X-ray scattering, was 

complemented with detailed surface property studies on aliquots taken after different 

reaction times. 
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Since the use of nanoparticles in applications is another major challenge, the insight gained 

in these fundamental studies was used in the next step to produce CeO2 composites based 

on polyurethane coatings. In these composites, CeO2 should still exhibit a haloperoxidase-

like activity to prevent biofouling by quorum quenching mechanisms. To get a better insight 

into the general mechanism of biofilm inhibition, LC-MS and IC-CD studies were 

performed in addition to bioassays in collaboration with A. Gazanis and N. Keltsch. The 

effect of CeO2 nanoparticles on the concentration of signaling molecules and bromide 

anions was investigated in more detail. In addition, the degradation of the brominated signal 

molecules in the bacterial culture and its effect on the biofilm was studied.  

Since the haloperoxidase reaction only occurs in the presence of H2O2, the last study 

investigated whether it was possible to circumvent the restriction of adding H2O2 externally 

to the reaction solution. To circumvent this problem, the preparation of H2O2 deposits and 

the in-situ generation of H2O2 were investigated in more detail. For this purpose, 

polyvinylidene difluoride/Bi0.2Ce0.8O1.9 and polyethersulfone/Bi0.2Ce0.8O1.9 composites 

containing depot substances were prepared and the release of H2O2 was studied 

qualitatively. In addition, it was determined whether g-C3N4 doped Biphenyl Diimude 

(BDI) can generate H2O2  photochemically and whether coupling of the haloperoxidase 

reaction with a CeO2 catalyst can generate a reaction cascade. 





 

 
31 

 

 

 

 

 MORPHOLOGY REGULATED OXIDATIVE 

BROMINATION OF THYMOL WITH CeO2-x 

NANOCRYSTAL ENZYME MIMICS 

3.1. SUMMARY 

Cerianite 

nanoparticles are 

known to mimic 

natural enzymes. One 

of these enzymes is the 

vanadium-dependent 

haloperoxidase that 

catalyzes the oxidative 

bromination of 

organic substrates in 

the presence of bromide and hydrogen peroxide, thus serving as a catalyst in organic 

syntheses. One commonly studied model reaction is the bromination of the phenolic 

monoterpene thymol. This chapter addresses the question whether synthetic cerianite 

nanocrystals catalyze the oxidative bromination of thymol and which nanocrystal 

properties favor catalytic conversion. For this purpose, nanocrystals with three different 

morphologies (nanorods, nanospheres and nanocubes) were synthesized and added 

separately to an acidic reaction mixture of thymol, Br- and H2O2. Since all nanocrystals had 

the same phase (cerianite), the surface properties of the different morphologies were 

investigated in order to draw conclusions about catalytic activity. The oxidative 

bromination of thymol to 4-bromothymol and 2,4-dibromothymol was monitored by 1H-

NMR spectroscopy for each nanocrystal morphology. Nanorods showed the highest 

catalytic activity, while nanospheres were less active and nanocubes showed hardly any 

conversion. The analysis was done based on specific surface area (SBET), zeta potential (ζ-
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potential) and Lewis acidity of the nanocrystals. Surface defect intensities were compared 

by X-ray photoelectron spectroscopy. The Lewis acidity of the nanocrystals was 

determined by solid state 31P-NMR spectroscopy using trimethyl phosphine as molecular 

probe. Based on the 31P signal of trimethyl phosphine, the surface acidity of the cerium 

oxide was determined to be highest for nanorods, followed by that of nanospheres and 

lowest for nanocubes. The stability of the surface peroxide or hydroperoxide ligands on the 

different morphologies was compared by Raman spectroscopy. Since oxidative 

bromination catalysis likely depends on the stability of the intermediate surface complex, 

rapid decomposition of H2O2 on the nanoparticle surface is detrimental.  The overall result 

of the individual analyses is that the oxidative bromination reaction is favored by a high 

SBET, a strongly positive ζ-potential, a high Lewis acidity, and surface defects. Based on 

this study, a deeper insight into the surface chemistry and key features of catalytic oxidative 

bromination was obtained. The properties of cerianite nanoparticles can be specifically 

engineered by different synthetic methods to obtain the optimum catalyst for oxidative 

bromination reactions and thus a powerful haloperoxidase mimic. 

________________________________________________________________________ 

Contributions: 

Eva Pütz: Concept development, nanoparticle synthesis, TEM and SBET area 

measurement, 1H-NMR measurement, manuscript preparation, figure 

preparation.  

XXX: Concept development, nanoparticle synthesis, TEM images, ζ-potential 

and 1H-NMR measurement, manuscript preparation, figure preparation.  

XXX: 31P-NMR measurement, manuscript correction. 

XXX: PXRD refinements. 

XXX: Deconvolution of 31P-NMR data. 

XXX: HRTEM measurement.  

XXX: HRTEM measurement 

XXX: Raman measurement. 

XXX: XPS measurement. 

XXX: Manuscript correction and scientific supervision.  

_________________________________________________________________________  
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3.2. INTRODUCTION 

Halogenated organic compounds are important intermediates in chemical,1 pharmaceutical2 

or agrochemical3 research, because the carbon-halogen bond is susceptible to nucleophilic 

attack. This increases biological activity and bioavailability of the corresponding 

compounds4 or enables metal-catalyzed cross-coupling reactions.5 While traditional 

chemical halogenation methods employ highly reactive reagents and generate harmful 

waste, nature has evolved a variety of enzymes that halogenate their substrates with Cl–, 

Br–, I– or even F– anions and oxygen or peroxide at room temperature in aqueous solution.6,7 

Therefore, these halogenating enzymes, halogenases and haloperoxidases,8,9 are attractive 

synthetic tools, as they have additional advantages like regioselectivity and the 

addressability of electronically disfavored positions. A number of transition metal 

complexes10,11, V2O5
12 and molybdate anions13 can act as functional mimics of 

haloperoxidases (“nanozymes”).14,15 Although enzymatic oxidative halogenation (via 

vanadium bromoperoxidases16,17 is well explored, mechanistic information on solid state 

biomimetic models is scarce. The catalytic effect of V-dependent haloperoxidases is related 

to the formation of a vanadium–peroxido species at the active site due to reaction with 

hydrogen peroxide18, which is a stronger oxidant than H2O2 itself. The final product is 

formed from a hypobromite intermediate by reaction with an organic substrate. Reaction 

with another oxidant molecule leads to its decomposition accompanied by singlet dioxygen 

formation.19 The molecular complexes have been reported to form high-valent metal–

oxo/peroxido intermediates.20–23 Likewise, V2O5 nanoparticles24,25 form surface-peroxido 

species, but they are not stable with time due to the formation of soluble 

polyoxovanadates.26 

Ceria nanoparticles are efficient functional mimics of haloperoxidases as well.27 The 

formation of stable hydroperoxo/peroxo surface species27,28 enables the reduction of 

undesired reactive oxygen species in biological systems.29 This makes ceria nanoparticles 

efficient functional mimics of peroxidases30–32 and haloperoxidases.33 Since ceria is highly 

insoluble (KL = 10-60 mol3·L-3),34 non-leaching,35,36 and chemically stable over a wide 

temperature and pH range (pH 1-13),35 it exhibits better storage and operational stability 

with respect to heat, organic solvents, and autoproteolysis compared to natural or 

recombinant enzymes. Moreover, ceria has low production costs, high catalyst 

productivity, and it is easy recovered and recycled. 
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Since cerium is redox active and can cycle between its tetra- and trivalent states 

(E° = 1.72 V)37, ceria is non-stoichiometric (CeO2-x) every two cation defects Ce3+ in ceria 

are balanced by one oxide-vacancy defect.38 Its success in chemical reactions (e.g. for HCl 

oxidation in a Deacon process in order to recover Cl2)
39 to these unique redox and structural 

properties associated with oxygen diffusion and oxygen storage/release capacity in 

combination with its acid/base properties.38,40 In nanocrystals, the oxygen vacancies may 

cluster at the particle surface,41,42 because the ionic radius of Ce3+ (128 pm)43 is more 

compatible with the undercoordinated surface sites than the 8-fold coordinated sites of Ce4+ 

(115 pm) in the cerianite structure.27,44  

While the haloperoxidase properties of nanoceria are promising, the design rules for 

nanocatalysts with optimum halogenating properties are not yet defined. Nanoparticle 

powders typically expose a range of surfaces with different Ce coordination, defect sites, 

predominantly low-index surfaces with low surface energies. CeO2-x nanocrystals with 

specific morphologies have been employed before to study the structure sensitivity of 

catalytic reactions experimentally45–47 or theoretically,48 but almost all studies are 

concerned with gas-phase reactions at high temperatures.49 The stability and reactivity of 

ceria nanoparticles aqueous environment may change significantly, because ion charges 

and hydration/solvation effects at the metal oxide/water interface come into play.50,51 

Therefore, this work compares the morphology-dependent oxidative bromination reaction 

catalyzed by CeO2-x nanoparticles using thymol, a monoterpenoid phenolic compound, as 

model substrate. To investigate the impact of morphology in terms of BET surface area 

(SBET), ζ-potential and haloperoxidase activity of CeO2-x, we employed CeO2-x particles 

with defined diameters and morphologies (spheres, cubes, rods).52 The surface structures 

of the different morphologies lead to different acid/base properties (and also surface 

charge) of the respective surfaces, which are essential for the formation of surface 

hydroperoxo groups and the reaction with negatively charged halide species in aqueous 

solution.53,54 Therefore, the Lewis acidity of the surface was studied with 

trimethylphosphine (TMP) as 31P nuclear magnetic resonance (NMR) probe.55 

CeO2-x nanorods displayed the highest performance for the bromination of thymol. The 

catalytic activities for the three morphologies were separated from the effect of active 

surface area and surface charge (-potential) by determining the SBET by nitrogen 

physisorption and the -potential by light scattering. In essence, the maximum activity is 

related to the interplay of the acidity, -potential and the SBET of the CeO2-x nanocrystals.  
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3.3. RESULTS AND DISCUSSION 

TEM/PXRD characterization 

Ceria nanorods and cubes were prepared hydrothermally using different NaOH 

concentrations (rods 4 M, cubes 19 M).56-58 Spherical ceria particles were prepared by sol-

gel chemistry using citric acid as ligand (Figure 3-1B+E).59,60 Phase composition, 

morphology and size were determined by powder X-ray diffraction and transmission 

electron microscopy (TEM), respectively. Figure 3-1A+D shows TEM images of CeO2-x 

nanorods. The nanorods have a uniform width (5-7 nm) and a broad length distribution (40-

200 nm) (Figure S3-1C+D). Increasing the NaOH concentration leads to the formation of 

well-defined cubes with average sizes of 35 nm. (Figure 3-1C+F, Figure S3-1A) The 

spherical CeO2-x particles (Figure 3-1B+E, Figure S3-1B) had an average size of 6-7 nm. 

 

Figure 3-1. TEM (A-C) and high resolution (HR)TEM (D-F) images of CeO2-x  nanoparticles with 

reduced fast-Fourier transformation (FFT). (A, D) nanorods, (B, E) nanospheres, (C, F) nanocubes. 

(G) Experimental powder X-ray diffraction patterns (PXRD) of CeO2-x nanorods (red line), 

nanospheres (black line) and nanocubes (purple line). Tics indicate theoretical positions of Bragg 

intensities. 
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HRTEM images of all CeO2-x morphologies show the [11̄0] zone axis (Figure 3-1D-F). 

According to the corresponding fast Fourier transform (FFT) pattern, two sets of reflections 

were observed for nanocubes and nanospheres, which could be attributed to the (111) and 

(002) planes. However, the FFT pattern of the nanorods demonstrates a polycrystalline 

structure with additional (113) and (220) planes. The polycrystallinity of the nanorods was 

also confirmed by Rietveld refinements. The powder diffraction patterns in Figure 3-1G 

show that all ceria particles crystallize in the cerianite phase with the space group (Fm3̄m) 

corresponding to the fluorite (CaF2) structure. Powder diffraction patterns with Rietveld 

refinement are shown in Figure S3-6. The reflection half widths of the nanocubes are very 

narrow, indicating a high crystallinity, low defect density and large crystal domains. The 

reflections of the pattern of CeO2-x spheres are broader due to small crystallite sizes. The 

strong reflection broadening of the nanorods is attributed to the presence of grain 

boundaries and surface defects such as vacancy clusters, pits, and a high degree of surface 

roughness.61–63 
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Determination of Lewis acidity using TMP 

Quantum chemical calculations at various theory levels suggested that the catalytic HOBr 

formation cycle starts by binding a surface peroxido or hydroperoxido ligand to the CeO2-x 

facets via exchange of surface-bound water molecules. With a Gibbs free energy change 

(ΔG°) close to zero this exchange was predicted to be unlikely (for typical H2O2 

concentrations), but to become favorable (ΔG°<0) for a dissociation of H2O2 accompanied 

by a transfer of an oxygen atom to a bromide anion (or HBr molecule) and its subsequent 

desorption.27 

Both a replacement of the water ligand nor an oxygen transfer reaction requires a redox 

activity of Ce, and the haloperoxidase reaction is likely to be dictated by the Lewis acidity 

of the CeO2-x surfaces. Therefore, the three different CeO2-x nanocrystals were compared 

with respect to their Lewis acidity, ζ-potential and SBET. 31P solid state NMR spectroscopy 

was used to study the Lewis acidity of the (amorphous oxygen) deficient CeO2-x surface 

layer of the ceria nanoparticles with different morphologies.54 The method is based on the 

dependence of the 31P chemical shift on the binding strength of the phosphorous donor atom 

in trimethylphosphine (TMP) on the ceria surface. When a complex between TMP and a 

Brønsted acidic proton from a hydroxyl surface group is formed, 31P nuclei resonate in a 

relatively narrow spectral range – from -3 to -5 ppm.64 This hardly allows a direct 

correlation between the chemical shift and the different morphologies. However, 

chemisorbed TMP on the ceria surface acts as a Lewis base by donating the phosphorous 

lone pair to the cerium cations. Their Lewis acidity varies significantly depending on the 

morphology. The 31P chemical shifts are detected in the range between -20 ppm and -60 

ppm for the different morphologies of ceria nanocrystals, which facilitates their 

differentiation. Less acidic Ce cations bind only weakly to TMP.64 At the same time, more 

acidic Ce cations form stronger bonds, which leads to a shortening of the P-Ce bond length. 

Consequently, the phosphorous nuclei are more deshielded and the 31P resonance shifts 

downfield. Figure 3-2 presents the deconvoluted 31P solid state NMR spectra of TMP bound 

to CeO2-x nanocrystals with different morphologies. The corresponding 31P-NMR spectra 

show different 31P-NMR shifts indicating Ce sites with Lewis acidities in the 

order -31.6 ppm (rods, highest acidity) > -41.3 ppm (spheres, intermediate acidity) 

> -61.5 ppm (cubes, lowest acidity). 31P-NMR spectra of CeO2-x nanocubes show a sharp 

resonance with a full width of half maximum (fwhm) of 0.183 kHz (1.1 ppm) indicating 

only a single type of site with low Lewis acidity and uniform size distribution. This is 
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compatible with the results of powder X-ray diffraction and TEM, where the cube-like 

nanocrystals showed a high crystallinity. 

 

 

Figure 3-2. 31P-NMR spectra for different CeO2-x morphologies after TMP addition. 

 

The 31P-NMR spectrum of spherical nanoparticles shows a complex signal, which splits 

after deconvolution into three different resonances at -44.2ppm (0.809 kHz, 

5 ppm), -41.4 ppm (0.485 kHz, 3 ppm) and -38.6 ppm (0.971 kHz, 6 ppm) with an integral 

ratio of 4:1:2. This indicates the presence of three distinguishable sites within a narrow ppm 

range and Lewis acidities of comparable strength, compatible with a poorly ordered or 

disordered surface.54 No well-ordered crystallite surface is formed because of the small 

crystallite size and the large surface/volume ratio (0.44 nm-1). Thus, different sites with 

comparable Lewis acidity remain.  

Two resonances are observed in the 31P-NMR spectrum of the nanorods: a dominant signal 

at -31.9 ppm (1.054 kHz, 6.5 ppm) and a low intensity peak at -40.1 ppm (0.347 kHz, 

2.1 ppm) with an integral ratio of 1:0.015. The low intensity signal is comparable with the 

signal observed for the nanospheres, indicating a disordered surface for the rods, which is 

consistent with the Raman, PXRD, HRTEM, and XPS data showing a high defect density 

for the nanorods.   
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Effect of ζ-potential and SBET  

ζ –potential (zeta potential) measurement is an analytical method to determine surface 

potential of nanoparticles in colloidal systems. The surface charge has an effect on (i) the 

stability of a colloidal system and (ii) the catalytic behavior due to electrostatic attraction 

or repulsion forces between a substrate and the catalyst surface. It is known that the addition 

of fluoride ions causes a negative ζ –potential at CeO2-x surfaces, accelerating oxidase 

reaction by facilitating electron transfer from the catalyst surface to the substrate TMB.65 

Surface charge is likely to play a crucial role in ceria-catalyzed oxidative bromination 

reactions in solution, because a negatively charged halide anion must adsorb on the catalyst 

surface. Surface charge is a key feature of surface acidity because it is the sum of all acidic 

(as determined by 31P-NMR) and basic surface groups. Therefore, the effect of ζ-potential 

and SBET on the reaction rate were determined. 

The ζ-potential was determined in acidic medium (HClO4 addition, pH=1) to mimic the 

conditions of thymol bromination.66 For nanospheres and nanorods ζ-potentials of +31 mV 

and +25.4 mV were measured, which are in a similar range. Ceria nanocubes showed with 

+11.8 mV a much lower ζ-potential. The SBET surface area for CeO2-x nanorods was 

determined by N2 sorption as 98.4 m2g-1, the SBET surface areas for nanospheres and -cubes 

were considerably smaller (44.6 m2g-1 and 16.1 m2g-1). Since the catalytic activity is 

determined by both factors, (i) ζ-potential and (ii) surface area  SBET in an independent 

manner, the product of SBET and ζ-potential represents the catalytic activity in a quantitative 

manner.44 Table 3-1 shows an overview of ζ-potential, SBET and the product of SBET and ζ-

potential for all three morphologies. 

 

Table 3-1. ζ-potential, SBET and the product of SBET and ζ-potential for CeO2-x nanorods, spheres 

and cubes. 

morphology SBET / m2g-1 ζ-potential / mV SBET · ζ-potential / m2g-1 

rods 98.4 25.4 ± 0.6 2500 ± 40 

spheres 44.6 31.0 ± 1.0 1383 ± 45 

cubes 16.1 11.8 ± 0.7 190 ± 11 
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Peroxido surface complex on ceria  

The binding of H2O2 to ceria surfaces is likely the initial step of the oxidative halogenation 

reaction. H2O2 is known to bind to nanoceria surfaces, which catalyze its decomposition to 

water and oxygen (peroxidase reaction).29 In a second step, bromide anions must adsorb 

onto the CeO2-x nanocrystal surface to form hypohalite species. Reactive oxygen 

intermediates resulting from the reaction of H2O2 with ceria nano-powders and the 

oxidation of organic compounds by a CeO2-x/H2O2 system have been studied based on the 

competitive binding of organic dyes and hydrogen peroxide to Ce surface sites and the 

subsequent degradation of the organics by pre-formed peroxo species.67,68  

The binding of H2O2 to the facets of ceria nanocrystals give rise to Raman absorption bands 

(Figure 3-3).67,69 2 µL of H2O2 (35%) was added to the nanocrystals and spectra were 

recorded for 5 min each over a period of 20 min. After H2O2 addition, an orange powder 

was obtained. The Raman spectra show a new vibrational band at 840 cm-1, which is in 

agreement with Raman bands for cerium hydroperoxo species at 842 cm-1 and 

839 cm-1.67,70,71 In general, CeO2-x nanocrystals are yellow. Binding of H2O2 causes a color 

change from light yellow to dark orange-brown, which is associated with a ligand to metal 

charge transfer (LMCT) and deepens with increasing H2O2 concentration.72 Figure 3-3 

shows an image of CeO2-x nanopowders (nanorods, nanospheres, nanocubes) after adding 

H2O2 (c = 11 M). A significant difference between the peroxo band of different 

morphologies was observed. The CeO2-x nanorods showed no spectral change at 840 cm-1 

after 20 min. A clear signal was also detected after 24 h. Spherical particles showed a much 

weaker peroxide signal that decreased with time. Nanocubes had the weakest signal, which 

disappeared completely after 20 minutes. This suggests that the persistence of the peroxo 

complex correlates with the rate constant of thymol bromination. Our hypothesis is that the 

formation of the surface peroxo complex is essential for HOBr formation and its formation 

is a key factor for oxidative halogenation catalysis. 

  



 
41 

 

Figure 3-3. Raman spectra of CeO2-x  (A) nanorods, (B) nanospheres and (C) nanocubes after H2O2 

(35%) addition recorded every 5 min over a period of 20 min with a corresponding image of the 

CeO2-x nanocrystals before and after H2O2 addition. (D) Raman spectra 24 h after H2O2 addition. 

The inset shows a magnification of the spectrum in the range of 800-900 nm. 

 

The spectrum of the nanorods shows another special feature with the signal at 595 cm-1, 

which is assigned to Frenkel-type oxide vacancies.73 This is further evidence that the 

nanorods have more defects than nanospheres or -cubes and thus the defects have an 

important impact on the catalytic rate. Line defects in the HRTEM images confirm this 

result (Figure S3-2). All Raman spectra show a threefold degenerate band at 464 cm-1 (F2g 

band). This band is associated with the Ce-O stretching vibration.74 The band of the 

nanospheres and -cubes is sharp indicating a higher crystallinity. The nanorods, however, 

show a broad band caused by disorder due to the presence of oxide defects (Figure S3-2).75 

The higher defect concentration of the CeO2-x nanorods is consistent with the results of the 

XPS spectra (Figure S3-14). As expected from the ionic radii of Ce4+ and Ce3+, Ce3+ 

predominantly occurs at the particle surface associated with oxide defects. The XPS survey 

spectra (Figure S3-13) of CeO2-x nanorods, -spheres and -cubes show only the presence of 

the elements Ce and O. 
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The Michaelis-Menten kinetics of the "enzyme" reactions show the affinity of the substrate 

H2O2 to the CeO2-x catalyst for nanocrystal morphologies54 via the Michaelis constants 

(Km)76 in the order nanocubes (Km=n.a.) < nanospheres (Km=750 μM) < nanorods 

(Km=330 µM). The affinity is reciprocal to the Michaelis-Menten constant Km. Michaelis-

Menten kinetics could not be calculated for the nanocubes because no reaction occurred 

(Figure S3-7, Equation S3-1). However, Ce promotes H2O2 reduction (peroxidase reaction) 

in reverse order because Ce with lower acidity (or higher electron density) can reduce H2O2 

easier.  

 

Bromination of thymol 

CeO2-x nanocrystals show a robust activity for oxidative halogenation reactions.77 The 

catalytic activity of ceria nanoparticles of defined size and morphology (spheres, cubes, 

rods) was investigated in-situ by 1H NMR spectroscopy using the oxidative halogenation 

of the phenolic monoterpene thymol as a model reaction.17,78 

A reaction mixture consisting of thymol, KBr, HClO4 and CeO2-x nanocrystals with 

different morphologies (rods, cubes and spheres) in D2O/CD3OD (10% v/v) was prepared 

and examined via 1H-NMR spectroscopy after H2O2 addition. An excess of bromide was 

added. The reaction yielded the monobrominated (4-bromothymol) and, depending on the 

nanocrystal morphology, also the dibrominated product (2,4-dibromothymol). The 

progress of the reactions was followed in-situ by 1H-NMR spectroscopy after adding H2O2 

for kinetic analysis. The reaction was monitored every minute for a period of 30 minutes 

(Figure S3-3, S3-4, S3-5) by following the evolution of the aromatic proton resonances in 

the spectral region between 6.8 and 7.3 ppm. Figure 3-4A shows stacked spectra of the 

reaction catalyzed by CeO2-x nanorods. All signals were normalized to the signals of the 

isopropyl group (at ~1 ppm). The signal at 6.9 ppm corresponds to the aromatic proton of 

thymol (Figure 3-4A+D: red circle). After only one minute its intensity decreases to 50% 

which is accompanied by the appearance of a new resonance at 7.1 ppm. The latter 

corresponds to the proton of 4-bromothymol (Figure 3-4A+D: blue circle) which is formed 

as a result of the first bromination step. The signal at 7.2 ppm results from the proton of the 

dibrominated product (Figure 3-4A+D: cyan circle) 2,4-dibromothymol, which begins to 

form already 2 minutes after H2O2 addition. Bromination can be followed based on the 

change of integrals of aromatic protons highlighted in red, blue and cyan in Figure 3-4B. 

A fast exponential intensity decrease of the thymol (red) signal at 6.9 ppm was observed in 

the first 3 minutes. The transformation was complete within 8 minutes, whereas the 
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intensity of the signal at 7.1 ppm (blue) for the 4-bromothymol increases exponentially up 

to a maximum value. An additional signal, which is associated with 2,4-dibromothymol 

(cyan), appears after 2 minutes at 7.2 ppm. An equilibrium between the mono- and di-

brominated thymol is reached after 8 min with a respective integral ratio of 1:1.34. The 

NMR signals could be assigned unambiguously based on the 2D-1H-COSY NMR spectra 

(Figure S3-8, S3-9, S3-10), in which cross signals appear due to coupling between the 

aliphatic and aromatic protons. Experimental details are given in the Supporting 

Information. 

 

Figure 3-4. (A) Stacked 1H-NMR spectra of oxidative thymol (cyan) bromination to 4-

bromothymol (blue) and 2,4-dibromothymol (red) catalyzed by CeO2-x nanorods. (B) Normalized 

proton signal intensities of thymol (red), 4-bromothymol (blue) and 2,4-dibromothymol (cyan) 

during the reaction. (C) Decrease of the normalized thymol proton signal during oxidative 

bromination reaction using CeO2-x nanocubes (violet), nanospheres (black) and nanorods (red) as 

catalyst over a period of 15 min. (D) Oxidative bromination of thymol to 4-bromothymol and 2,4-

dibromothymol. 

CeO2-x nanospheres also catalyze the bromination reaction, however more slowly. The 

equilibrium between the mono- and dibrominated product is reached after ~15 minutes with 

a final integral ratio of 1:1 for both compounds. Thymol bromination catalyzed by CeO2-x 

nanocubes results in the formation of the monobrominated product only. Furthermore, 80% 

of the original thymol remains unreacted after 30 minutes. Figure 3-4C shows the intensity 

changes of the aromatic protons of thymol for different CeO2-x nanocatalyst morphologies. 
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The decrease of the proton signals is faster for the nanorods (krods=772·10- 3±19·10-3 min-1) 

than for the nanospheres (kspheres =396·10-3±10·10-3 min-1). Almost no reaction 

(kcubes=9.6·10-3±0.1·10-3 min-1) was observed for CeO2-x nanocubes. A first-order 

pseudokinetic model was used to compare the conversion rates of thymol (Equation  3-1), 

where “𝑎(𝑡)” indicates the thymol concentration at time t and a0 was set to 1. Figures S3-3, 

S3-4, S3-5, and Figure S3-15 show the 1H-NMR spectra for the reaction products in the 

absence and the presence of the CeO2-x nanocrystals. 

 

𝑎(𝑡) = 𝑎0e
−𝑘a⋅𝑡 (eq 3-1) 

 

To explain the different reaction rates of for the different CeO2-x nanocrystal morphologies, 

the Lewis acidity and the product of surface area and ζ-potential were compared. Figure 3-5 

shows that reaction rate scales with (i) the Lewis acidity, as evaluated by the shift of the 

31P-NMR signal of TMP (Figure 3-5A) and (ii) the product SBET  ζ-potential (Figure 3-5B) 

in the order nanorods > nanospheres > nanocubes. In essence, the Lewis acidity of the CeO2-

x nanocrystals dictates the bromination rate of thymol: The higher the Lewis acidity, the 

faster the observed bromination rate. A key feature of oxidative halogenation reactions in 

aqueous environments is that chemical transformations are sensitive toward changes in 

solvation. High Lewis acidity will allow polar molecules or ion species (like H2O2 or halide 

anions) to replace solvent molecules at nanocrystal surfaces.  
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Figure 3-5. (A) Reaction rate (k) scales with the 31P-NMR signal position for different CeO2-x 

nanocrystal morphologies. (B) Linear correlation of SBET  ζ-potential and k for three different 

morphologies. 

 

The experimental results allow to outline the reaction pathway of the halogenation reaction. 

Halogenation catalysis by nanoceria requires: (i) an active surface, (ii) rapid H2O2 binding 

(dictated by the surface acidity), (iii) sufficient stability of the Ce-O-O-H surface species 

with respect to the peroxidase reaction, and (iv) bromide adsorption to be sufficiently fast 

and strong to allow the transfer of an oxygen atom to bromide anion before a dioxygen 

molecule can be formed. The surface (i) Lewis acidity and (ii) SBET·ζ-potential of the CeO2-x 

nanocrystals determine the rate of bromide adsorption.  

In essence, the Lewis acidities of the CeO2-x nanocrystals dictate the bromination rate of 

thymol: The higher the Lewis acidity, the faster the bromination rate (Figure 3-5A). A key 

feature of oxidative halogenation reactions in aqueous environments is that chemical 

transformations are sensitive to changes in solvation. High Lewis acidity allows polar 

molecules or ion species (like H2O2 or halide anions) to replace solvent molecules at the 

nanocrystal surfaces. 
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3.4. CONCLUSION 

We have shown by a combination of electron microscopy, X-ray diffraction, 31P and 1H-

NMR, XPS as well as Raman spectroscopy that the catalytic activity of CeO2-x in oxidative 

halogenating depends on the combined effects of surface area SBET, surface charge (-

potential) and surface acidity. To this end, the kinetics of the oxidative bromination of the 

model compound thymol, a monoterpene phenol, was studied by 1H-NMR spectroscopy 

for CeO2-x nanocrystals with well-defined cubic, rod like, and spherical morphologies. 

The acid-base properties of CeO2-x nanocrystals (i.e., the catalytic activities in 

haloperoxidase reactions) are related to its surface structure. The Lewis acidities of CeO2-x 

nanocrystals, determined by TMP-31P NMR, can be arranged in the order nanorods > 

nanospheres > nanocubes. Here, the Lewis acidity of CeO2-x nanocrystals is a key factor 

for the catalytic bromination of thymol. The higher the Lewis acidity, the faster the 

observed bromination rate. Since the haloperoxidase reaction involves the transfer of an 

oxygen atom from a surface-bound H2O2 oxidant species to a bromide anion, surface charge 

(controlling bromide adsorption) and stability of the Ce-O-O-H species are essential. The 

multiplicative combination of these two independent factors, ζ-potential and SBET surface 

area, provides a reliable measure to describe the rate of the haloperoxidase reaction in the 

order nanorods > nanospheres > nanocubes. The surface charge is reflected in the product 

SBET  ζ-potential, which scales with the experimentally determined surface acidities for 

the different nanocrystal morphologies. This is consistent with the sequence of surface 

acidities, H2O2 affinity, and reported stability of Ce-O-O-H surface species scaling in the 

order nanorods > nanospheres > nanocubes. Since the haloperoxidase reaction requires a 

cleavage of surface-bound O-O units, the peroxidase activity of nanoceria is relevant for 

the oxidation of bromide via transfer of an oxygen atom. CeO2-x has been reported to 

promote H2O2 reduction (peroxidase reaction) with a concomitant release of an oxygen 

atom in the order nanocubes > nanorods > nanospheres. Thus, the haloperoxidase reaction 

on CeO2-x is determined by the interplay of cleavage a surface-bound Ce-O-O-H group 

(peroxidase reaction) and the adsorption of a halide species to which the oxygen resulting 

from the peroxidase reaction is transferred. Our studies provide new insight into the 

halogenation catalysis of ceria nanocrystals in aqueous environment and show parallels 

between heterogeneous surface catalysis and the enzyme-like activity of CeO2-x 

nanocrystals. Our results show that the surface chemistry of catalysts, including the 

chemical state and the number of active sites, is key to elucidating catalytic reaction 
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mechanisms. Given the growing interest in the use of ceria as so-called "nanozymes" and 

the lack of mechanistic understanding, our results may provide guidance for expanding the 

scope of application for soluble ceria even beyond aqueous chemistry.  
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3.5. EXPERIMENTAL SECTION 

MATERIAL AND SYNTHESIS 

All commercial reagents and solvents were used as received, without further purification. 

Ceriumnitrate hexahydrate (99.5%) and thymol (98+%) were obtained from Alfa Aesar. 

Potassium bromide (99+%) and perchloric acid (ca.70% solution in water) were obtained 

from Acros Organics. Hydrogen peroxide (35%), citric acid (<99.5%, anhydrous) were 

purchased from Carl Roth. Methanol-d4 (99.8%) and deuterium oxide (99.9%) were 

purchased from Deutero. Ammonium hydroxide (25%) was utilized from VWR, and 

sodium hydroxide from Fisher Scientific. Trimethylphosphine (97%) was obtained from 

Sigma Aldrich. Ultrapure water (18.2 MΩ cm-1) was used for all experiments.  

CeO2-x Nanospheres.59,60 1.6 mL of an aqueous 1 M Ce(NO3)3·6H2O solution and 3.2 mL 

of a 4 M aqueous solution of citric acid were put in a beaker and refilled with Milli-Q water 

to a total volume of 20 mL. After stirring the resulting sol for 10 min, conc. ammonia 

solution was added until a pH of 8.5-9 was reached. Then, the solution was stirred for 

another 10 min and placed in the oven at 100 °C overnight. The resulting gel was heated in 

an oven with a heat rate of 5 °C/min to 550 °C for 3 h. The product was mortared and 

analyzed after cooling. 

CeO2-x Nanorods.27 Ce(NO3)3·6H2O (4.86 g, 11 mmol) was used as precursor for the 

synthesis of CeO2-x nanorods and filled in a Teflon-lined autoclave. 210 mL of a 4 M 

aqueous NaOH solution was dropped slowly in the Teflon inlay with the precursor while 

stirring. When the addition was finished, the solution was stirred for another 30 min and 

autoclaved at 80 °C for 16 h. When the suspension had cooled down, the product was 

centrifuged for 10 min at 9000 rpm and washed six times with water (until the washing 

water was neutral). The yellow product was freeze-dried in liquid nitrogen and vacuum 

dried.  

CeO2-x Nanocubes.58 Ce(NO3)3·6H2O (0.868 g, 2 mmol) and NaNO3 (0.85 g, 1 mmol) 

were dissolved in 10 mL Milli-Q water. 30 mL of an aqueous NaOH solution (50%) were 

added and stirred for 30 min. The solution was transferred into a Teflon inlay and heated in 

a microwave oven to 180 °C for 120 min (heating rate 10 °C/min). After cooling, the 

product was collected by centrifugation for 10 min at 9000 rpm, washed with water until 

the supernatant was neutral and dried in vacuum. 

Bromination of Thymol. To investigate the oxidative bromination via 1H-NMR 

spectroscopy a reaction medium consisting of nanoparticles (2.85 mg mL‑1), thymol 
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(66 mM), KBr (142 mM), HClO4 (91 mM) and H2O2 (266 mM) in CD3OD was prepared. 

Firstly, KBr and HOCl4 were dissolved in a CD3OD/D2O (10% v/v) mixture, and the 

resulting precipitate of KClO4 was separated. Thymol and the CeO2-x nanoparticles were 

added, followed by ultrasonication for 30 s. The first NMR spectrum was measured without 

H2O2. The catalysis was started by adding H2O2 to the tube. The first spectrum of the kinetic 

measurement was recorded after 1 min. The following spectra were recorded every 

minute. 1H-NMR (400 MHz, CD3OD): 4-bromo-2-isopropyl-5-methylphenol (4-

Bromthymol): δ[ppm]= 6.90 (m, J=7.7 Hz, Ar-H), 6.55-6.42 (m, Ar-H), 3.13 (m, J=7.0 Hz, 

Ar-CH-), 2.13 (s, Ar-CH3), 1.10 (d, J=6.9 Hz, -CH(CH3)2). 4,6-Dibromo-2-isopropyl-5-

methylphenol. δ [ppm]=7.26 (s, Ar-H), 3.14 (m, Ar-CH-), 2.47 (s, Ar-CH3), 1.16 (d, 

J=6.9 Hz,-CH(CH3)2). 

Michaelis-Menten Kinetics. The Michaelis-Menten kinetics was determined with various 

H2O2 concentrations. The kinetic analysis was performed at λ = 592 nm, the absorbance 

maximum of tetra bromophenol blue. For each measurement, the same stock solution of 

phenol red (PR) (50 µM) mixed with KBr (25 mM) was used. After adding 62.5 µL of 

nanoparticle suspension (1 mg/mL), the reaction was left stirring (800 rpm) for 2 min for 

temperature equilibration (25 °C). Prior to H2O2 addition the absorbance was set to zero. 

The kinetics were measured for 10 minutes. All data points were linearly fitted in the period 

of 1-10 minutes.  

 

CHARACTERIZATION 

Transmission Electron Microscopy. Samples for transmission electron microscopy 

(TEM) were prepared by placing a drop of dilute NP dispersion (1 mg·mL-1) in Milli-Q 

water on a carbon-coated copper grid. TEM images were obtained with a FEI Tecnai 12 

TWIN LaB6 at 120 kV together with a Gatan US1000 CCD-camera (16-bit, 2048 x 2048 

pixels) using the Gatan Digital Micrograph software. 

Nuclear Magnetic Resonance. All solution 1H nuclear magnetic resonance (NMR) spectra 

were recorded at 295 K on a Bruker Avance DRX 400 MHz spectrometer (Bruker Biospin 

GmbH, Rheinstetten, Germany) operated at a proton frequency of 400.31 MHz. A 

commercial Bruker 2 channel 5 mm inverse probe head was used. 8 scans were averaged 

with a recycle delay of 28 s for the quantitative measurements.   

Prior to all solid state NMR measurements, 200 mg CeO2-x nanoparticles were heated in a 

ground glass vessel at 120 °C under vacuum for 2 h. The vials were transferred into a glove 

box and 15µL of trimethylphosphine (TMP) was added. TMP adsorption onto the particle 
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surface was allowed for 20 minutes to reach equilibrium. The sample was transferred into 

a solid state NMR rotor. Solid state 31P-NMR spectra were recorded on a Bruker Avance 

DSX 400 MHz spectrometer operating at a 1H and 31P frequencies of 399.87 and 161.87 

MHz respectively. A commercial 3 channel Bruker 4 mm probe head was used at a magic 

angle spinning (MAS) of 10 kHz. Quantitative 31P experiments were conducted using a 30° 

flip angle pulse and averaging 64 scans with a recycle delay of 15 s with inverse-gated 

proton decoupling. A two-pulse phase modulation decoupling scheme was used for the 

experiments. No correction for the frictional heating was conducted. The spectra were 

referenced to NH4H2PO4 at 0.9 ppm as an external standard. 

Powder X-ray Diffraction. X-ray diffraction patterns were recorded on a STOE Stadi P 

diffractometer equipped with a Dectris Mythen 1k detector in transmission mode using Mo 

Kα1 radiation. Crystalline phases were identified according to the PDF–2 database using 

Bruker AXS EVA 10.0 software. 

Zeta Potentials. ζ-potentials were measured on a Malvern Zetasizer Nano using disposable 

capillary cells (DTS1070) and single-use polystyrene cuvettes. Data analysis was 

performed with the Malvern Zetasizer Software 8.01.4906.  

BET Surface Area. BET measurements were conducted with 3P Micro 300 gas adsorption 

instrument using nitrogen as the analysis gas at 77.4 K. The software 3P Surface Area & 

Pore Size Analyzer System 10.03.02 was used to analyze the recorded data. 

X-ray photoelectron spectroscopy. X-ray photoelectron spectroscopy (XPS) 

measurements were carried out on an Axis Ultra DLD imaging photoelectron spectrometer. 

Measurements were carried out using the hybrid mode with 10 mA and 15 kV at the Al 

anode. The analysis area was 700 μm × 300 μm (i.e., X-ray spot size). Survey spectra were 

measured at a pass energy of 80 eV and elemental spectra at 20 eV pass energy of the 

analyzer. All spectra were charge corrected to a binding energy of 284.8 eV for the C 1s 

line corresponding to adventitious aliphatic carbon. Measurements were analyzed using the 

CasaXPS software plotted with Origin 8.1. 

Raman spectroscopy. The Raman spectra were recorded with a Bruker Senterra Microscope 

operated by the OPUS software. 

UV/Vis spectroscopy. UV-vis spectra were recorded on an Agilent Cary 3500 

spectrophotometer.  
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3.7. SUPPORTING INFORMATION 

 

 
Figure S3-1. Histograms showing the particle size distribution of CeO2-x (A) nanocubes, (B) 

nanospheres and (C, D) nanorods. 

 

 

Figure S3-2. HRTEM images of CeO2-x nanorods. The zoomed image shows the presence of line 

defects.  
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Figure S3-3. Time-resolved (stacked) 1H-NMR spectra of thymol bromination catalyzed by CeO2-x 

nanorods. 

 

Figure S3-4. Time-resolved (stacked) 1H-NMR spectra of thymol bromination catalyzed by CeO2-x 

nanospheres.  
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Figure S3-5. Time-resolved (stacked) 1H-NMR spectra of thymol bromination catalyzed by CeO2-x 

nanocubes. 
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Figure S3-6. Powder diffraction phase analysis with Rietveld refinements of (A) CeO2-x nanorods, 

(B) nanocubes and (C) nanospheres. Experimental powder pattern (black dots), Rietveld analysis 

(red lines), difference plots (blue lines). Tick marks show reflection positions of for pure ceria 

(fluorite structure, Fm3̅m). The additional reflections “*”is due to the sample preparation on acetate 

foil.  
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Figure S3-7. Michaelis Menten fit for CeO2-x rods (red), spheres (black) and cubes. 

 

The catalytic activity of CeO2-x nanocrystals is described by their turnover frequencies 

(TOF) or the catalytic constants (kcat).
1 The TOF depends on the (i) catalyst surface, (ii) 

time, and (iii) mass concentration. Brunauer-Emmett-Teller (BET) surface areas of 

98.4 m2g-1 (nanorods), 44.6 m2g-1 (nanospheres) and 16.1 m2g-1 (nanocubes) were 

determined to normalize the reaction rates because the bromination of thymol is surface 

specific (only the surface of the catalyst is accessible for the substrate). The rate of reaction 

(ROR) is defined by Equation S3-1. Here, the accessible surface area per mass equivalent 

of the catalyst is expressed through the BET surface area (SBET in m2 g-1), and 

Equation S3-1was evaluated based on time (vmax / M min-1), surface area (SBET / m2 g-1) and 

mass concentration (β(Cat) / g L-1). 

TOF =  
𝑣max
[Cat]0

 
[Cat]0→𝑆BET⋅β(Cat)
→              ROR =  

𝑣max
𝑆BET ⋅ β(Cat)

 (eq.S3-1) 

 

Table S3-1. Overview of vmax, Km, SBET and ROR for all three morphologies. 

Sample vmax / μM min-1 Km/ μM SBET/m² g-1 ROR/ µmol m-2 min-1 

CeO2-x nanorods 0.72±0.04 330±5 98.4 0.29 

CeO2-x nanospheres 0.049±0.007 750±24 44.6 0.044 

CeO2-x nanocubes n.a. n.a. 16.1 n.a. 
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Experimental procedure to isolate the reaction products 

 

4-Bromothymol: 225 mg (1.5 mmol) Thymol and 140 mg (1.18 mmol) KBr were 

dissolved in 33 mL of a 10:1 % v/v MeOH/H2O mixture. Subsequently 300 μL conc. H2O2 

and 300 μL conc. HClO4 are added to obtain pH=1. 28 mg of CeO2-x nanoparticles (rods) 

were added. The reaction was stirred for 3 h at room temperature. The reaction solution 

was diluted with water to 100 mL and extracted five times with 30 mL diethyl ether. The 

organic phase was dried over sodium sulfate (Na2SO4), filtered and the solvent was 

evaporated by a rotary evaporator. A yellow oil was received, which was crystallized 

at -20 °C using 1 mL petrol ether yielding colorless crystals. 1H-NMR (400 MHz, CDCl3): 

4-bromo-2-isopropyl-5-methylphenol (4-bromthymol): δ[ppm]= 7.29 (s, 1 H, H-3), 6.64 (s, 

1 H, H-6), 3.13 (h, J=6.9 Hz, 1 H, Ar-CH-(CH3)2), 2.30 (s, 1 H, Ar-CH3, 1.22 (d, J = 6.9 

Hz, 6 H, Ar-CH-(CH3)2).  

 

Figure S3-8. COSY spectrum of 4-bromothymol. 
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2,4-Dibromothymol: 225 mg (1.5 mmol) Thymol and 360 mg (3 mmol) KBr were 

dissolved in 33 mL of a 10:1 % v/v MeOH/H2O mixture. Subsequently 300 μL conc. H2O2 

and 300 μL conc. HClO4 are added to obtain pH=1. 28 mg of CeO2-x nanocrystals (rods) 

were added. The reaction was stirred for 3 h at room temperature. The reaction solution 

was diluted with water to 100 mL and extracted five times with 30 mL diethyl ether. The 

organic phase was dried over sodium sulfate (Na2SO4), filtered and the solvent was 

evaporated by a rotary evaporator. A yellow oil was received, which purified via column 

chromatography using a 3:1 mixture of cyclohexane/dichloromethane. 

1H-NMR (400 MHz, CDCl3): 2,4-Dibromo-6-isopropyl-3-methylphenol (2,4-

dibromthymol): δ[ppm]= 7.31 (s, 1 H, H5), 5.68 (s, 1 H, Ar-OH), 3.26 (h, J=6.9 Hz, 1 H, 

Ar-CH-(CH3)2), 2.52 (s, 3 H, Ar-CH3, 1.22 (d, J = 6.9 Hz, 6 H, Ar-CH-(CH3)2).  

 

Figure S3-9. COSY spectrum of 2,4-dibromothymol. 
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Figure S3-10. COSY spectrum of thymol. 
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Figure S3-11. Stacked 1H-NMR spectra of thymol, 4-bromothymol and 2,4-dibromothymol. 

 

Figure S3-12. Stacked 1H-NMR spectra of thymol, 4-bromothymol and 2,4-dibromothymol in the 

range from 7.5-6.25 ppm.  
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Figure S3-13. XPS survey spectrum of CeO2-x nanorods, -spheres and –cubes using non-

monochromatized Al K excitation. The detected XPS lines of Ce and O are marked, the additional 

signals marked with * belong to Au due to sputtering of the sample holders before preparation. 
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Figure S3-14. XPS spectra of CeO2-x (A) nanorods, (B) -spheres and (C) -cubes. The Ce 3d, O 1s 

regions confirm the presence of the elements Ce and O. 

Figure S3-14 show the Ce and O regions of the XPS spectra of CeO2-x nanorods, -spheres 

and -cubes. The signals are labeled as v, vll, vlll and u, ull, where v and u correspond to 3d5/2 

and 3d3/2 orbitals of Ce4+, respectively. For Ce3+ v0, vl and u0, ul correspond to 3d5/2 and 

3d3/2 orbitals revealing mixed oxidation states (4+/3+) for surface Ce in CeO2-x. 

Deconvolution of the peaks with respect to the 3d5/2 and 3d3/2 transitions of Ce4+ and Ce3+ 

yielded proportions of approx. 30, 30, and 20% Ce3+ surface sites for CeO2-x nanorods, -

spheres and -cubes. This shows also that oxygen defects associated with Ce3+ 

predominantly occur at the particle surface (as expected from the ionic radii of Ce4+ and 

Ce3+. However, the Ce3+/Ce4+ ratios in nanocubes and –spheres do not differ much from 

each other. The 1s oxygen signals in Figure 3-14 are assigned to oxide anions in the crystal 

structure (OL), oxygen-deficient regions (Ov) and chemisorbed oxygen species (Oc), 

respectively.2,3 The oxygen deficient concentration is highest for CeO2-x nanorods which is 

in harmony with the results of Raman spectroscopy and the XPS spectrum of Ce 3d region 

(highest Ce3+ concentration). Nanocubes exhibit a higher ratio of adsorbed hydroxyl groups 

(blue) on their surface, whereas nanorods and -spheres only show traces of OH groups. 

XPS measurements reveal oxygen-deficient regions (green) on the surface for all samples 

as well as structural oxide ions (yellow). For nanocubes, chemisorbed oxygen species like 

losely bound hydroxyl groups or water exhibit the highest concentration. The increasing 

content of hydroxyl surface groups may hinder the activity for oxidative bromination. 

Attachment of negatively charged Br- as well as hydrogen peroxide species could be made 

more difficult. 
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Figure S3-15. Time-resolved (stacked) 1H-NMR spectra of thymol bromination in absence of 

CeO2-x nanocrystals. 
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 TUNING CERIA CATALYSTS IN AQUEOUS 

MEDIA AT THE NANOSCALE: HOW DO 

SURFACE CHARGE AND SURFACE 

DEFECTS DETERMINE PEROXIDASE- AND 

HALOPEROXIDASE-LIKE REACTIVITY 

4.1. SUMMARY 

As previously shown in 

chapter 3, cerium 

dioxide nanoparticles 

can mimic the 

vanadium-dependent 

haloperoxidase because 

they are able to 

oxidatively brominate 

the phenolic 

monoterpene thymol. 

However, nanoparticles 

with different 

morphologies show 

completely different 

performances in the oxidative bromination reaction due to their varying surface properties. 

In the following chapter 4 it will be investigated whether these properties can be influenced 

by varying the reaction time. For this purpose, mesoporous cerianite nanoparticles were 

prepared by an ethylene glycol based hydrothermal synthesis at different reaction times. 

Particle formation process was investigated more in detail using small-angle X-ray 

4 
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scattering. Subsequently, the nanoparticle properties such as particle size, surface area 

(SBET), zeta potential (ζ-potential) and Ce3+/Ce4+ ratio were determined. Finally, the 

catalytic activity of the resulting nanoparticles was compared in two different enzyme-like 

reactions. First, their catalytic activity was investigated in i) peroxidase-like activity using 

the substrate molecule 3,3′,5,5′-tetramethylbenzidine (TMB) and then ii) haloperoxidase-

like activity using the substrate molecule phenol red was evaluated. Subsequently, it was 

concluded which factors are particularly important for a catalyst in the peroxidase-like and 

in the haloperoxidase-like reaction. 

It was observed that the surface properties can be easily tuned by varying the reaction time. 

Mesoporous CeO2 produced at longer reaction times exhibit a larger surface area and 

Ce3+/Ce4+ ratio, whereas the zeta potential decreases with increasing reaction time. In the 

haloperoxidase-like reaction, the nanoparticles prepared at shorter reaction times show a 

much higher catalytic performance, indicating a large influence of the highly positive zeta 

potential resulting from a low Ce3+/Ce4+ ratio on this type of reaction. In the peroxidase-

like reaction, in contrast, the particles prepared at longer reaction times exhibit higher 

catalytic activity, indicating a strong influence of the larger surface area and the increased 

Ce3+/Ce4+ ratio in this reaction. 

In summary, an ethylene glycol-based hydrothermal reaction can be tailored to produce 

nanoparticles with different surface properties. Thus, they can be selectively optimized for 

different catalytic applications by a single synthesis. 
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4.2. INTRODUCTION 

Engineering the size, shape, and surface area of individual particles at the nanometer scale 

is important for controlling the surface chemistry of metal or metal oxide nanocrystals 

(NPs), which are key components in catalysis.1 Ceria (CeO2-x) is a good example of how 

studies at the nanoscale are a valuable for understanding its catalytic mechanisms, which 

are crucial for the development of new materials with enhanced properties. CeO2-x is an 

important material for environmental and energy applications.2 It is used in heterogeneous 

catalysis3, oxygen sensors4, solar cells5, photoelectrochemistry6,7 lithium ion batteries8, fuel 

cells9,10 and other energy-related applications.11,12  

In aqueous media CeO2-x nanocrystals catalyze H2O2 disproportionation in a Fenton-like 

reaction.13 Although this fact is known for almost 100 years,14,15 CeO2-x nanocrystals have 

recently been used in biomedicine15 as functional mimics of superoxide dismutases16 (O2
– 

+ 2H+ → H2O2 + O2) and catalases.17 (2H2O2 → 2H2O + O2) Likewise, ceria nanocrystals 

exhibit peroxidase-like properties (i.e., XH2 + H2O2 → X + 2H2O)18 which allows 

protecting cells against reactive oxygen species (ROS) such as superoxide and hydrogen 

peroxide anions or hydroxyl radicals.18–21 

Likewise, CeO2-x nanocrystals emulate the catalytic activity of haloperoxidases 

(HPOs),22,23 a group of enzymes which oxidize halides (X–) to the corresponding 

hypohalites at the expense of peroxides (X– +H2O2 + H+ → HOX + H2O).24–26 These 

hypohalites are reactive intermediates which are converted in follow-up steps to 

halogenated organic compounds (HOX + RH → RX + H2O).27 The function of this 

extracellular enzymatic system is to control bacterial colonization on the surfaces of marine 

plants by generating HOBr (which is directly bactericidal).28 Moreover, HOBr reacts in low 

concentrations with bacterial acyl homoserine lactones (AHLs) which play an important 

role in bacterial signaling systems. Many bacteria secrete these lactones. AHLs are 

“inactivated” by bromination with HPO enzymes. The disruption of bacterial signaling via 

inactive (i.e., brominated) AHLs29 inhibits the formation of biofilms.30,31  

However, peroxidase (PO) and HPO-like reactions proceed according to different 

mechanisms, i.e., nanocrystals for PO-like reactions are not necessarily suitable for HPO-

like reactions. The properties of ceria are closely linked to its fluorite crystal structure and 

its associated defect chemistry. Cation defects, Ce3+ (in oxygen-deficient ceria) sit on a 

Ce4+ cubic site with 8-fold oxygen coordination. Every two cation defects in the cerianite 

structure are balanced by one oxygen-vacancy defect, VO in a tetrahedral site. The catalytic 
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properties of ceria nanoparticles can be enhanced through a large BET surface area (e.g., 

with ultrasmall nano-particles32,33 or mesoporous structures).34,35 

The ROS-scavenging activities with neutral (H2O2) substrate molecules strongly depend on 

Ce3+/Ce4+ surface ratio, whereas halogenation reactions with surface-bound ionic (X–) a 

neutral (H2O2) substrates depend on the ζ-surface potential. The ζ-potential of ceria can be 

changed in two different ways. Surface binding of Pearson-hard36 (e.g., F–) anions leads to 

a negatively charged surface37, thereby repelling anionic substrates and increasing the 

oxidase-like activity. Replacing tetravalent Ce4+ cation in the CeO2-x structure by trivalent 

cations (e.g., Bi3+ or Ln3+)33,38,39 on the other hand, leads to more positive ζ-potentials, 

thereby attracting negatively charged substrates which is advantageous for HPO-like 

reactions. 

An understanding of CeO2-x nanocrystal behavior is needed, particularly in aqueous 

systems where interactions with other soluble compounds can alter their fate and transport. 

Engineering nanoparticles with large surface area and defined ζ-potential is a tedious and 

time-consuming task. As a classical oxide ceramic, CeO2-x is prepared by polycondensation 

chemistry. The condensation process is spontaneous, with a range of smaller oligomers 

being formed initially.40 These oligomers grow and serve as nuclei for the formation of 

stable particles that eventually aggregate⁄coalesce to form a gel, an aggregate network or 

crystallites depending on the individual oxide.41 One difference between the different 

synthetic approaches is whether the reaction is carried out under equilibrium conditions 

(e.g. hydro- or solvothermal synthesis)42–44 or non-equilibrium conditions (e.g. via 

sonolysis,45 thermal decomposition of volatile precursors,46 sol-gel reactions47,48 or by 

microfluidics49–51 Early applications of hydrothermal methods to make CeO2-x 

nanomaterials date back to the early 1990s,52 but only a decade later the morphology of 

ceria nanocrystals was demonstrated by high-resolution transmission electron microscopy 

(HRTEM).53 By controlling a few critical reaction variables (pH, temperature, and 

pressure), it was possible to prepare ceria nanocrystals with rod-like,54 cube-like55 or 

spherical morphologies.56  Typically, the reactions start from Ce3+ salts, which are 

precipitated initially in alkaline solution as Ce(OH)3. Subsequently, Ce(OH)3 nuclei (with 

hexagonal structure) can be oxidized to CeO2-x nanocrystals in a topotactic reaction where 

the anisotropic morphologies may be preserved even for cubic (i.e., isotropic) CeO2-x.
57  

The synthesis of mesoporous oxides typically requires suitable templates that fill the pores 

during synthesis and are removed afterward.34,58 A typical example is the use of soft 
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templates like organic surfactants or block copolymers that co-assemble with metal ions in 

a sol-gel process and are removed by heating to expose the pores.  

We report a template-free approach to synthesize mesoporous crystalline CeO2-x 

nanocrystals with variable BET surface areas (SBET) and ζ-potentials resulting from 

different Ce3+/Ce4+ ratios. The simplicity of surface engineering of the mesoporous ceria 

by varying the reaction time makes this synthesis a powerful method for preparing catalytic 

metal oxides according to individual needs. To evaluate the impact of these different 

surface characteristics, the enzyme mimetic activities of as synthesized mesoporous CeO2-x 

nanoparticles in peroxidase and haloperoxidase reaction were compared. 
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4.3. RESULTS AND DISCUSSION 

Nanoparticle synthesis and characterization  

Mesoporous CeO2-x nanocrystals were formed by heating Ce(NO3)3 · 6 H2O in ethylene 

glycol, acetic acid and water under hydrothermal conditions.59 Surface area (SBET), porosity 

and zeta potential (ζ-potential) were found to depend strongly on the reaction time. 

 

 

Figure 4-1. TEM images of mesoporous CeO2-x nanoparticles formed after (A) 2.0 h, (B) 2.5 h, (C) 

3.0 h and (D) 3.5 h of reaction time. (E) Powder X-ray diffraction patterns of CeO2-x particles 

formed after 2.0 h, 2.5 h, 3.0 h and 3.5 h. Red ticks indicate the calculated reflection positions for 

CeO2-x based on structural data from the ICSD data bank (ICSD# 88752). Blue ticks indicate the 

calculated reflection positions for Ce(C2O4)(HCO2) based on structural data from the ICSD data 

bank (ICSD# 43450). 
 

Therefore, the reaction products were investigated as a function of the reaction time. 

Figure 4-1A-D show transmission electron microscopy (TEM) images of reaction products 

formed after 2.0 h, 2.5 h, 3.0 h and 3.5 h, which are referred to as CeO2-2.0 h, CeO2-2.5 h, 

CeO2-3.0 h and CeO2-3.5 h, respectively, below. All TEM images show that large spherical 

nanoparticle agglomerates in the size range of hundred nanometers have formed, consisting 

of smaller primary nanoparticles with diameters < 5 nm (Figure 4-1A-D and Figure 4-S1). 

The growth of these mesoporous nanocrystals proceeds according to a two-step growth 

model in which primary nanocrystals form in a supersaturated solution and subsequently 

agglomerate into larger secondary particles.60,61 The formation mechanism is illustrated 

schematically in Figure 4-2. Increasing the reaction time leads to an increase in the particle 
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size of the larger spherical particles. TEM images of the larger spherical particles formed 

after 2 h reaction time (CeO2-2.0 h) show higher material contrast compared to the particles 

obtained after longer reaction time (CeO2-2.5 h, CeO2-3.0 h). This indicates a higher 

packing efficiency of the primary particles within the larger aggregates. In contrast, the 

images of CeO2-2.5 h and CeO2-3.0 h show less densely packed regions, which is due to 

porosity of the particles. Further extension of the reaction time to 3.5 h resulted in the 

degradation of the larger spherical CeO2-x particle aggregates (Figure 4-1D). 

 

 

Figure 4-2. Schematic representation of the formation of mesoporous CeO2-x nanoparticles and 

their degradation. 

 

Figure 4-1E shows the powder X-ray diffraction (PXRD) patterns of the product particles 

formed after 2.0 h, 2.5 h, 3.0 h and 3.5 h. The diffractogram is compatible with the presence 

of cubic cerianite (space group Fm3̄m). The reflection broadening results from the nano-

sized crystallites of the primary particles, in accordance with the TEM images 

(Figure 4-1A-D). The X-ray diffractograms in Figure 4-1E show that the coordination 

polymer Ce(C2O4)(HCO2) is formed at longer reaction times (CeO2-3.5 h). This suggests 

that the particle surfaces are complexed with oxalate and formate ligands. Oxalate and 

formate may be formed by oxidation of ethylene glycol through nitrate anions under the 

reaction conditions, where ethylene glycol is first oxidized to aldehyde and then further 

degraded to oxalic acid and formic acid. The excess of these surface ligands (formed from 

the solvent) eventually leads to the formation of cerium oxalate formate.62,63 Phase-pure 

Ce(C2O4)(HCOO) was formed when the reaction was carried out in an open flask for 120 

hours rather than in a sealed autoclave (Figure 4-S2).  

Specific surface area, pore size, and pore volume of the mesoporous CeO2-x nanoparticles 

were determined using N2 sorption measurements. Figure 4-3 shows that a significantly 

higher surface area (SBET) is obtained with increasing reaction time until the larger spherical 

particles start to disintegrate (due to the gradual formation of Ce(C2O4)(HCOO)). The 

calculation of pore size and pore volume shows an inverse trend. While the pore diameter 
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decreases with reaction time, the pore volume increases. This trend is plausible considering 

that smaller pore diameters are compatible with a larger number of pores in a given total 

volume. A larger number of pores also results in a larger exposed SBET. The larger pore 

volume is evident in the TEM images because of the large number of visible pores and the 

lower contrast. As the mesoporous spheres disintegrate, the SBET, pore diameter, and pore 

volume decrease significantly. 

 

 

Figure 4-3. Effect of reaction time on specific surface area (SBET), pore diameter and pore volume 

of CeO2-x nanoparticles. 

 

Particle size distribution 

Small angle X-ray scattering (SAXS) measurements were performed to investigate the 

formation processes in more detail. Figure 4-4A-D show the SAXS data of reaction 

solutions (Figure S4-3) and derived radii histograms of mesoporous nanoparticles formed 

at different reaction times. The resulting radii histograms are plotted on a log10 scale and 

are related to the volume fraction.  

For mesoporous CeO2-x nanoparticles up to four different size distributions can be identified 

in a single sample. Two main regions can be observed for CeO2-2.0 h. Figure 4-4A (inset d) 

has been assigned to the primary particles with an average radius of 0.8 nm. These small 

primary nanoparticles with comparable size agglomerate to form larger spherical 

nanoparticles. The larger spherical mesoporous CeO2-x nanoparticles with an average radius 

of 33.4 nm are referred to as inset a (Figure 4-4A, inset a). A small distribution of medium-

sized objects is also observed (inset b, 13.3 nm), although their relative abundance is very 

low (Figure 4-4A). As the reaction time increases, the spherical particles grow in size (inset 



 

 
80 

a+b), resulting in a bimodal size distribution. This can also be observed in the stacked 

SAXS curves. As the reaction time increases, the SAXS curves shift to smaller Q values, 

indicating an increase in nanoparticle size (Figure S4-4).  

 

Figure 4-4. Fits of the small angle X-ray scattering data and particle radii histograms for 

mesoporous CeO2 nanoparticles formed after reaction times of (A) 2.0 h, (B) 2.5 h, (C) 3.0 h and 

(D) 3.5 h. 

This shift occurs both, in the low Q range (larger spherical mesoporous CeO2-x 

(Figure S4-4B) and in the larger Q range (small primary nanoparticles; Figure S4-4C). 

Table 4-1 shows the influence of the reaction time on the size of the four determined insets 

in the histogram. Inset d shows that the initially formed primary CeO2-x nanoparticles, 

which are the basic building blocks for the larger spherical CeO2-x agglomerates, grow 

larger during the reaction. The same behavior was observed for inset a+b, with a maximum 

size for CeO2-3.0 h The decomposition of the larger particles (CeO2-3.5 h) is evident from 

the decrease in the average particle size in insets a+b and from the lower relative volume 

fraction of the larger spherical agglomerates (Figure 4-5).  

With longer reaction time, the relative amount of the small building block particles (inset 

d) increases from 55 to 70 % of the cumulative abundance, whereas the relative amount of 

large spherical mesoporous particles decreases from 50 to 15 % throughout the reaction 
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due to decomposition (Figure 4-5A-D). After 2.5 hours of reaction time, additional particles 

with a radius of about 10 nm (inset c) are formed, which can be attributed to increasing 

porosity. 

 

Figure 4-5. Particle radii histograms derived from small angle X-ray scattering data with 

cumulative abundance (right y-axis) for mesoporous CeO2-x nanoparticles formed after (A) 2.0 h, 

(B) 2.5 h, (C) 3.0 h and (D) 3.5 h of reaction time. 

 

Table 4-1. Average radii for mesoporous CeO2-x nanoparticles shown in the histograms of the 

different insets (resultant from Monte Carlo fits) derived from SAXS measurements. 

Sample 
insets 

a / nm b / nm c / nm d / nm 

CeO2-2.0 h 33.4 ± 0.1 13.30 ± 0.15 - 0.86 ± 0.01 

CeO2-2.5 h 45.7 ± 0.1 19.13 ± 0.31 5.02 ± 0.30 1.32 ± 0.02 

CeO2-3.0 h 52.3 ± 0.2 20.51 ± 0.73 5.16 ± 0.22 1.39 ± 0.02 

CeO2-3.5 h 43.7 ± 0.2 14.68 ± 0.91 5.62 ± 0.13 1.57 ± 0.01 

 

These results are in harmony with the results of the BET measurements, which show an 

increase in pore volume over the reaction time. At a reaction time of 3.5 hours, the BET 

measurement shows a decrease in pore volume that is not consistent with the radius 

histogram. However, new particles of this size may be formed due to the decomposition of 
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the larger particles, which are responsible for the corresponding signal from the SAXS data. 

The SAXS-derived radii for the different insets after various reaction times are shown in 

Table 4-1. 
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Ce valence states (X-ray photoelectron spectroscopy) 

The catalytic activity of CeO2-x nanocrystals is attributed to oxygen defects, i.e., CeO2-x is 

non-stoichiometric and multiple oxidation states are possible. The color change from 

yellow to purple that occurred during the formation of mesoporous CeO2 nanoparticles 

indicates a change in the Ce3+/Ce4+ ratio during the reaction.64,65 Therefore, X-ray 

photoelectron spectroscopy (XPS) was employed to analyze the effect of reaction time on 

the Ce3+/Ce4+ ratio. Figure 4-6A-C show XPS overview spectra, Ce 3d and O 1s XPS core 

spectra of mesoporous CeO2 nanoparticles formed after different reaction times. The XPS 

spectra of the Ce 3d region were used to determine the Ce3+ and Ce4+ concentrations on the 

surface of the mesoporous CeO2-x nanoparticles. 

The XPS spectra are indeed compatible with mixed oxidation states of cerium. Ce4+ forms 

three doublets labeled v, vll, vlll and u, ull, ulIl and Ce3+ forms a pair of doublets labeled v0, 

vl and u0, ul. Here v and u correspond to the orbitals 3d5/2 and 3d3/2, respectively.66,67 The 

total concentrations of Ce3+ and Ce4+ were determined using Equation 4-1 and 4-2, and they 

are listed in Table 4-2, in which A(Ce3+) and A(Ce4+) are the sums of all integrals of the 

Ce3+ and Ce4+ signals obtained after deconvolution.66 

 

Figure 4-6. (A) XPS survey spectra using non-monochromatized Al K excitation for mesoporous 

CeO2-x nanoparticles formed after different reaction times. The XPS lines of Ce and O are marked. 

Additional signals marked with * belong to Au, which was brought in by sputtering of the sample 

holders before preparation. (B) XPS spectra of the Ce 3d and (C) O 1s regions. 

%Ce3+ =  100% ⋅
𝐴
𝐶𝑒3+

𝐴𝐶𝑒3+  + 𝐴𝐶𝑒4+
  (Equation 4-1) 
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%Ce4+ =  100% ⋅
𝐴
𝐶𝑒4+

𝐴𝐶𝑒3+ + 𝐴𝐶𝑒4+
  (Equation 4-2) 

 

Table 4-2. Ce3+/Ce4+ ratios calculated from XPS spectra of Ce 3d region (Figure 4-6B) for 

mesoporous CeO2-x nanoparticles formed at different reaction times. 

Sample %Ce3+ %Ce4+ Ce3+/Ce4+ ratio 

CeO2-2.0 h 26,3 73,7 0,36 

CeO2-2.5 h 36,1 63,9 0,57 

CeO2-3.0 h 37,5 62,5 0,60 

CeO2-3.5 h 43,3 56,7 0,76 

 

Mesoporous CeO2-x always contains Ce in both, Ce3+ and Ce4+, oxidation states. With 

longer reaction time, the Ce3+ fraction increases steadily and finally leads to a Ce3+ content 

of 43%, while the Ce4+ concentration decreases from 73% to 56% during the reaction. The 

O 1s region of all four materials shows two peaks (Figure 4C). The peak at lower binding 

energy (529 eV) can be assigned to the oxid anions O2- (OL) of the cubic cerianite 

structure.66 The signal at higher binding energies is assigned to oxygen deficient regions 

(OV).68–70 Since Ce3+ is coupled to the formation of oxide vacancies, vacancies are formed 

between the CeO2-2.5 h and CeO2-3.5 h stages.66 Still, the initial oxide vacancy 

concentration for mesoporous CeO2-2.0 h is higher than for CeO2-2.5 h and CeO2-3.0 h. 

This may be due to the very small CeO2-x nanoparticles during the initial stages of the 

reaction, where more defects may form because of the large surface to volume ratio. 

 

Surface potential of mesoporous CeO2-x particles 

ζ-potential measurements were carried out to evaluate the effect of the Ce3+/Ce4+ ratio on 

the surface potential and to obtain information about the stability of the colloidal system 

and its catalytic activity. Different interactions with the catalyst surface can occur due to 

electrostatic attraction or repulsion. Depending on the reaction to be catalyzed, the ζ-

potential can be changed to increase or decrease the reaction rate. The duration of the 

hydrothermal reaction allows controlling the ζ-potential as shown in Figure 4-7. The ζ-

potential and the Ce3+/Ce4+ ratio are likely to be correlated based on the XPS spectra 

(Figure 4-6 and 4-7) The higher the Ce4+ surface concentration, the higher the ζ-potential. 
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By the same token, an increase in the Ce3+ surface concentration leads to a decrease of the 

ζ-potential. 

 

Figure 4-7. Effect of reaction time on the Ce3+/Ce4+ ratio and ζ-potential. 

 

With increasing reaction time, the ζ-potential decreases linearly from +36 mV to +18 mV. 

This simple variation of the zeta potential allows engineering of CeO2-x mesoparticles for 

a given reaction. Previous methods adjusted the ζ-potential of ceria nanoparticles by (i) 

adding fluoride anions or (ii) substituting tetravalent Ce4+ by trivalent cations such as Bi3+. 

Fluoride ions bind to surface Ce4+ sites, which turns the particle surface negative. This 

accelerates oxidase-like reactions due to facilitated electron transfer to the model substrate 

3,3′,5,5′-tetramethylbenzidine (TMB).37 

By replacing the cerium with bismuth, on the other hand, the SBET can be selectively altered 

because Bi3+ has a larger ionic radius than Ce4+ and is mainly located at the particle surface. 

Thus, this type of surface engineering leads to an increase in the ζ-potential, which in turn 

increases the rate of the haloperoxidase-like reaction.33 However, affecting the zeta 

potential only by reaction time is much simpler than these the other methods, making it a 

powerful tool for tailoring the ζ-potential for specific catalytic reactions. 
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Effect of reaction time or ζ-potential on catalytic activity  

The effect of reaction time (2.0 h-3.0 h), or ζ-potential, on catalytic activity was examined 

with two enzyme-like reactions: (i) Peroxidase-like activity using the model substrate 

3,3′,5,5′-tetramethylbenzidine (TMB)71 and (ii) haloperoxidase-like activity using the 

model substrate phenolsulfonphthalein (phenol red, PR). CeO2-3.5 h was not considered 

because a second phase was formed in addition to CeO2, which could bias the results of a 

systematic comparison.  

 

Figure 4-8. TMB-Assay showing the PO-like activity of CeO2-x particles. (A) Time-dependent 

UV/Vis spectra. Absorption changes are due to oxidation of TMB to TMBox (B) TMBox formed 

over a period of 10 min. Inset: Reaction rates kPO of mesoporous CeO2-x nanoparticles synthesized 

at different reaction times. (C) Scheme of PO- catalyzed TMB oxidation. 

Figure 4-8A shows the time dependent UV/Vis spectra of the TMB oxidation with 

increasing intensities of the absorption bands at 370 nm and 652 nm. These bands originate 
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from the TMB oxidation product by charge-transfer.72 Complete two-electron oxidation 

resulted in a yellow diimine oxidation product with an absorption maximum at 450 nm, 

which explains the increasing intensity of the absorbance at this wavelength.72 TMB 

reaction pathways are illustrated in Figure 4-8C. The absorbance change at 652 nm was 

detected over a period of 10 minutes for all four samples. Figure 4-8B shows the effect of 

reaction time (i.e., ζ-potential) on the peroxidase activity. The formation of the charge-

transfer complex using the CeO2-3.0 h nanoparticles is significantly faster compared to 

CeO2-2.0 h nanoparticles. The reaction rates derived from the TMB assay are shown in the 

inset of Figure 4-8B. 

 

Figure 4-9. Phenol red-Assay showing haloperoxidase-like activity of CeO2-x particles (A) Time-

dependent UV/Vis spectra showing absorption changes displaying oxidative bromination of phenol 

red (λmax(PR)=430 nm) to bromophenol blue (λmax(TBPB)=590 nm) with CeO2-x. (B) Formed TBPB 

over a period of 10 min. Inset: Reaction velocities kHPO of mesoporous CeO2-x nanoparticles 

synthesized at different reaction times. (C) Scheme of haloperoxidase catalyzed oxidative phenol 

red bromination. 

Figure 4-9A shows the time-dependent UV/Vis spectra for the oxidative bromination of PR 

using mesoporous CeO2-x as halogenation catalyst. During the reaction the absorbance at 

430 nm decreases due to the bromination of PR to tetrabromophenol blue (TBPB). The 

reaction equation for the bromination is shown in Figure 4-9C. The formation of TBPB was 
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monitored at 590 nm for all mesoporous CeO2-x particles (Figure 4-9B).22 The reaction 

rates for oxidative bromination now show exactly the opposite trend, i.e., the reaction 

proceeds fastest with CeO2-2.0 h (inset, Figure 4-9B). 

Surface properties are assumed to be of substantial importance for catalytic activity, 

because the composition of all nanoparticles is the same (cerianite; Figure 4-1E). Reaction 

velocities of all nanoparticles in oxidation and oxidative bromination are shown in 

Table 4-3.  

Table 4-3. Reaction rates kPO and kHPO for mesoporous CeO2-x nanoparticles synthesized at different 

reaction times. 

sample kPO / μMol min-1 kHPO / μMol min-1 

CeO2-2.0 h 0.4685 ± 0.0006 0.2086 ± 0.0015 

CeO2-2.5 h 0.6500 ± 0.0021 0.1645 ± 0.0007 

CeO2-3.0 h 0.7655 ± 0.0019 0.1279 ± 0.0005 

 

The insets of Figure 4-8B and Figure 4-9B demonstrate the contrary impact of reaction time 

on the catalytic rates of mesoporous CeO2-x. The insets in Figure 8B and Figure 9B show 

the opposed effect of reaction time or ζ-potential on the reaction rates for mesoporous 

CeO2-x. Both, surface area and ζ-potential play a crucial role for the activity of mesoporous 

CeO2-x. A comparison of the rates of peroxidase- and haloperoxidase-like reactions reveals 

which factor is of higher weight. To this end, the reaction rates were normalized to the SBET 

or ζ-potential, with the highest value set to 100%. Figure 4-10A shows the reaction rates 

normalized to the ζ-potential. The normalized reaction rate of the peroxidase-like reaction 

(PO) still increases by about 60% during the reaction. This shows that the ζ-potential cannot 

be a rate-determining factor. However, for the haloperoxidase-like reaction, the ζ-potential 

plays a crucial role. The normalized reaction rates differ only by about 10%. In contrast, 

the reaction rates normalized to SBET show a different trend. 
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Figure 4-10. Reaction rates of peroxidase and haloperoxidase-like of mesoporous CeO2-x 

nanoparticles normalized to (A) ζ-potential and (B) SBET. The highest reaction rate was set to 100%. 

 

Here, SBET does not have a significant effect on the rate of the HPO reaction, but it does on 

that of the PO reaction. After normalization, the reaction rates of the HPO reaction still 

differ by about 60 %. This indicates that SBET is not the rate-determining factor. In PO-like 

reactions, where TMB is oxidized by H2O2, no ionic substrates are involved in the reaction. 

Therefore, the surface charge is only of minor importance, the active surface area SBET 

dictates the catalytic activity much more than the ζ-potential. For the same surface area, the 

nanoparticles with the lowest zeta potential would show the highest catalytic activity 

because the negative ζ-potential facilitates electron transfer to the TMB substrate.37 

In contrast, electrostatic interactions are significant in the haloperoxidase-like reaction, a 

special type of peroxidase reaction, where a halide is transferred to a substrate via oxidative 

bromination. Here, a high ζ-potential and high Ce4+/Ce3+ ratio is required to ensure the 

binding of the halide to the catalyst surface. The higher the potential, the bigger the 

attraction forces become. Since the potential has a decisive influence in this case, it is more 

important than SBET for the catalytic activity. Consequently, in the HPO reaction the SBET 

can be neglected if the nanoparticles have varying ζ-potential. A positive ζ-potential is of 

particular importance in this case to favor the reaction of the negative substrate bromide by 

electrostatic attraction forces. On the contrary, SBET is of greater importance in the 

peroxidase reaction, where the reaction does not rely on electrostatic interactions.  
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4.4. CONCLUSION 

In summary, mesoporous nanoparticles with different surface properties can be prepared 

easily by varying the reaction time of a hydrothermal synthesis. In this way, the catalytic 

properties of CeO2-x nanoparticles could be tailored for different reactions. The chemical 

activity of CeO2-x nanoparticles in haloperoxidase- and peroxidase-like reactions scales 

with the surface properties, SBET, ζ-potential, and Ce3+/Ce4+ ratio. As the reaction time 

increases, not only the SBET of the mesoporous CeO2 nanoparticles changes, but also the 

Ce3+/Ce4+ ratio, which in turn correlates with the ζ-potential.  

By comparing the reaction rates of haloperoxidase- and peroxidase-like reactions, the 

relevant factors for catalysis were determined. Crucial for haloperoxidase-like reactions is 

the ζ-potential, since a negatively charged halide anion and uncharged H2O2 must be 

adsorbed onto the CeO2-x surface in the catalytic step The adsorption of the halide is favored 

by a high (positive) ζ-potential. In contrast, the peroxidase-like reaction, in which no 

charged substrates are adsorbed, is hardly affected by the ζ-potential. Here, the SBET and 

Ce3+/Ce4+ ratio must be increased to provide an effective catalyst for the reaction. Our 

studies provide new insights into the formation mechanisms, surface properties, and 

enzyme-like activity of mesoporous CeO2-x.  

The straightforward adjustment of the surface properties of mesoporous ceria only by 

varying the reaction time makes the synthesis a powerful tool for preparing catalytic 

materials to meet individual needs. Given the increasing interest in the use of ceria as 

“nanozymes”, our results may provide guidance for expanding the scope of CeO2-x-

catalyzed reactions.  
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4.5. EXPERIMENTAL SECTION 

MATERIAL AND SYNTHESIS 

Chemicals 

Cerium nitrate hexahydrate (99.5%, CAS: 10294-41-4) and calcium acetate (CAS: 114460-

21-8) were purchased from Alfa Aesar. Hydrogen peroxide (hydrogen peroxide 35% pure, 

stabilized (34-36-% / CAS: 7722-84-1) as well as ethylene glycol (≥99%, CAS: 107-21-1) 

were purchased from Roth, phenol red (CAS: 143-74-8) and 3,3′,5,5′-tetramethylbenzidine 

(TMB, ≥99%, CAS: 54827-17-7) from Sigma-Aldrich, acetic acid glacial (HAc: 99.5%, 

CAS: 64-19-7) from VWR and potassium bromide (99+%, CAS: 7758-02-3) from Acros 

Organics. 

 

Synthesis of mesoporous CeO2-x nanoparticles. Mesoporous CeO2-x nanoparticles were 

synthesized hydrothermally with some important variations of a reported method.59 To this 

end, 1 g of Ce(NO3)3  6 H2O (2.3 mmol) was transferred into a Teflon inlay and dissolved 

in 2 mL of a 1:1 mixture of water and acetic acid with stirring. 30 mL of ethylene glycol 

was added and stirred for another 5 min. The Teflon inlay was transferred to a metal 

autoclave and heated to 180 °C. After the reaction, the hot autoclaves were removed from 

the oven and cooled radiatively. The cooled solutions were centrifuged at 9000 rpm for 

20 min, the nanoparticle precipitate was washed three times with MQ water and dried in 

vacuum at 40 °C.  

Kinetic measurements 

Haloperoxidase-like reaction employing the phenol red assay. The phenol red assay was 

used to analyze the haloperoxidase like activity of CeO2-x nanoparticles. For this purpose, 

the oxidative bromination of yellow phenol red (PR) to purple tetrabromophenol blue 

(TBPB) was observed spectrophotometrically on a Cary 3500 UV/Vis spectrometer from 

Agilent. The reaction mixture consisted of an aqueous (Milli-Q water, 18.2 MΩ cm-1) 

dispersion of CeO2-x nanoparticles (25 µg mL-1), H2O2 (300 µM), PR (50 µM) and KBr 

(25 mM). Before H2O2 addition, the mixture was transferred to a quartz cuvette and stirred 

for 1 min. The change in absorbance was measured over a period of 10 min. The 

concentration of TBPB was calculated from the extinction coefficient of 32740 L∙mol‐1cm‐

1, which was calculated via Lambert-Beers law determined by UV/Vis measurements of 

different TBPB concentrations. 
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Peroxidase-like reaction using the TMB assay. The peroxidase-like catalytic activity was 

determined spectrophotometrically by measuring the formation of the charge-transfer 

complex of partially oxidized TMBox at λ = 652 nm on a Cary 3500 UV/VIS spectrometer. 

The reaction mixture consisted of a 0.2 M calcium acetate buffered (pH = 4) dispersion of 

CeO2-x nanoparticles (108 µg mL-1), H2O2 (0.97 mM) and TMB (0.11 mM). Before H2O2 

addition, the mixture was transferred to a quartz cuvette and stirred for 1 min. The 

absorbance change at λ = 652 nm was measured over a period of 10 min. The concentration 

of TMBox was calculated from the extinction coefficient of 39.000 L∙mol‐1cm‐1, which was 

determined as reported previously.72  

CHARACTERIZATION 

Transmission electron microscopy. For transmission electron microscopy, a FEI Tecnai 

12 TWIN with LaB6 source, at 120 kV was used together with a Gatan US1000 CCD 

camera (16-bit, 2048 x 2048 pixels) and Gatan Digital Micrograph software. Samples were 

prepared by dropping a diluted nanoparticle dispersion (1 mg/mL) in water onto a carbon 

coated copper grid. 

Powder X-ray diffraction X-ray diffraction patterns were recorded on a STOE Stadi P 

diffractometer with a Dectris Mythen 1k detector in transmission mode using Mo Kα1 

radiation. The crystalline phases were identified according to the PDF-2 database using 

Bruker AXS EVA 10.0 software.73 

BET Surface Area. A 3P Micro 300 analyzer was used to determine specific surface area, 

pore volume and pore size. Nitrogen at 77.4  K was used as analysis gas. The data analysis 

was performed using the 3P Surface Area & Pore Size Analyzer System 10.03.02 software. 

Small-angle X-ray scattering/ wide-angle X-ray scattering. SAXS/WAXS 

measurements were conducted using a methodology optimization for ultrafine structure 

exploration (MOUSE) instrument.74 The X-rays were generated from a monochromatized 

X-ray tube with Cu Kα (λ = 0.154 nm) radiation. Data collection was performed using an 

in-vacuum Eiger 1M detector (Dectris, Switzerland), which was placed at multiple 

distances between 122 and 2507 mm from the sample. Samples and backgrounds were 

measured in flow-through capillaries. The resulting data have been processed and scaled to 

absolute intensity using the DAWN software package according to the standardized 

procedures considering the propagation of errors.75,76 The analysis of the SAXS data was 

performed using Monte Carlo simulations with McSAS, a method for the extraction of 

form-free size distributions.77  
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X-ray photoelectron spectroscopy. An Axis Ultra DLD imaging photoelectron 

spectrometer was used for X-ray photoelectron spectroscopy measurements. Survey spectra 

were measured with 80 eV pass energy of the analyzer, whereas for elemental spectra 20 eV 

were used. All measurements were carried out using the hybrid mode with 10 mA and 

15 kV at the Al anode. The analysis area had a size of 700 μm × 300 μm. Resulting data 

was processed using CasaXPS and plotted with Origin 8.1. All spectra were corrected with 

respect to the binding energy of aliphatic carbon C 1s at 284.8 eV. 

Zeta potential measurements. The ζ-potentials were measured in disposable capillary 

cells (DTS1070) on a Malvern Zetasizer Nano. Nanoparticle dispersions with 

concentrations of 0.5 mg/mL were used. The analysis was performed using Malvern 

Zetasizer software 8.01.4906. 

Scanning electron microscopy. A FEI Nova NanoSEM 630 was used to obtain SEM 

images. The samples were prepared by dropping a diluted nanoparticle dispersion 

(1 mg/mL) in water onto a silicon wafer, which was attached to an aluminum holder using 

carbon film pads.  
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4.7. SUPPORTING INFORMATION 

 

 

Figure S4-1. Scattering electron microscope (SEM) images of mesoporous CeO2 nanoparticles 

formed after 2.0 h. 

 

 

 

Figure S4-2. X-ray powder diffraction pattern of Ce(C2O4)(HCO2) formed after 120 h in a flask 

reaction. Red ticks indicate the calculated reflection positions for Ce(C2O4)(HCO2) based on 

structural data from the ICSD data bank (ICSD# 43450). 
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Figure S4-3. Image of the reaction solutions after 2.0 h, 2.5 h, 3.0 h and 3.5 h. 

 

 

Figure S4-4. (A)SAXS measurements of mesoporous CeO2 nanoparticles formed after 2.0 h (light 

blue), 2.5 h (green), 3.0 h (violet) and 3.5 h (orange) of reaction time with magnification at (B) 

lower Q values (red) and (C) higher Q values (dark blue). 
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 BROAD-SPECTRUM BIOFILM INHIBITION 

DUE TO QUORUM QUENCHING INDUCED 

BY CeO2 CONTAINING LACQUERS  

5.1. SUMMARY 

In this chapter, the 

knowledge gained in 

chapters 3 and 4 was 

applied to prepare 

CeO2 nanoparticles 

that best mimic the 

natural enzyme 

haloperoxidase and 

thus catalyze oxidative 

bromination reactions 

efficiently. These 

nanocrystals should be 

functionalized to allow 

a facile incorporation 

into oil-based coatings. To this end, catalytically highly active, monodisperse and non-

agglomerated CeO2 nanocrystals were synthesized at ultra-large scale (12 g/batch in 20 

min) in n-butyl acetate by a new solvothermal approach. Previously, it was only known 

phenomenologically that CeO2 exhibited antifouling activity. However, the explanation of 

the mode of action of this activity has been merely speculative. We provide here, for the 

first time, experimental results that, through separation and unambiguous analytical 

identification, allow identification of the bacterial response to CeO2-catalyzed halogenation 

in the presence of a multitude of possible competing reactions in aquatic environments. 

5 
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For this purpose, established bioassays as well as LC-MS methods were applied. Using a 

developed high-sensitive LC-MS/MS method and the reporter strain Agrobacterium 

tumefaciens A136, it was shown that the concentration of the signaling molecules 3-oxo-

C12-HSL and C4-HSL in the supernatant of Pseudomonas aeruginosa decreased 

significantly in the presence of CeO2 nanocrystals. Moreover, the bromide concentration in 

the supernatants decreased, indicating a consumption of bromide in favor of other 

brominated substrates. No brominated homoserine lactones (3-oxo-C12-HSL and C4-HSL) 

could be identified in the supernatants via LC-MS analysis, as they were degraded by the 

bacteria. The hypothesis of oxidative bromination using CeO2 nanocatalysts was supported 

by the discovery of brominated 2-heptyl-1-hydroxyquinolin-4(1H)-one (HQNO) which is 

another molecule present in Pseudomonas aeruginosa and responsible for biofilm 

formation. These results support the hypothesis that CeO2 exerts a quorum quenching effect 

on Gram-negative bacteria that disrupts their communication and resulting gene expression 

that controls, for example, biofilm formation and bacterial pathogenicity. CeO2 

nanocrystals embedded in the coatings still exhibit a high haloperoxidase-like activity, 

resulting in a successful biofilm inhibition by quorum quenching of up to ~60%, ~70%, 

~80% and ~60% for Klebsiella pneumoniae, Methylobacterium mesophilicum, 

Phaeobacter gallaeciensis and Pseudomonas aeruginosa, respectively. Surfaces with 

antibacterial activity even without adding toxins or biocides represent a new innovative 

approach. Bactericidal behavior of CeO2 was excluded, since the coating does not prevent 

a reversible attachment of individual bacteria, but only inhibits biofilm development by 

interfering with cell-cell communication. 
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5.2. INTRODUCTION 

Colonization of surfaces in medical facilities, on work benches, household appliances, on 

packaging or contact surfaces such as railings, door handles, armatures, toys or electronic 

devices by microorganisms is an urging problem. Pathogenic microorganisms can lead to 

accidental infections, and they are a leading cause of death worldwide, killing 17 million 

people annually.1 Due to the increasing antibiotic resistance of pathogens2 there is a strong 

demand to explore innovative surface coatings with new antibacterial agents to combat the 

antimicrobial resistance of pathogens.3 There are currently two main strategies to solve this 

problem. Considerable efforts are made to inactivate the pathogenic microorganisms or to 

kill them by application of antibiotics.4,5 Silver nanocrystal-based systems are still the most 

popular platform for antibacterial agents6, but the toxic effects7,8 and low abundance are 

good reasons why there is a need for alternatives. The second strategy for controlling 

pathogenic infections is to prevent the settlement, growth, and colonization of 

microorganism on biorelevant surfaces, e.g., by surface modification with polymers9–12 or 

by coating with photocatalysts (e.g., TiO2 or SnO2) which form reactive oxygen species 

(ROS) upon exposure to sunlight.13 Since •OH or 1O2 cannot be detoxified enzymatically 

these oxides and other photocatalysts act as efficient biocides.14 Each of these methods has 

its advantages and limitations. Polymer coated surfaces suffer from mechanical weakness, 

poor substrate adhesion, non-uniform coating, or insufficient long-term stability. 

Shortcomings of antimicrobial coatings are leaching of toxins and low biocompatibility. A 

simple, sustainable, and inexpensive method to prepare durable surfaces, which repel a 

variety of microorganisms, has immediate relevance in many applications that suffer from 

the above issues.  

Nature also uses biotoxins and antibiotics for “chemical warfare” to kill foreign organisms, 

or enzymes that convert viscous biogenic adhesives of the biofilm into wash-off solutions. 

Another strategy is to disturb “bacterial talk”. Biofilm formation is regulated by cell-to-cell 

communication.15,16 Biofilms develop when microorganisms form synergistic 

communities. To this end, bacteria have developed specific communication channels. 

Bacteria use small molecules for communication, which they release into their 

environment. As the number of cells increases, the concentration of these signaling 

molecules increases. Once the bacterial cell number or the concentration of signaling 

molecules reaches a threshold (a quorum), gene expression is switched on and phenotypes 

are formed that are important for biofilm formation. This process is called “quorum 
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sensing” (QS).17,18 Under QS control are e.g., phenotypes that are crucial for a symbiotic, 

but also for a pathogenic way of bacterial life. In recent years, molecular mechanisms of 

bacterial communication have been unraveled, and even new bacterial ”languages” and 

“dialects” have been discovered.19 The first system described consisted of a regulator 

protein (LuxR) that detected an acyl homoserine lactone (AHL) produced by a cognate 

synthase (LuxI).20 AHLs consist of a lactone ring modified with a fatty acid side chain.20 

The hydrophobic AHLs are membrane-permeable and thus accumulate in the environment 

of the cells. After reaching a threshold concentration, bacteria sense AHL via a receptor, 

LuxR, localized in the cytoplasm. After interaction with the AHL, LuxR receptors bind to 

specific regions of DNA, thereby activating or repressing the expression of downstream 

localized genes. A defense mechanism in nature against biofilm formation is to disrupt cell-

to-cell communication of bacteria. This is done with haloperoxidases (HPOs), a group of 

enzymes that form oxidizing halonium species (HOX) as short-lived reactive intermediates 

in the presence of halides (X- = Cl-, Br-, I-) and H2O2 (formed in daylight at micromolar 

concentration). They can be used in the synthesis of halogenated organic compounds such 

as bromofuranone, which are known to disrupt QS, or brominated AHLs.21–25 The 

halogenated AHL signaling compounds bind to their receptors, but they are physiologically 

ineffective. The resulting disruption of bacterial communication (“quorum quenching”) 

prevents the formation of biofilms. Our approach to biofilm-inhibiting surfaces is inspired 

by nature. Nanozymes26–28 are functional enzyme mimics, which can catalyze the oxidation 

of halides (Cl− and Br−) with hydrogen peroxide (H2O2) to hypohalous acids (HOCl and 

HOBr)29. Some metal complexes30–32, V2O5
33

 and CeO2
34 or Ce1-xMxO2-x/2 nanocrystals 

(NCs)35 can mimic the catalytic activity of HPOs under ambient conditions. The advantage 

over conventional antifouling systems is that CeO2 NCs act only as a catalyst. It is therefore 

not necessary to continuously release any biocides or synthetic signaling compounds. 

Although a promising bacteria repellent activity of the CeO2 HPO mimetics has been 

demonstrated in classical antifouling tests with CeO2-coated plates in river water, the 

mechanism of action of their antibacterial activity is still poorly understood. Studies of 

alternative systems have also yielded phenomenological results - some of them very 

startling - but the details are not at all clear.36 Here we monitor the signaling molecules and 

the produced halogenated compounds which could induce the interruption of cell-cell 

communication and inhibit development of a Pseudomonas aeruginosa biofilm on samples 

coated with a lacquer containing embedded CeO2 HPO mimics. The reactivity of CeO2 NCs 

strongly depends on the particle diameter and the resulting surface area. In addition, 
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manufacturing transparent dispersions requires monodisperse and non-agglomerated NCs 

for next-generation applications. For these monodisperse NCs to be used, an economical 

mass-production method needs to be developed. In most syntheses reported so far, only 

sub-gram quantities of monodisperse NCs were produced. Here, we report on the ultra-

large-scale synthesis of monodisperse NCs using inexpensive and non-toxic metal salts as 

starting compounds. We could synthesize as much as 12 g of monodisperse NCs in 20 

minutes in a single batch, without a size-sorting process. By using liquid chromatography 

coupled with mass spectrometry (LC-MS) we are able to identify the formation of bacteria-

specific signaling compounds and their reduction by CeO2 NCs. The quorum quenching 

activity was demonstrated using the reporter strain Agrobacterium tumefaciens A136. In 

presence of CeO2 NCs, AHL as well as bromide concentration decrease indicating a 

successful bromination of organic substrates.  

However, no brominated AHLs could be detected because they are degraded by bacteria. 

Still, it was possible to identify a brominated 2-heptyl-4-hydroxyquinoline N-oxide 

(HQNO). HQNO is a substrate from the quinolone group which is known to increase 

biofilm formation and antibiotic resistance not only in Pseudomonas aeruginosa but also 

Staphylococcus aureus biofilms.37 This analytical finding supports the hypothesis that the 

catalytic bromination of bacterial signaling molecules leads to a significant reduction in 

biofilm formation. This makes the CeO2 nanocomposite an alternative “green” catalyst that 

offers high environmental benefits compared to biocidal or toxin-releasing substances. 
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5.3. RESULTS AND DISCUSSION 

Nanoparticle synthesis and characterization 

Non-agglomerated CeO2 nanocrystals (CeO2 NCs) with large active surface area and 

diameters of less than one-tenth of the wavelength of visible light (< 20-30 nm) are required 

in thin film polymer systems to engineer the antimicrobial properties while maintaining 

visible transparency. Since n-butyl acetate is a standard solvent in oil-based coatings that 

impart color and texture to countless objects to enhance their appearance, NCs had to be 

soluble in n-butyl acetate. This could be achieved with an ultra-large-scale microwave-

assisted solvothermal synthesis in n-butyl acetate using inexpensive and non-toxic metal 

salts as reactants. However, unlike in aqueous solution38,39, the low dipole moment of n-

butyl acetate prevented sufficient energy transfer between solvent and solute. This problem 

could be overcome by using HalSiC (recrystallized silicon carbide) heating rods. With the 

help of the heating rods, the autoclaves are heated uniformly, which enables good 

temperature control.(Figure S5-1) Compared to a classical solvothermal synthesis, the 

reaction times could be significantly reduced because the entire reaction volume is heated 

simultaneously.40 If reaction is performed without HalSiC-R heating rods, only one 

microwave autoclave can be used because the microwave device stops the reaction if the 

temperatures in the autoclaves differ too much and the energy uptake is not sufficient. With 

HalSiC-R heating rods the reactions could be parallelized so that 12 reactions could be 

carried out simultaneously.  

 

 

Figure 5-1. (A) TEM images of CeO2 NCs and (B) X-ray powder diffraction pattern of a CeO2 

sample. Due to the small crystallite sizes in the nanometer range, the reflections are broadened. Red 

ticks indicate the calculated reflection positions for CeO2 based on structural data from the ICSD 

data bank (ICSD# 88752). 
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This permitted the synthesis of uniform and non-agglomerated CeO2 NCs in large yields 

(12 g/20 min) in a single batch without a size-sorting process and enabled the production 

of paint dispersions in large quantities. The CeO2 NCs were phase-pure (cerianite structure, 

space group Fm3̄m) (Figure 5-1A) with an average diameter of 3.5 nm (Figure 5-1B, 

Figure S5-3A), confirmed by powder X-ray diffraction (PXRD) and transmission electron 

microscopy (TEM). They possess a large specific surface area (116 m2·g-1) and a high ζ-

potential of +36 ±1 mV. Thermogravimetric analysis showed a content of about 10% 

organic compounds, i.e., the CeO2 NCs contained n-butyl acetate as weakly bound capping 

ligand. Therefore, they could be dispersed easily in polyurethane-based coatings (2K-

PUR), which is a basic requirement for smooth surfaces after painting. Solvothermal 

reactions in the absence of HalSiC-R heating rods yielded only CeO2 microparticles (MP) 

with diameters of several hundred nanometers (as shown by PXRD and TEM in 

Figure S5-2A+B), and a specific surface area of 88 m2·g-1. These microparticles were not 

dispersible in n-butyl acetate. 
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Oxidative bromination catalysis  

Virulence mechanism such as sporulation or biofilm formation can be blocked by quorum 

quenching, i.e., silencing bacteria by deactivating their signal molecules with specific 

enzymes (e.g., halogenation with HPOs or HPO mimics) or blocking their receptors (e.g. 

the AHL receptor) with antagonists.41 Quorum quenching due to the intrinsic HPO activity 

of the CeO2 NCs was demonstrated by the HPO (phenol red, PR) photometric assay.  

In the PR assay the phenol sulfonphtalein (PR) is brominated in the presence of Br− anions 

and H2O2 to bromophenol blue (TBPB). The reaction can be monitored photometrically42 

thorough the change of the absorption bands of phenol red λmax(PR) = 430 nm and 

bromophenol blue λmax(TBPB) = 590 nm or by NMR spectroscopy.35 Figure 5-2A shows 

the time dependent change in absorption during oxidative bromination of phenol red to 

bromophenol blue. By varying the H2O2 concentration, the constants Km and vmax were 

determined from Michaelis-Menten kinetics using the Hill equation for CeO2 NCs and MP 

(Figure 5-2B, Equation S5-1).  

 

 

Figure 5-2. HPO-like activity of CeO2 NCs using phenol red assay. (A) Time-dependent UV/Vis 

spectra showing absorption changes of λmax(PR) = 430 nm and λmax(TBPB) = 590 nm displaying 

the oxidative bromination of phenol red (PR) to tetrabromophenol blue (TBPB) with CeO2 NC. (B) 

Michaelis-Menten kinetics with Hill-Fit of the CeO2 NCs (blue) and MPs (green). The reaction 

rates for the CeO2 NCs was significantly higher due to their larger BET surface area compared to 

CeO2 MPs. 

The catalytic activity of the CeO2 NCs and MPs was quantified by determining the rates of 

reaction (ROR) from the maximum rates vmax and the active surface areas SBET 

(Equation S5-2, Table S5-1). The results revealed an ~3.5-fold higher catalytic activity of 

CeO2 NCs (ROR(CeO2 NC) = 0.098 µmol m-2 min-1) compared to CeO2 MP (ROR(CeO2 

MP) = 0.029 µmol m-2 min-1) due to the higher BET surface area of the CeO2 NCs.   
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Biofilm inhibition of CeO2 NCs 

The biofilm inhibiting activity of the CeO2 NCs was tested for the adherent bacteria 

P. aeruginosa, Klebsiella pneumoniae, Methylobacterium mesophilicum, Phaeobacter 

gallaeciensis and Staphylococcus aureus. Biofilms of these pathogens are protected by a 

slimy extracellular polymeric substance (EPS) and become more difficult to remove. 

Encapsulated in the biofilm, the bacteria exhibit greater resistance towards mechanic stress 

and antibiotic treatment.43 10-20% of infections in hospitals originate from P. aeruginosa, 

one of the most prominent water-associated infectious pathogens.44,45 Infections with 

K. pneumoniae can cause serious diseases such as pneumonia, urinary tract infections, and 

pyogenic liver abscesses.46 

 

Table 5-1. Signaling molecules produced by the bacterial strains P. aeruginosa, K. pneumoniae, 

M. mesophilicum, P. gallaeciensis and S. aureus. 

Bacterial strain Quorum sensing molecules 

P. aeruginosa 

3-oxo-C12-HSL, C4-HSL49 

 

K. pneumoniae 

C8-HSL, C12-HSL50

 

M. mesophilicum 

C8-HSL, C10-HSL51 

 
 

P. gallaeciensis 

3-OH-C10-HSL52 

 

 

M. mesophilicum occurs in natural environments, i.e., on leaf surfaces or in soils. Pink 

colonies are formed when incubated in the laboratory. This opportunistic pathogen has been 

isolated frequently from tap water47, where it can cause care-associated infections 
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especially in immunocompromised hosts.48 The bacterium P. gallaeciensis is a marine 

species. Freshly submerged surfaces are mainly inhabited by these initial colonizers.49,50 

Both, Gram-positive and Gram-negative bacteria use quorum sensing mechanisms to 

regulate virulence or biofilm formation. Many Gram-negative bacteria communicate via 

AHLs, but each bacterial strain produces/recognizes different individual AHL molecules in 

its QS pathways. Table 5-1 provides an overview of the AHLs of all tested Gram-negative 

strains involved in corresponding QS-systems.  

Biofilm formation for the Gram-negative (P. aeruginosa, K. pneumonia, M. mesophilicum 

and P. gallaeciensis) and AHL producing bacteria was clearly reduced in the presence of 

CeO2 NCs, KBr and H2O2. Figure 5-3 displays the total biofilm formed in absence (left bar) 

and presence (right bar) of CeO2 NC. Significant reductions of the biofilm formation 

ranging from 30% (P. gallaeciensis) to 58% (P. aeruginosa) were achieved indicating a 

broad spectrum of biofilm inhibition activity. Controls using either CeO2 NCs, KBr or H2O2 

alone showed no biofilm inhibitory effect. (Figure S5-4). 

 

Figure 5-3. Quantification of the biofilm formation from different bacteria (P. aeruginosa, K. 

pneumoniae, M. mesophilicum, P. gallaeciensis and S. aureus) in the absence (left) an in the 

presence of CeO2 NCs, KBr and H2O2 (right) via a crystal violet staining assay. Each experiment 

was performed in triplicate. Controls (left boxes) using only KBr and H2O2 showed no inhibitory 

effects. 

The inhibitory effect on biofilm formation is proposed due to the oxidative halogenation 

process and an influence of the AHL system, which prevents them from being recognized 

by surrounding bacteria. As a result, biofilm formation, which is regulated by AHLs, cannot 
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proceed unhindered. Thus, CeO2 NCs may suppress the group behavior of Gram-negative 

bacteria without killing them. In contrast, Gram-positive bacteria such as S. aureus use 

peptides as autoinducer.55 Thus, Figure 5-3 shows no inhibition of biofilm formation of S. 

aureus in the presence of CeO2 NCs. CeO2 NCs show no toxic effects on the tested bacteria. 

In summary, this demonstrates that CeO2 NCs show biofilm inhibition activity only for 

Gram-negative bacteria (AHL-based QS) and no activity for Gram-positive bacteria 

(peptide-based QS). 

 

Quorum quenching activity 

The quorum quenching activity can further be proved with the reporter strain 

Agrobacterium tumefaciens A136. Long-chain AHLs bind to the AHL-responsive 

transcription factor TraR (pCF218) of A. tumefaciens which expresses β-galactosidase 

(encoded by lacZ). To observe the quorum quenching activity CeO2 NCs were mixed with 

3-oxo-C12-HSL, KBr and H2O2. After 8 h, 500 μL of the mixture was added to the biosensor 

strain solution with 5-bromo-4-chloro-3-indolyl-β-D-galactopyranoside (X-Gal).  

For ortho-nitrophenyl-β-galactoside (ONPG) the procedure was described in material and 

methods. Both compounds consist of a galactose linked to a dye. The produced enzyme 

β-galactosidase initiates a bond cleavage of ONPG or X-Gal, which leads to the formation 

of o-nitrophenol and 5-bromo-4-chloro-3-hydroxyindole, which forms the blue dye 

5,5-dibromo-4,4'-dichloroindogo after oxidation56 as a result of enzyme-catalyzed 

hydrolysis. The dye concentrations are determined photometrically, which allows 

conclusions about the AHL concentration in solution. A 10 μM 3-oxo-C12-HSL solution 

was used as positive control, and a solution with an equivalent concentration was treated 

with CeO2 NCs, H2O2 and KBr. After 8 h, the 3-oxo-C12-HSL solutions were added to the 

reporter strains and dye formation was analyzed. LB medium in case of X-Gal and Buffer 

Z in case of ONPG  without 3-oxo-C12-HSL was used as negative control. Figure 5-4A+C 

shows dye formation of the 3-oxo-C12-HSL solution with and without prior treatment with 

CeO2 NCs In X-Gal and ONPG, dye production decreases by up to 40%, caused by lower 

expression of lacZ due to lower 3-oxo-C12-HSL concentration. The conversion to Miller 

Units was done according to Equation S5-3. Figure 5-4 shows that the Miller units decrease 

by 40% from 4600 to 2831. The biofilm inhibition from CeO2 NCs could therefore be based 

of their potential quorum quenching activity. 
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Figure 5-4. Detection of long chain AHLs using A. tumefaciens A136 as biosensor strain expressing 

β-galactosidase. (A) Reporter strain after 8 h of reaction with 10μM 3-oxo-C12-HSL (positive 

control), 10μM 3-oxo-C12-HSL with CeO2 NCs, KBr and H2O2, LB medium (negative control) in 

the presence of X-Gal producing the blue dye 5,5'-dibromo-4,4'-dichloro indigo. (B) Hydrolytic 

cleavage of X-Gal by β-galactosidase. (C) Reporter strain after 8 h of reaction time with 3-oxo-C12-

HSL (positive control), with AHL and CeO2 NCs, KBr and H2O2, buffer Z (negative control) in the 

presence of ONPG producing yellow o-nitrophenol. (D) Hydrolytic cleavage of ONPG by β-

galactosidase (E) Expression of β-galactosidase after AHL detection of A. tumefaciens 136. 

The concentration of the signaling molecules C4-HSL and 3-oxo-C12-HSL in the 

supernatants of Pseudomonas aeruginosa was analyzed using a newly developed liquid 

chromatography/mass spectrometry (LC-MS/MS). The measurements showed in the 

supernatants of P. aeruginosa a decrease in concentration of C4-HSL and 3-oxo-C12-HSL 

in the presence of CeO2 NCs (Figure S5-5), which supports the results from the reporter 

strains in Figure 5-4. The decrease could be explained by reduced biofilm growth, but also 

by degradation processes caused by catalytically formed free active bromine, e.g., 

hypobromous acid as known from the natural enzyme bromoperoxidases, which could 

explain the observed quorum quenching process. However, it is unclear what happened to 
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the signaling molecules and whether bromination processes like the haloperoxidase assay 

also occur in bacterial media. 

Determination of bromide concentrations by ion chromatography -conductivity 

detection (IC-CD) 

Bromide concentration may be affected by processes such as halogenation. The addition of 

a 30 mM of sodium bromide did not result in a significant reduction due to the high excess 

in the bacterial supernatant. This indicates that the bromide concentration does not have a 

limiting effect on the reaction and biofilm inhibition. However, to observe the reduction of 

bromide concentration by the addition of H2O2 and CeO2 nanocrystals due to a bromination 

of organic molecules in the bacterial supernatant, the bromide concentration was adjusted 

to 30 µM. 

 

Figure 5-5. Normalized bromide concentrations in bacterial supernatant and the effect of 

nanoparticle catalyst on bromide concentration after addition of 30 µM and 30 mM sodium 

bromide.  

The reduction of bromide concentration in samples with a bromide concentration of 30 µM 

(approximately 20%, Figure 5-5) gives a first hint that oxidation of bromide occurs also in 

bacterial media, and that free active bromide is formed. These reactive species like 

hypobromous acid can react with quorum sensing molecules and thus have an effect on the 

quorum quenching process.25,57  
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Degradation of N-acyl-homoserine lactone  

To get a deeper insight into the degradation processes of quorum sensing molecules by 

CeO2 NC, different signaling molecules used by the bacteria from this study were selected 

to investigate their degradability. Degradation studies of C4-HSL, 3-OH-C10-HSL and 

3-oxo-C12-HSL, were performed in MilliQ-water and in presence of H2O2, sodium bromide 

and CeO2 NCs. 

 

Figure 5-6. Degradation curves of different signal molecules in MilliQ-water with CeO2 

nanocrystals, sodium bromide and H2O2 addition. The actual concentration (c) at the discrete time 

interval was divided by the initial concentration (c0). Blank reaction B0 shows the substrates in 

MilliQ-water without any addition and B1 with addition of H2O2 and sodium bromide. Degradation 

curves of (A) C4-HSL (B) 3-OH-C10-HSL (C) 3-oxo-C12-HSL and (D) time-trend from the produced 

DAHSL and DAHS from 3-oxo-C12-HSL degradation experiment. 

Degradation curves of the signaling molecules are presented in Figure 5-6. The three 

signaling molecules represent the main groups of N-acyl-homoserine lactones. The 

degradation experiments showed that only 3-oxo-C12-HSL was degraded. Similar results 

were already reported55 and an antimicrobial effect through this reaction was assumed. In 

high-resolution mass spectrometer data, two transformation products could be detected for 

3-oxo-C12-HSL. Since the alpha position of the 1,3-diketone is electron-rich, it serves as a 

target for the reactive species of (catalytically formed) hypobromous acid, resulting in 

bromination. Moreover, hydrolysis of the alkyl chain was observed for 3-oxo-C6-HSL.56 In 

this study, N-α,α-dibromoacetylhomoserine lactone (DAHSL) and the hydrolyzed 

transformation product (DAHS) were monitored and verified against pure DAHSL as 



 

 
120 

reference standard. (Figure S5-7). It was assumed that the brominated transformation 

products not only “silence the signal” but also have effects on growth behavior and biofilm 

formation. 

 

Biofilm inhibition experiments with signaling molecules and DAHSL 

In another set of experiments, we investigated whether 3-oxo-C12-HSL, C4-HSL, and 

DAHSL, formed by degradation of the bacterial signaling molecule 3-oxo-C12-HSL, affect 

the growth behavior and biofilm formation of P. aeruginosa. For this purpose, bacteria were 

incubated with different concentrations (1 nm-10 μM) of 3-oxo-C12-HSL, C4-HSL, or 

DAHSL. 

 

Figure 5-7. Effect of 3-oxo-C12-HSL, C4-HSL and DAHSL (1 nM-10 μM) on biofilm formation 

and growth behavior measured at OD600. All values are normalized to a control without CeO2 NCs, 

Br– and H2O2. 

The normalized OD600 values and biofilm formation were compared after 72 h (Figure 5-7). 

The addition of signaling molecules (3-oxo-C12-HSL, C4-HSL) leads to increased biofilm 
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formation, while DAHSL reduces biofilm formation to a small extent. In a simple picture, 

DAHSL may be considered as “background noise” that affects the communication between 

bacteria. Bacteria can recognize their autoinducers, but communication is effectively 

disrupted only when the signal molecules are chemically modified. This is achieved with 

the HPO mimic CeO2 NCs in the presence of the reactants Br– and H2O2. Neither the 

presence of DAHSL alone nor of 3-oxo-C12-HSL and C4-HSL affect the growth of bacteria 

monitored at OD600. 

 

Attempt to detect DAHSL and DBH in bacterial supernatant 

In order to detect the brominated products that appeared in the degradation experiments 

also in the bacterial supernatants, a sensitive LC-MS/MS method was developed for these 

products using the pure reference standard (Figure S5-7). The extracts were measured with 

LC-MS/MS and liquid chromatography/high resolution mass spectrometry (LC-HRMS).  

 

Figure 5-8. Spike Experiments with DAHSL in Pseudomonas aeruginosa (PA14) supernatant. 

Different recoveries of DAHSL measured after 24 h incubation of samples with several variations 

and combinations of PA 14, H2O2, CeO2 NSs and DAHSL solutions (10 nM and 100 nM) are 

shown. 
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Since the transformation products (DAHSL and DBH) could not be detected in bacterial 

supernatant, spike experiments with DAHSL were performed to clarify their fate. The spike 

experiments in Figure 5-8 showed that DAHSL and DBH could not be detected in bacterial 

supernatant but were stable in pure solutions of CeO2 NC, H2O2 and sodium bromide. This 

indicates that the concentration or presence of these transformation products is affected by 

biodegradation.  

 

Screening for bromated products in bacterial supernatant and degradation of HQNO 

Since neither DAHSL nor DBH could be detected in the extracts, other brominated 

compounds were searched for to determine the fate of the bromine and to determine the 

total bromine balance. A brominated compound with the exact mass of 338.07502 Da was 

detected in the positive ion mode (Figure 5-9B). From the isotope pattern the presence of 

one bromine atom and a chemical formula C16H21BrNO2 (-0.9 ppm) was determined. The 

fragment spectra from this compound showed quinolone-specific fragments and in the 

negative ion mode specific bromine fragments (79.91/80.91). (Figure S5-8).  

 

Figure 5-9. (A, C) Fragment spectra of HQNO in positive ion mode with proposed structures for the 

fragments. (B, C) Fragment spectra of Br-HQNO in positive ion mode with proposed structures for the 

fragments  
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Figure 5-9 shows the fragment spectra of the purchased reference HQNO and the unknown 

brominated compound with the proposed structures of the observed fragments. The 

monitored fragments indicate the bromination of 2-heptyl-1-hydroxyquinolin-4-one 

(HQNO) to Br-HQNO which was already shown for various alkyl quinolones by a 

vanadium-dependent haloperoxidase.59 Although HQNO does not function as a signaling 

molecule in P. aeruginosa, it is regulated by the Pseudomonas quinolone signal (PQS) 

quorum sensing system and acts as a cytochrome inhibitor for prokaryotic and eukaryotic 

cells.60,61 Furthermore, previous studies have shown that HQNO is responsible for 

increased biofilm formation and concomitant increased antibiotic tolerance.37,62 Therefore, 

it seems plausible that bromination of the HQNO will result in reduced biofilm formation 

in P. aeruginosa. In addition, studies have shown that HQNO is also responsible for 

increased biofilm formation and aminoglycoside tolerance in S. aureus.63,64 Both bacteria 

are opportunistic pathogens and can form a polymicrobial biofilm in cystic fibrosis 

patients.65 When S. aureus is exposed to HQNO, the formation of so-called small-colony-

variants (SCV) occurs. SCV is a phenotype that grows more slowly than the wild type due 

to the switch to fermentative growth. This phenotype can occur if the electron chain is 

inhibited.66 The danger of these SCV is that they are often not recognized at diagnosis and 

thus the symptoms cannot be identified as S. aureus infection.64 Bromination of HQNO 

may therefore not only inhibit biofilm formation in P. aeruginosa, but also make it easier 

to treat undetected S. aureus infections due to a dual-species or polymicrobial biofilm. The 

observed Br-HQNO explains biofilm reduction and the concomitant decrease in bromide 

concentration in Pseudomonas aeruginosa since HQNO is known to increase biofilm 

formation and resistance to antibiotics.37 However, additional studies are necessary to fully 

understand communication mechanisms and biofilm formation process in the other Gram-

negative bacteria, since they were also influences by CeO2 NCs. Still, even bacteria that do 

not communicate via 3-oxo-Cn-HSL and do not produce HQNO like Methylobacterium 

mesophilicum, showed biofilm inhibition (Figure 5-3). The intermediate halonium species 

HOX may act as a disinfectant,22 and it can undergo a variety of reactions with organic 

substrates, only a few of which were uncovered here. Moreover, Methylobacterium 

mesophilicum was reported to exhibit resistance to disinfectants like chlorine and 

Staphylococcus aureus showed no significant biofilm inhibition.67 This supports the idea 

that there is an interference with the quorum-sensing system of Gram-negative bacteria by 

the reactive HOBr intermediate.  
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Application and performance of CeO2 nanocrystals in lacquer coatings 

CeO2 NCs were embedded in PUR (polyurethane) coatings to produce antimicrobial 

surfaces. Since the as-synthesized CeO2 NCs contain weakly surface-bound n-butyl acetate, 

they are highly dispersible in PUR lacquers. Different amounts of a stock solution 

containing 100 mg/mL CeO2 in n-butyl acetate were added to PUR lacquers to produce 

coatings with different CeO2 loadings. For this purpose, cleaned steel plates, LEGO bricks 

and quartz slides were coated with the lacquers by dip-coating process.  The plates were 

subsequently dried for 2 hours at room temperature and later at 80 °C in an oven. The 

painted steel plates were examined by scanning electron microscopy (SEM) to demonstrate 

the incorporation of CeO2 NCs in the coating. The images in Figure 5-9A show no 

differences between uncoated and coated specimens apart from a higher roughness of the 

uncoated surfaces (Figure S5-9).  

 

Figure 5-10. SEM image of steel plates painted with (A) PUR lacquer and (B) PUR lacquer 

containing incorporated CeO2 NCs. Digital images of LEGO bricks (C, D) and quartz slides (E, F) 

painted with a PUR lacquer (C, E) and a PUR lacquer containing incorporated CeO2 NCs (D, F). 

The surface coating with incorporated CeO2 NCs shows spots with higher material contrast 

(Figure 5-10B), corresponding to the areas with the lanthanide element cerium. Energy 

dispersive X-ray (EDX) mapping analysis clearly showed the presence of CeO2 

(Figure S5-10). Only small amounts of cerium were observed by EDX analysis as a very 
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low cerium oxide concentration was used for the coatings. Coatings with and without 

cerium oxide were both transparent (Figure 5-10C-F). 

 

Figure 5-11. Quantification of the biofilm formation of (A) K. pneumonia, (B) M. mesophilicum 

and (C) P. gallaeciensis incubated for 72 h with steel plates coated with lacquers containing 0% 

(left), 0.625% (middle) and 1% (right) of CeO2 NCs by a crystal violet staining assay. Each 

experiment was performed in triplicate. 

 

To test the biofilm inhibiting effect of the specimens coated with lacquer containing 

embedded CeO2 NCs, the lacquered steel plates were incubated with bacteria of the strains 
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K. pneumonia, M. mesophilicum and P. gallaeciensis. The plates were removed after 72 h 

and the adherent biofilms of K. pneumonia, M. mesophilicum and P. gallaeciensis were 

stained with crystal violet. The steel plates coated with PUR lacquer without (0%) CeO2 

NCs (positive control) showed for all bacteria a significantly higher amount of attached 

biomass compared to their counterparts coated with PUR lacquer containing 0.625 wt% 

and 1wt% of CeO2 NCs. Figure 5-11A-C shows a strong reduction in biofilm formation for 

specimens coated with PUR lacquer containing 1% CeO2 NCs. Biofilm inhibition of ~60%, 

~70% and ~80% could be achieved for K. pneumonia, M. mesophilicum and P. 

gallaeciensis, respectively. The incubation assays show consistently that a higher 

proportion of embedded CeO2 NCs results in higher inhibition levels.  

The antibacterial activity of all plates coated with PUR lacquer containing no (0%) CeO2 

NCs (positive control) and 0.625 wt% and 1 wt% was quantified by confocal laser scanning 

microscopy (CLSM). Biofilm formation of P. aeruginosa on lacquer surfaces containing 

no CeO2 NCs (0%, positive control) was compared with biofilm formation on surfaces 

coated with PUR lacquer containing 0.625 wt% and 1 wt% of CeO2 NCs. For this purpose, 

a P. aeruginosa culture was allowed to grow for 72 h at 30 °C on steel samples in 6-well 

plates. Attached bacteria were stained with SYTO 9 and propidium iodide after removing 

the planktonic cells. SYTO 9 permeates into all cells, while propidium iodide diffuses only 

into dead cells. The measured fluorescence represents the sum of live and dead cells.68 The 

fluorescence-labelled cells were imaged by three-dimensional confocal laser scanning 

microscopy (3D CLSM). Figure 5-12 shows the scanned areas (left) and the biofilm 

thicknesses (right). The steel plate painted with PUR lacquer without CeO2 NCs (0%, 

positive control) shows a homogeneous green fluorescence, compatible with a fully 

developed biofilm having an average thickness > 60 μm. Steel plates coated with PUR 

lacquer containing 0.625 wt% and 1 wt% of CeO2 NCs showed a strongly reduced biofilm 

growth. White areas indicate the absence of attached cells. The amount of the attached 

biofilms is up to 38% (0.625% CeO2) and 66% (1% CeO2) lower than those of the control, 

i.e., higher CeO2 NCs loadings lead to enhanced biofilm inhibition, in harmony with the 

results of the staining tests. To demonstrate the difference in biofilm formation, the painted 

plastic building blocks and glass plates were also incubated with P. aeruginosa for 24 h, 

and the biofilm formed was stained with crystal violet showing a deep violet deposition on 

all materials coated with a lacquer without CeO2 NCs. (Figure 5-12B+C) 
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Figure 5-12. (A) CLSM images of P. aeruginosa biofilms grown on steels plates coated with PUR 

lacquer containing 0% (positive control), 0.625 wt% and 1 wt% CeO2 NCs in LB medium. The 

scanned surface is shown on the left, and the thickness of the corresponding biofilms on the right. 

(B) Image of crystal violet stained biofilm (P. aeruginosa) grown after 72 h incubation on coated 

(B) coated children's LEGO toys and (C) quartz glass slides. 
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P. aeruginosa biofilms were analyzed by scanning electron microscopy (SEM) after 72 h 

of incubation at 30 °C. Figure 5-13A+D show a thick biofilm adhering to a lacquer coating 

without CeO2 NCs. Since bacterial communication was not inhibited by oxidative 

halogenation, the slimy extracellular polymeric substance (EPS) could form. Therefore, a 

coherent biofilm formed during the cultivation process as the bacteria proliferate on the 

surface. On surfaces coated with lacquer containing 0.625 wt% (Figure 5-13B+E) and 

1 wt% (Figure 5-13C+F) CeO2 NCs, respectively, a less dense biofilm was formed. Some 

isolated bacteria adhered to the surface that were not enclosed by the EPS. Although a 

reversible attachment of individual bacteria cannot be prevented, disruption of cell-cell 

communication by biomimetic halogenation clearly inhibits biofilm proliferation.  

 

 

Figure 5-13. SEM image of a P. aeruginosa biofilm grown on steel plates coated with PUR lacquer 

containing (A, D) 0% (positive control), (B, E) 0.625 wt% and (C, F) 1 wt% CeO2 NCs. 

P. aeruginosa was cultured in LB medium at 30 °C for 72 h. The white substance between bacteria 

is crystallized salt from the culture medium. 

The as-prepared glass slides (Figure 5-10E+F) show that coating with CeO2-loaded lacquer 

does not affect transparency. For this purpose, green-fluorescent osteoblasts (MG-63 GFP) 

were seeded on PUR-coated quartz slides containing 0% and 1 wt% CeO2 NCs and 
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incubated at 37 °C under 5 vol% CO2. Analysis was performed by fluorescence imaging 

after 24 and 72 h using 2D CLSM (Figure 5-14). As a control, cell growth was also 

examined on cell-adherent Petri dishes. Cells show adherent cell growth (prolonged cell 

morphology) after 24 h on the PUR-coated silica slides both with and without CeO2 NCs. 

This is consistent with the control experiment and demonstrates the minor effect of the PUR 

lacquer and CeO2 NCs on cell adhesion. Moreover, the increasing fluorescence intensity 

shows a significant increase in cell growth after 72 h, indicating good cell viability in all 

three experiments with no apparent effect of the lacquer and the CeO2 NCs. 

 

Figure 5-14. CLSM imaging of green-fluorescent cells (MG-63 GFP) grown on cell-adhesive Petri 

dishes (control) and on PUR lacquer coated quartz glass slides containing 0% and 1% CeO2 NC. 

Imaging was performed after (A) 24 h and (B) 72 h. 
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5.4. CONCLUSION 

Colonization of surfaces by bacteria is a common phenomenon with implications for the 

environment and human health. Thus, antibacterial agents without the drawbacks of 

traditional antibiotics are highly desirable. CeO2 nanocrystals have been proposed as 

environmentally benign antimicrobials. They act like naturally occurring HPOs that prevent 

biofilm formation by catalyzing the formation of oxidizing halonium species such as 

hypobromous acid in the presence of halides and H2O2, but the molecular mechanism of 

their antimicrobial activity is still poorly understood.  

Therefore, this work analyzes on a molecular level the reaction cascade that proceeds when 

biofilm formation in a culture of P. aeruginosa is inhibited due to the HPO activity of CeO2 

nanocrystals embedded in polyurethane lacquer. The CeO2-loaded lacquers are applied to 

everyday objects such as metal parts, plastic building blocks or glass plates.  

Monodisperse and non-agglomerated CeO2 nanocrystals for the coatings were obtained by 

an ultra-large scale of 12 g per batch from non-toxic and low-cost reagents without further 

size-sorting in any of the dispersants desired for the coatings. When the reactors are set up 

in parallel, kilogram amounts of monodisperse nanocrystals can readily be obtained. The 

solvent molecules weakly bound to the CeO2 particle surfaces allow easy dispersion in 

paints. The paints are transparent due to the small particle size and the particles are still 

catalytically highly active. The HPO activity of the CeO2 nanocrystals was evaluated in a 

standardized manner with BET surface area measurements and phenol red enzyme assays.  

Gram-negative bacteria communicate via AHLs, where each bacterial strain uses different 

individual AHL molecules in its quorum sensing pathways. HQNO, another substrate 

molecule from the quinolone family, increases P. aeruginosa biofilm and its resistance to 

antibiotics. Using LC-MS trace analysis we could isolate and identify non-halogenated and 

halogenated compounds in P. aeruginosa bacterial cultures “at work” in nanomolar 

concentrations. This shows that the hypohalous acids or halonium species formed by CeO2 

further react to form halogenated bacterial signaling molecules Br-HQNO in a subsequent 

reaction, especially in the presence of a large number of possible competing reactions under 

natural growth conditions. This shows that the hypohalogenated acids or halonium species 

formed by CeO2 surface catalysis react further to form halogenated signal molecules (Br-

HQNO, DAHSL). These can only be partially detected in bacterial supernatants as they are 

metabolized to some degree by the bacteria. Detection of brominated HQNO, indicating 

that oxidative bromination mechanism takes places and explains reduction of biofilm in 
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presence of CeO2 NC’s. This demonstrated the catalytic involvement of CeO2 enzyme 

mimetics in the quorum quenching mechanism of biofilm inhibition at the molecular level. 

The inhibition of biofilm formation is most likely not due to the photocatalytic formation 

of reactive oxygen species (such as singlet oxygen or superoxide radicals). 

The role of the CeO2 nanocrystal HPO mimics in disrupting bacterial quorum sensing, the 

biological feedback mechanism by which bacteria can sense a sufficient cell density of 

themselves was further demonstrated with the reporter strain 

Agrobacterium tumefaciens A136.  

Although a reversible attachment of individual bacteria cannot be prevented, disruption of 

cell-cell communication by biomimetic halogenation of signaling molecules clearly 

inhibits biofilm proliferation. Biofilm formation of P. aeruginosa on PUR lacquer surfaces 

containing only 0.625 wt% and 1 wt% of CeO2 nanocrystals was reduced by up to 60% s 

shown by CLSM and SEM. Likewise, a biofilm inhibition of ~60%, ~70% and ~80% could 

be achieved for K. pneumonia, M. mesophilicum and P. gallaeciensis, respectively. The 

incubation assays show consistently that a higher proportion of embedded CeO2 NCs 

results in higher inhibition levels. Development of new functional antifouling surfaces 

using CeO2 is a new attempt to reduce biofouling without using biocides or toxins. The 

design of a green catalyst against biofouling has a promising future, as conventional 

methods do not offer a long-term solution due to the development of microbial resistance 

and limited lifetime.  
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5.5. EXPERIMENTAL SECTION 

Chemicals 

Cerium nitrate hexahydrate (99.5%, CAS: 10294-41-4) was purchased from Alfa Aesar. 

Bromoacetic acid (98+%, CAS: 10035-10-6), hydrogen bromide (33 wt%) in glacial acetic 

acid (CAS: 79-08-3), ethyl acetate (99.9%, CAS: 141-78-6), potassium bromide (99+%, 

CAS: 7758-02-3), magnesium sulfate (99%, CAS: 22189-08-8) and petroleum ether 

(CAS: 64742-49-0) were obtained from Acros Organics. Phenol red (CAS: 143-74-8), as 

well as dibromoacetic acid (97% / CAS: 631-64-1), (L)-methionine (98%, CAS: 63-68-3), 

triethylamine (≥99%, CAS: 121-44-8) and NaHCO3 (99.5-100.5%, CAS: 144-55-8) were 

purchased from Sigma-Aldrich. Sodium chloride (CAS: 7647-14-5), isopropanol 

(CAS: 67-63-0) and acetic acid glacial (HAc; 99.5%, CAS: 64-19-7) were obtained from 

VWR. N-Butyl acetate (≥99% CAS: 123-86-4) and hydrogen peroxide (hydrogen peroxide 

35% pure, stabilized (34-36-% / CAS: 7722-84-1) were obtained from Roth and 1-ethyl-3-

(3-dimethyl aminopropyl) carbodiimide hydrochloride (EDC, ≥99%, CAS: 25952-53-8) 

from Carbolution. Polyurethan lacquers (PUR) were provided by lacolor Lackfabrikation 

GmbH. Ethanol (99%, CAS: 164-17-5), tryptone (CAS: 91079-40-2), yeast extract (CAS: 

8013-01-2), NaCl (7647-14-5), soy peptone (CAS: 91079-46-8), meat extract (CAS: 

68990-09-0), H2O2 (35 % CAS: 7722-84-1), KBr (CAS: 7758-02-3), NaBr (CAS: 7647-

15-6 ), tetracycline (CAS: 64-75-5), spectinomycine (CAS: 22189-32-8), Na2HPO4 (CAS: 

10028-24-7), NaH2PO4 (CAS: 10049-21-5), MgSO4 (CAS: 22189-08-8), 2-

Mercaptoethanol (CAS: 60-24-2), Chloroform (CAS: 67-66-3), ONPG (CAS: 369-07-3), 

SDS (CAS: 151-21-3), Na2CO3 (CAS: 497-19-8) and X-Gal (CAS: 7240-90-6) were 

purchased from Carl Roth. The marine medium 2216 (CAS: 10043-52-4) was purchased 

by Thermo Fisher Scientific.  

 

Inorganic synthesis, characterization and analytics 

Synthesis of CeO2 nanocrystals. CeO2 nanoparticles were synthesized using a method. In 

a typical procedure Ce(NO3)3·6H2O (1.5 g, 3.5 mmol) was added to 25 mL n-butyl acetate 

(190 mmol) and transferred into a Teflon autoclave (110 mL) equipped with Halsic-R 

heating rods (recrystallized silicon carbide, 1 cm length). Within two minutes, the n-butyl 

acetate was heated to 180°C with a power of up to 1800 W in a Mars 6‐mircowave from 

CEM. The temperature was maintained for additional 15 min. After cooling down to room 

temperature, autoclaves were opened in the fume hood allowing nitrous gases to be 
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released. The CeO2 NCs were washed each with n-butyl acetate, ethanol and water (9000 

rpm, 10 min) 2 times each. For further processing into PUR coatings, the particles were 

again washed with ethanol and redispersed in n-butyl acetate to a final concentration of 100 

mg∙L-1. 

Preparation of CeO2‐x coated steel plates. Steel plates with a size of 2x2 cm were washed 

washed with MilliQ-water and ethanol to remove surface contaminants. In addition, the 

plates were treated with Argon plasma to remove further interfering organic compounds. 

The treated plates were immersed in PUR coating with different additions of CeO2‐x NCs 

(0%, 0.625%, 1% with respect to PUR coating) at an immersion speed of 70 mm/min. After 

complete dipping in the lacquer, the steel plates were pulled out using the same speed. The 

painted steel plates were dried in an oven at 80°C for 16 h to remove the organic volatiles. 

Haloperoxidase Assay. The haloperoxidase activity of CeO2 NCs was analyzed via the so-

called phenol red assay. Using a Cary 3500 UV/Vis from Agilent, the oxidative bromination 

of yellow phenol red to violet bromophenol blue was observed spectrophotometrically. The 

reaction mixture was an aqueous (MilliQ-water, 18.2 MΩ cm-1) dispersion of CeO2 NCs 

(25 µg mL-1), H2O2 (300 µM), PR (50 µM) and KBr (25 mM). Prior to H2O2 addition, the 

mixture was transferred into a quartz cuvette and stirred for 1 min to achieve an 

adsorption/desorption equilibrium. The absorbance change was observed over a period of 

2 h. 

Michaelis Menten Kinetics. Different amounts of H2O2 were added to a stirred solution 

of phenol red, KBr and the CeO2 NCs to determine Michaelis-Menten kinetics. 2 mL of a 

50 µM phenol red and 25 mM bromide solution were added to a quartz cuvette, 62.5 µL of 

a NC dispersion (1 mg mL-1) was added and stirred for 1 min. All reactions were 

maintained at 25 °C: Before addition of 50 µL H2O2 (different concentrations), the 

adsorption was set to zero. Change in absorbance were measured at a wavelength of λ = 

590 nm over a period of 10 minutes. All data points were linearly fitted at an interval of 2-

8 min receiving a linear relationship. The concentration of bromophenol blue was 

calculated from Lambert-Beers law, and the extinction coefficient was determined as 

32740 L∙mol‐1cm‐1 (measured for different bromophenol blue concentrations in a 1 cm 

quarz cuvette). 

IC-CD (Ion chromatography-conductivity detector). The bromide concentrations were 

measured with a 940 Professional IC Vario ion chromatography (Metrohm, Herisau, 
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Switzerland) coupled with a conductivity detector (CD). The separation was performed by 

a Metrosep A Supp 7 (250/4.0) column and the flow rate was set to 700 µL/min. The column 

temperature was 50 °C and 50 µL of each sample were injected. A 3.6 mM Na2CO3 solution 

was used as eluent, and a 250 mM H3PO4 solution as suppressant/suppression solution. The 

switching time was at 30 and 45 min and the total running time was 50 min. All samples 

were diluted 1 to 100 in MilliQ-water. 

Transmission Electron Microscopy. Transmission electron microscopy (TEM) samples 

were prepared by placing a drop of NC dispersion (1mg·mL-1) in MilliQ-water on a carbon 

coated copper grid. TEM images were acquired with an FEI Tecnai 12 TWIN LaB6 at 120 

kV along with a Gatan US1000 CCD camera (16-bit, 2048 x 2048 pixels) using Gatan 

Digital Micrograph software. 

Powder X-ray Diffraction. X-ray diffraction patterns were recorded using a STOE Stadi 

P diffractometer equipped with a Dectris Mythen 1k detector in transmission mode with 

Mo Kα1 radiation.  

Zeta Potentials. Zeta potentials were measured on a Malvern Zetasizer Nano using 

disposable capillary cells (DTS1070). Data analysis was performed using Malvern 

Zetasizer software 8.01.4906. 

BET Surface Area. BET measurements were performed using the 3P Micro 300 gas 

adsorption instrument at 77.4 K with nitrogen as the analysis gas. 3P Surface Area & Pore 

Size Analyzer System 10.03.02 software was used to analyze the recorded data. 

Thermogravimetric analysis. TGA measurement was performed using a Mettler-Toledo 

TGA/SDTA 851e thermogravimetric analyzer. 11 mg sample were weight into an Al2O3 

crucible and heated from 25 to 900°C at a heating rate of 2°C min−1 under nitrogen 

atmosphere.  

Scanning Electron Microscopy. The steel plates for scanning electron microscopy (SEM) 

were attached to aluminum holders with carbon film pads. SEM images were acquired 

using an FEI Nova NanoSEM 630 equipped with an EDAX-Pegasus X4M instrument (for 

EDX measurements). Acceleration voltages of 15 or 20 keV were used for EDX analysis.  

Plasma Treatment. The plates were treated with argon using Plasma Cleaner PC 2000 

from South Bay Technologies. Argon treatment was conducted at 175 mT and 20 W for 

5 min. 
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Organic synthesis, characterization and analytics 

Synthesis of Homoserine Lactone Hydrobromide (1) 69 100 mL of a MilliQ-water-

isopropanol-acetic acid mixture (5:5:2 v:v) was added to 10 g (L)-methionine (0.067 mol) 

and 10.2 g bromoacetic acid (0.073 mol). The solution was stirred at reflux for 18 h. The 

solvent was removed under reduced pressure resulting in an orange oil. 50 mL of a 

isopropanol : 30% hydrogen bromide in acetic acid mixture (4:1 v:v) was added where a 

white precipitate was formed. The white compound was collected by vacuum filtration and 

dried at reduced pressure, mp 226–229 °C (lit.70 mp 226–228 °C). 

Synthesis of N-α,α-Dibromoacetyl Homoserine Lactones (DAHSL) 69 364 mg (2 mmol) 

compound 1 was dissolved in 4 mL water. 278 μL (2 mmol) triethylamine and 653 mg 

(3 mmol) dibromo acetic acid were added while stirring. After addition of 575 mg (3 mmol) 

1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride (3 mmol) the solution was 

stirred at room temperature overnight. The aqueous phase was extracted three times with 

ethyl acetate (20 mL). The organic phase was washed with saturated aqueous NaHCO3 

solution, brine and dried with MgSO4. After filtration, the solvent was removed under 

reduced pressure resulting in a white product. Via column chromatography on silica gel the 

product was purified (Ethyl acetate:petroleum ether 4:1).  

1H NMR (400 MHz, CDCl3): δ (ppm) = 2.16-2.30 (1H, m); 2.88-2.98 (1H, m); 4.33 (1H, 

ddd, J = 11.3 Hz, 9.4 Hz, 5.8 Hz); 4.47–4.59 (2H, m); 5.85 (1H, s); 6.96 (1H, s). 

(Figure S5-7) 

1H-NMR. For all measurements solution NMR measurements, a commercial Bruker 2 

channel 5 mm inverse probe head was used. Measurements were conducted at 295 K on a 

Bruker Avance DRX 400 MHz spectrometer (Bruker Biospin GmbH, Rheinstetten, 

Germany) operating at a proton frequency of 400.31 MHz.  

LC-MS/MS. The LC system consisted of an Agilent 1260 Infinity Series (Waldbronn, 

Germany) equipped with an isocratic pump, switching valve to cut off the first two, and 

last seven minutes of each LC run. The separation was achieved with a Poroshell 120 C18 

column (3 x 50 mm, 2.7 µm, Agilent) using a flow rate of 0.3 mL·min-1. The temperature 

of the column oven was set to 40 °C and the injection volume was 10 µL. For elution, 

MilliQ-water and acetonitrile/MilliQ-water (90/10 v/v) with 2 mM ammonium formate and 

0.1% formic acid were used. The generic LC gradient from Nürenberg et al. was applied.71 

For detection, a triple-quadrupole mass spectrometer system (QqQ-LIT-MS, API 6500+ 
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QTrap, Sciex, Darmstadt, Germany) was used with electrospray ionisation (ESI) in positive 

ion mode for C4-HSL and 3-oxo-C12-HSL. The multiple reaction monitoring (MRM) 

parameters were summarized in Table 5-2. For negative ion mode measurements (DAHSL 

and DAHS) the eluents were used without ammonium formate and 100% acetonitrile for 

eluent B. 

Table 5-2. Selected MRM parameter of the Targets for LC-MS/MS. 

Analyte Precursor Fragment CE [V] DP [V] CXP [V] 

DBHL 299.9 126 -14 -20 -16 

  79 -45 -20 -10 

  81 -47 -20 -10 

  173 -24 -20 -16 

  98 -22 -20 -17 

  70 -27 -20 -10 

Hyd-DBH 317.9 79 -17 -20 -10 

  81 -17 -20 -10 

  156 -14 -20 -20 

  128 -25 -20 -12 

  144 -21 -20 -16 

  300 -15 -20 -10 

C4-HSL 172.0 102 14 18 8 

  74 19 18 11 

3-oxo-C12-HSL 298 102 19 43 8 

  197 20 43 16 

 

LC-HRMS. For high resolution measurements the same LC method as for the LC-MS/MS 

measurements was used. However, the eluents were adapted from the method of Nürenberg 

et al. 2015 to obtain a more general LC method.71 Briefly, 100% MilliQ-water for Eluent 

A and 100% acetonitrile for Eluent B (both with 0.1% formic acid) were used. For 

detection, a TripleTOF 6600 (Sciex, Darmstadt, Germany) equipped with an ESI source 

was used. Calibration was done by a calibrant delivery system (CDS) after every five 

samples. Every sample was measured in positive and negative ion mode and MS2 spectra 

were recorded for the eight most intense ions from the survey scans. More details on the 

source and fragmentation parameters for this method reported in Nürenberg et al. 2015.71 

Degradation Experiments. Degradation was performed in batch experiments in triplicate 

with blank reactions. The reaction medium was MilliQ-water with additives of 30 mM 

NaBr, 25 µg·mL-1 CeO2 NCs suspension and 5 µM substrate. A six-fold excess of H2O2 (30 

µM; controlled by Hach Lange, LCW 058) was spiked into the stirred solution to start the 

reaction. The samples were taken as aliquots at discrete time intervals and the reaction was 
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stopped with an excess of sodium thiosulfate (20-fold excess compared to reactive agents). 

All samples were centrifuged (18 000 rpm, 15 min, 4 °C; Mikro 220R Hetterich) before 

injection to remove the NCs in solution. Quantification was performed by external 

calibration with 5 calibration points in a range from 0.5 µM to 5 µM using C6-d3-HSL 

(100 nM) as an internal standard to compensate matrix effects and intensity variations 

during measurements. The measurements were performed with the LC-HRMS method to 

detect substrate and formed reaction products. However, the MS system was a Triple TOF 

5600 system (Sciex, Darmstadt, Germany) instead of the Triple TOF 6600 system (Sciex, 

Darmstadt, Germany). 

 

Biological characterization and experiments 

Confocal Laser scanning Microscopy (Cell Tests). Confocal Laser Scanning Microscopy 

(CLSM) images of cell viability were acquired on a Leica TCS-SP8 AOBS SMD 

microscope with an HCPL APO CS2 10 × /0.40 DRY objective. Cells expressing GFP were 

excited with an argon laser (488 nm); fluorescence was detected between 500 and 600 nm 

using a PMT2 detector. Transmission was detected using a PMT Trans detector. 

Confocal Laser Scanning Microscopy (bacteria). P. aeruginosa PA14 was cultivated in 

LB medium over night at 30 °C. The cultures were diluted in LB, in a volume of 3 mL per 

well of a 6-well polystyrene microtiter plate (Sarstedt, Nürnbrecht) at a final OD600 of 0.5. 

Additionally, KBr (Roth, Karlsruhe, Germany) and H2O2 (Roth, Karlsruhe, Germany) at a 

final concentration of 32 mM and 0.8 mM, respectively, were added to the wells. The blank 

steel plates containing only PUR lacquer and the plates containing nanoparticle lacquer 

were then added to the wells. The microtiter plate was then incubated for 72 h under gentle 

shaking (150 rpm) at 30 °C. Every 24 h H2O2 was added at a final concentration of 0.8 mM. 

Then, the plates were rinsed with water to remove the planktonic cells. Afterwards, the 

plates were placed in 3 mL of a combined SYTO 9 and propidium iodide solution (Thermo 

Fisher, Pittsburgh, USA) and incubated for 30 minutes at 30 °C. Then, the plates were 

rinsed again with water and mounted on microscopy slides. Biofilm samples were 

microscopically analyzed on an Axio Imager 2 fluorescence microscope, which is 

especially designed for material surface analysis (Carl Zeiss, Jena, Germany). The 

fluorophore SYTO 9 was visualized with an excitation of 470 nm while propidium iodide 

was visualized with an excitation of 558 nm. The emission settings for the used filters were 
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509 nm for SYTO 9 and 570 nm for propidium iodide. The images were then processed 

using the ZEN 3.3 blue software. The combined fluorescence intensities within the different 

field of views were then quantified and set into correlation using ImageJ software (Version: 

2.0.0-rc-69/1.52n).  

Bacterial Strains and Growth Conditions. In this study the following bacteria were used: 

P. aeruginosa PA14, K. pneumoniae DSM 4270, M. mesophilicum DSM 1708, P. 

gallaeciensis DSM 26640, S. aureus DSM 11823 and A. tumefaciens A136. P. aeruginosa, 

K. pneumoniae and S. aureus were aerobically cultivated in LB medium [1% (w/v) NaCl; 

1% (w/v) tryptone; 0.5% (w/v) yeast extract] at 30 °C. M. mesophilicum was cultivated 

aerobically in M1 medium [0,5 % (w/v) soy peptone; 0,3 % meat extract; pH=7.0]. P. 

gallaeciensis was cultivated aerobically in 2216 marine broth (Thermo Fisher Scientific). 

A. tumefaciens A136 was cultivated aerobically in LB medium supplemented with 

spectinomycine (50 µg·mL-1) and tetracycline (10 µg·mL-1). For preparation of agar plates, 

1.5% (w/v) agar was added to the medium. 

Biofilm Assays with single CeO2 nanoparticles. For quantification of bacterial biofilm 

production, a modified method of already published protocols was used.72,73 Briefly, P. 

aeruginosa, K. pneumoniae, S. aureus, M. mesophilicum and P. gallaeciensis were 

cultivated in LB medium, M1 medium and marine broth 2216, respectively, over night at 

30 °C. Then, the cultures were diluted in the respective medium in the presence or absence 

of 28 µg mL-1 CeO2, in a volume of 135 μl per well of a 96-well polystyrene microtiter 

plate (Sarstedt, Nümbrecht) at a final OD600 of 0.5. Additionally, KBr (Roth, Karlsruhe, 

Germany) and H2O2 (Roth, Karlsruhe, Germany) at a final concentration of 32 mM and 

0.8 mM respectively were added to the wells. The microtiter plate was then incubated for 

72 h under gentle shaking (150 rpm) at 30 °C. Every 24 h H2O2 was added at a final 

concentration of 0.8 mM. Then, the liquid phase of the culture was removed by turning the 

plate. The planktonic cells were removed by gently submerging the plate two times in a 

water tub. After drying for 5 min, 135 μl of 1% (w/v) crystal violet (Merck, Darmstadt) was 

added to the wells. After 15 min incubation at room temperature, unbound crystal violet 

was removed by gently submerging the plate for two times in water. The plate was then air-

dried over-night at room temperature. For quantification, 135 μl of 30% (v/v) acetic acid 

(Roth, Karlsruhe) was added to solubilize the crystal violet from the biofilm. After 15 min 

of incubation at room temperature, absorbance was quantified in a plate reader (Tecan, 

Salzburg) at 575 nm. 
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Biofilm Assays with CeO2-painted objects. For quantification of bacterial biofilm 

production, a modified method of previously published protocols was used.72,73 Briefly, P. 

aeruginosa, K. pneumoniae, M. mesophilicum and P. gallaeciensis were cultivated in LB 

medium, M1 medium and marine broth 2216, respectively, over night at 30 °C . The 

cultures were then diluted in their respective medium in a volume of 3 mL per well of a 6-

well polystyrene microtiter plate (Sarstedt, Nürnbrecht) at a final optical density at 600 nm 

(OD600) of 0.5. Additionally, KBr (Roth, Karlsruhe, Germany) and H2O2 (Roth, Karlsruhe, 

Germany) were added to the wells at final concentration of 32 mM and 0.8 mM, 

respectively. Then, the blank objects and CeO2-containing composites were immersed. 

Subsequently, the microtiter plate was incubated for 72 h under gentle shaking (150 rpm) 

at 30°C. H2O2 was added stepwise at a final concentration of 0.8 mM every 24 h. Then, the 

objects  were rinsed with water to remove the planktonic cells. After drying for 5 min, 3 mL 

of 1% (w/v) crystal violet (Merck, Darmstadt) was added to the wells containing the 

samples. After 30 min incubation at room temperature, unbound crystal violet was removed 

by gently submerging the samples two times in water. The objects were then air-dried over-

night at room temperature. For quantification, 3 mL of 30% (v/v) acetic acid (Roth, 

Karlsruhe) was added to the samples to solubilize the crystal violet from the biofilm. After 

15 min of incubation at room temperature, absorbance was quantified in a plate reader 

(Tecan, Salzburg) at 575 nm. 

Biofilm Assays with addition of homoserine lactones and DAHSL. For quantification of 

bacterial biofilm production, a modified method of previously published protocols was 

used.72,73 Briefly, P. aeruginosa was cultivated in LB medium over night at 30 °C. Then, 

the culture was diluted in LB medium in the presence or absence of different concentrations 

of C4-HSL, 3-oxo-C12-HSL and DAHSL respectively, in a volume of 135 μl per well of a 

96-well polystyrene microtiter plate (Sarstedt, Nümbrecht) at a final OD600 of 0.5. 

Subsequently, the microtiter plate was incubated for 72 h under gentle shaking (150 rpm) 

at 30°C. Before the biofilm staining, the OD600 was quantified in a plate reader in order to 

observe effects on the bacterial cell densitiy (Tecan, Salzburg). Then, the liquid phase of 

the culture was removed by turning the plate. The planktonic cells were removed by gently 

submerging the plate two times in a water tub. After drying for 5 min, 135 μl of 1% (w/v) 

crystal violet (Merck, Darmstadt) was added to the wells. After 15 min incubation at room 

temperature, unbound crystal violet was removed by gently submerging the plate for two 

times in water. The plate was then air-dried over-night at room temperature. For 
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quantification, 135 μl of 30% (v/v) acetic acid (Roth, Karlsruhe) was added to solubilize 

the crystal violet from the biofilm. After 15 min of incubation at room temperature, 

absorbance was quantified in a plate reader (Tecan, Salzburg) at 575 nm. 

Bromide concentration assay. P. aeruginosa was grown over night in LB medium at 

30 °C. The culture was then diluted in LB medium at a final OD600 of 0.5. Additionally, 

several variations and combinations of CeO2, H2O2 and NaBr were tested. Furthermore, 

different NaBr concentrations (30 μM and 30 mM) were added to the bacteria. The bacteria 

were then incubated for 24 h at 30 °C. Afterwards, the samples were centrifuged at 4500 x 

g for 20 min. The bacterial supernatant was then filtered (0,22 μm, Merck, Darmstadt).  

Cell Experiments. Osteoblasts (MG-63 GFP) in DMEM (10% FBS, 1% Gl., 1% P/S) were 

cultured at 37 °C and 5% CO2 in 9.4 cm diameter petri dishes. At a population density of 

approximately 80%, cells were detached from the culture vessel (trypsin-EDTA) and 

resuspended in 5 mL DMEM (10% FBS, 1% Gl, 1% P/S). For cell experiments, cells were 

diluted to a concentration of 1.6 × 105 cells mL–1. Control experiments were performed in 

cell-adhesive petri dishes, whereas non-cell-adhesive Petri dishes were used for 

experiments on coated quartz glass slides. Cell viability was monitored by confocal laser 

scanning microscopy at 24 and 72 h. GFP-expressing cells were excited with an argon laser 

(488 nm) to measure fluorescence between 500 and 600 nm. 

Bacteria Samples for LC-MS. P. aeruginosa PA14 was kept aerobically in LB medium 

like “Bacterial strains and Growth Condition” and 32 mM NaBr, 0.8 mM H2O2 and 

28 µg·mL-1 CeO2 NCs was added. The culture was incubated 24 h under gentle shaking 

(150 rpm) at 30°C. For supernatants the culture was centrifuged at 5000 x g for 20 min and 

the culture supernatant was filtered (pore size 0.22 µm, Merck, Darmstadt, Germany). The 

supernatants were extracted with ethyl acetate three times and evaporated to dryness. The 

residue was re-dissolved with methanol and MilliQ-water (50/50 v/v). For spike 

experiments with DAHSL 100 nM were added to the bacteria with same condition together 

with various blank reactions. All experiments were performed in triplicate. 

Biosensor assay. External 3-oxo-C12-HSL (10 µM) was incubated in presence or absence 

of 28 μg·mL-1 CeO2 NC´s for 8 h at RT. Additionally, KBr and H2O2 were added at a final 

concentration of 32 mM and 0,8 mM, respectively. The reaction mixtures (500 μl) were 

then added to an A. tumefaciens A136 culture, which was adjusted to an OD600 of 0.5. Two 

different substrates were used (5-Brom-4-chlor-3-indoxyl-β-D-galactopyranosid (X-Gal) 
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and o-Nitrophenyl-β-D-galactopyranosid (ONPG)). After the addition of 250 µg·mL-1 X-

gal (5-Brom-4-chlor-3-indoxyl-β-D-galactopyranosid), the cultures were incubated at 

30 °C for 8 h. Finally, the cultures were transferred to 1.5 mL tubes and were centrifuged 

at 10.000 x g for 5 min. The supernatant was then transferred to 96-well plates and the 

absorbance at 630 nm was measured using a plate reader (Tecan, Switzerland). For the 

ONPG assay, the reaction mixtures were also added to the A. tumefaciens A136, which was 

adjusted to an OD600 of 0.5. Afterwards the cultures were incubated at 30 °C for 8 h. 1 mL 

of each culture was then collected and centrifuged at 5000 x g for 5 min. The supernatant 

was then discarded, and the cells were resuspended in 1 mL buffer Z [60 mM Na2HPO4; 40 

mM NaH2PO4; 1 mM MgSO4; 50 mM beta-Mercapto-EtOH]. Only buffer Z served as a 

negative control. The OD600 of the cultures was then measured. By adding 100 μl 

Chloroform and 50 μl 0.1% SDS and shaking, the cells were lysed. The samples were then 

incubated for 30 min at 30 °C. 160 μl of fresh prepared 4 mg·mL-1 ONPG solution was 

then added to each sample. Time was stopped until samples turned yellow. The reaction 

was then stopped by adding 500 μl of 1 M Na2CO3. The cell fractions were then spinned 

down at 16000 x g for 2 min. The absorbance at 420 nm and 550 nm was then measured in 

a plate reader (Tecan, Salzburg. Miller units could then be calculated using the equation 

S3.)   
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5.7. SUPPORTING INFORMATION 

 

 

Figure S5-1. Temperature profile and power consumption during microwave assisted solvothermal 

synthesis (A) without and (B) with HalSiC-R heating rods (right). In the absence of HalSiC-R 

heating rods only one reaction could be carried out. With HalSiC-R rods, 12 reaction vessels were 

heated simultaneously. 

 
Figure S5-2. (A) TEM images and (B) X-ray powder diffraction pattern of CeO2 MP synthesized 

without HalSiC-R heating rods. Red ticks indicate the calculated reflection positions for CeO2 based 

on structural data from the ICSD data bank (ICSD# 88752). 

 

 
Figure S5-3. (A) Histogram of CeO2 NCs and (B) thermogravimetric analysis of CeO2 NCs 

indicating an organic amount of about 10%.  
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Hill equation (Equation S5-1) 

 

𝑣 =
𝑣max∙[𝑆]o

𝑛

𝐾m 
𝑛+[𝑆]o

𝑛  (eq.S5-1) 

 

 

Rate of reaction (Equation S5-2) 

 

𝑇𝑂𝐹 =  
𝑣max

[Cat]0
 
[Cat]0→𝑆BET⋅𝛽Cat
→            𝑅𝑂𝑅 = 

𝑣max

𝑆BET⋅𝛽Cat
  (eq.S5-2) 

 

The turnover frequency (TOF) describes the catalytic activity of a substance, which is 

dependent on the surface area (𝑆BET ⋅), mass concentration (𝛽Cat) and reaction time (𝑣max). 

In order to determine the reaction velocities standardized to the surface, the rate of reaction 

(ROR) is calculated.1 

 

Miller Units of β-galactosidase activity (Equation S5-3) 

 

Miller Units =
(OD420−1.75 OD550)

𝑡∙𝑉∙OD600
  (eq.S5-3) 

 

Where t is reaction time (min), V reaction volume (mL) and ODλ the optical density at the 

mentioned wavelength (420, 550 or 600 nm)2  

 

Table S5-1. Overview of Michaelis-Menten parameter 𝑲𝐦 , 𝒗𝐦𝐚𝐱, Hill coefficient (n) and rate of 

reaction (ROR) for CeO2 NC and MP respectively. 

 𝒗𝐦𝐚𝐱 / μMol min-1 𝑲𝐦  / μM n 𝑹𝑶𝑹 / µmol m-2 min-1 

CeO2 NC 0.286 ± 0.008 243 ± 30 2.1 ± 0.3 0.098 

CeO2 MP 0.065 ± 0.009 142 ± 50 1.3 ± 0.5 0.029 
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Figure S5-4. Quantification of the biofilm formed from P. aeruginosa (PA14) using a crystal violet 

staining assay. Bacteria were incubated with CeO2 NCs, KBr and H2O2 in different variations to 

exclude HPO-like activity of the individual components. Each experiment was performed in 

triplicate. 

 

 

 

Figure S5-5. Concentration of the signaling molecules C4-HSL and 3-oxo-C12-HSL in supernatant 

of P. aeruginosa (PA14) in the presence and the absence of CeO2 NC. Each experiment was 

performed in triplicate.  
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Figure S5-6. 1H-NMR of homoserine lactone hydrobromide (1). 

 

 

Figure S5-7. 1H-NMR of N-α,α-dibromoacetyl homoserine lactones (DAHSL). 
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Figure S5-8. LC-HRMS data from the unknown compound with the exact mass of 337.07 (A) Full 

scan data in positive ion mode with calculated chemical formula (B) Fragment spectra in positive 

ion mode with proposed structure for the fragments (C) Fragment spectra in negative ion mode with 

proposed structure for the fragments. 

 

 
Figure S5-9. (A) SEM image and (B) EDX analysis of uncoated steel plates. 
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Figure S5-10. EDX analysis of painted steel plates with PUR lacquer containing 1% CeO2 NCs. 

The additional gold signal is due to gold sputtering prior measuring 
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 IN-SITU GENERATION OF H2O2 USING 

DEPOT SUBSTANCES AND 

HETEROGENEOUS CATALYSIS 

6.1. SUMMARY 

Cerium dioxide 

displays several 

enzyme-like activities, 

but for both, 

haloperoxidase- and 

peroxidase-like 

reactions (chapters 3-

5), addition of H2O2 is 

required to initiate the 

catalysis. Here, we 

investigated to what 

extent in-situ H2O2 generation can be realized to expand the scope of applications for 

cerium dioxide. For this purpose, two different approaches were taken. First, a H2O2 depot 

was prepared by embedding a H2O2 releasing substance (CaO2) together with mesoporous 

Bi0.2Ce0.8O1.9 nanoparticles in a polymer matrix. PES and PVDF were selected as polymer 

matrices because they are used in water treatment membranes or in medical applications 

and both suffer from biofouling. The generation of H2O2 by the polymer depot was 

investigated qualitatively using phenol red assays in the presence of KBr. Furthermore, 

bismuth-doped mesoporous ceria of the composition Bi0.2Ce0.8O1.9 was prepared, since the 

performance of ceria is significantly improved when Ce4+ ions are partially replaced by 

Bi3+ ions. In addition, the effect of reaction time on the nanoparticles´ surface properties 

was investigated using specific surface area (SBET) and zeta potential (ζ-potential) 

measurements to develop an optimum catalyst for the haloperoxidase-like reaction. In 

6 
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addition, photochemical H2O2 formation by heterogeneous catalysis was investigated. For 

this purpose, a modified graphitized carbon nitride (g-C3N4/BDI) catalyst was prepared and 

its H2O2 generating effect was determined by a FOX assay. Finally, it was investigated 

whether it is possible to couple two heterogeneous catalysts. For this purpose, H2O2 was 

generated photochemically by the g-C3N4/BDI catalyst. The photogenerated H2O2 could 

brominate the substrate molecule phenol red oxidatively in the presence of mesoporous 

Bi0.2Ce0.8O1.9 and KBr, producing violet bromophenol blue. 
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6.2. INTRODUCTION 

Many industrial branches suffer from problems caused by biofilm formation. Biofilms 

cause damage to health and enormous costs due to friction losses or blockages.1–4 Marine 

algae, as natural aquatic organisms, protect themselves from bacterial attack by inhibiting 

bacterial communication via natural products whose synthesis involves so-called 

haloperoxidase enzymes.5,6 These enzymes brominate bacterial signaling molecules and 

thus make them “silent” (i.e., unrecognizable) for other bacteria of the same strain. In recent 

years, intensive research has been conducted on artificial enzymes, as they often exhibit 

higher stability than their natural counterparts. CeO2 showed haloperoxidase-like properties 

and can therefore be used as a haloperoxidase mimic against bacterial growth.7 The 

catalytic performance of ceria can significantly be improved by partially replacing Ce4+ 

ions with Bi3+ ions.8 For this reason, bismuth-doped mesoporous cerium oxide of 

composition Bi0.2Ce0.8O1.9 was used as haloperoxidase nanozyme in this chapter. However, 

as the haloperoxidase-like reaction can be carried out only in the presence of halide and 

hydrogen peroxide (H2O2), that form hypohalous acid (HOX) as reactive intermediate the 

application of these nanozymes is confined to aqueous media. To initiate the reaction, the 

presence of H2O2 is required.9 In the wild environment, H2O2 is generated photochemically 

by sunlight. For indoor use, H2O2 must be added synthetically to allow the reaction to occur. 

To circumvent the problem of external H2O2 addition, this study investigated in-situ H2O2 

generation using two different approaches: (i) Embedding of a H2O2-generating depot 

substance and (ii) in-situ formation of H2O2 by heterogeneous photocatalysis. The released 

H2O2 was consumed directly by the haloperoxidase-like reaction using the model substrate 

phenol red to initiate a reaction cascade.  

In the first approach, CaO2 was chosen as the depot substance, because it generates H2O2 

and Ca(OH)2 in aqueous solution.10,11  CaO2/Bi0.2Ce0.8O1.9/polyethersulfone 

nanocomposites were prepared,8 because their antibiofouling activity has been reported 

previously. In addition, CaO2/Bi0.2Ce0.8O1.9/poly(vinylidene fluoride) composites were 

prepared, since poly(vinylidene fluoride) (PVDF) is commonly used in medical 

applications and membranes, which are known to suffer from biofouling.12,13 H2O2 

formation was detected qualitatively using a haloperoxidase assay with the model substrate 

phenol red and Bi0.2Ce0.8O1.9.  

In addition to the depot substance, photochemical in-situ H2O2 formation by heterogeneous 

catalysis was investigated. Modified graphitic carbon nitride (g-C3N4) was used as 



 

 
158 

photocatalyst for H2O2 production. g-C3N4 is capable of photocatalytic H2O2 production 

from water and molecular oxygen (O2) in aqueous solution.14,15 Subsequently, an attempt 

was made to use H2O2 that was generated photochemically by irradiation of g-C3N4 for the 

catalytic oxidative bromination of phenol red in the presence of KBr and Bi0.2Ce0.8O1.9. The 

coupling these two reactions by heterogeneous catalysis eliminates the need for external 

addition of H2O2 and may open spectrum of new applications for CeO2 nanoparticles and 

substituted variant such as Bi0.2Ce0.8O1.9. 
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6.3. RESULTS AND DISCUSSION 

Synthesis and characterization of mesoporous Bi0.2Ce0.8O1.9 nanoparticles 

Mesoporous Bi0.2Ce0.8O1.9 nanoparticles were prepared via hydrothermal reaction in 

ethylene glycol, acetic acid and water as already discussed in chapter 4. Bi-substituted CeO2 

was used, because it has been shown to enhance the reactivity of haloperoxidase-like 

reactions. The effect of reaction time on zeta potential (ζ-potential) and surface area (SBET) 

was investigated for Bi0.2Ce0.8O1.9. 

 

Figure 6-1. TEM images of mesoporous Bi0.2Ce0.8O1.9 nanoparticles formed after (A) 1.5 h, (B) 

2.0 h and (C) 2.5 h of reaction time. (D) Powder X-ray diffraction pattern (PXRD) of mesoporous 

Bi0.2Ce0.8O1.9 at different reaction times. Red ticks indicate the calculated reflection positions for 

CeO2 based on structural data from the ICSD data bank (ICSD# 88752). 

Figure 6-1A-D shows the diffraction patterns of Bi0.2Ce0.8O1.9 reaction products formed 

after 1.5 h, 2.0 h and 2.5 h (referred to as BiCe-1.5 h, BiCe-2.0 h and BiCe-2.5 h). 

Bi0.2Ce0.8O1.9 nanoparticles exhibit a similar morphology as mesoporous CeO2 

nanoparticles, except that the reaction time was shorter and mesoporous Bi0.2Ce0.8O1.9 

nanoparticles formed already after 1.5 h. These Bi0.2Ce0.8O1.9 particles are made up of small 

primary nanoparticles (diameter ~5 nm) that form mesoporous spheres with diameters of 

up to 80 nm due to aggregation. Similar as for CeO2 mesoparticles (chapter 4) partricle 

growth is assumed to occur via two-step growth where very small primary particles (~5 nm) 



 

 
160 

are formed in the first step from a supersaturated solution. They agglomerate in a second 

step to larger mesoporous particles.16,17 TEM images of BiCe-1.5 h show a high contrast, 

indicating a higher packing efficiency of the primary particle building blocks within the 

larger spheres. At longer reaction times (BiCe-2.0 h and BiCe-2.5 h), hollow nanospheres 

were formed, possible by decomposition of the larger mesoparticles (Figure 6-1B,C). Such 

a decomposition process may lead to many small, non-agglomerated nanoparticles which 

are also present in the sample. Figure 6-1D shows the powder X-ray diffraction patterns 

(PXRD) of BiCe-1.5 h, BiCe-2.0 h and BiCe-2.5 h. The broadened reflections are 

attributed to the small crystallite sizes in the nanometer range as shown in the TEM images 

(Figure 6-1A-C). The observed reflections can be assigned to a cubic cerianite phase (red 

ticks). However, all reflections are slightly shifted to smaller Q values, indicating a lattice 

expansion due to Bi3+ substitution. Since the ionic radius of Bi3+ (r(Bi3+) = 131.0 pm, 

CN = 8) is larger than that of Ce4+ (r(Ce4+) = 111.0 pm, CN = 8), the unit cell dimensions 

increase. Due to the larger Bi3+radii, it can be assumed that Bi3+ substation occurs 

preferentially close to the surface.18  

 

Catalyst activity  

The haloperoxidase-like activity of mesoporous Bi0.2Ce0.8O1.9 nanoparticles formed after 

different reaction times were compared. Catalytic oxidative bromination of phenol red was 

chosen as model reaction for determining oxidative bromination activity. 

 

Figure 6-2. (A) Time-dependent UV/Vis spectra of a haloperoxidase-assay showing absorption 

changes due to oxidative bromination of phenol red (λmax(PR)=430 nm) to tetrabromophenol blue 

(λmax(TBPB) = 590 nm) with BiCe-1.5 h. (B) Tetrabromophenol blue (TBPB) for due to catalysis 

of BiCe-1.5 h, BiCe-2.0 h, BiCe-2.5 h and mesoporous CeO2 over a period of 2 h. 
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Figure 6-2A shows the corresponding UV/Vis spectra for the halogenation reaction using 

BiCe-1.5 h particles. Tetrabromophenol blue (TBPB) with an absorption maximum at 

λ=590 nm was formed during the reaction. Absorption changes at λmax(BPB)=590 nm were 

fitted to calculate reaction rates of TBPB formation. Figure 6-2B shows the concentration 

of TBPB generated in the presence of different nanoparticles over a period of 120 min. 

Linear fits were used to determine the reaction rates (kHPO). Similar to m-CeO2, Bi-doped 

nanoparticles isolated after shorter reaction times have higher catalytic activity. In addition, 

all Bi-substituted samples show up to 40-fold higher reaction rates in TBPB formation 

compared to pure m-CeO2 particles. The calculated reaction rates are compiled in Table 6-1.  

Table 6-1. Reaction rates (kHPO) of mesoporous Bi0.2Ce0.8O1.9 nanoparticles isolated at different 

reaction times derived from the absorbance changes at λmax(TBPB)=590 nm. 

Catalyst kHPO / μMol min-1  

BiCe-1.5 h 1.31 ± 0.05 

BiCe-2.0 h 0.94 ± 0.02 

BiCe-2.5 h 0.67 ± 0.01 

m-CeO2-2.0 h 0.0304 ± 0.0001 
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Surface properties 

The effect of reaction time on the surface properties zeta potential (ζ-potential) and specific 

surface area (SBET) was evaluated. Since haloperoxidase-like reactions are controlled by 

electrostatic interactions between halide ions and CeO2 particle surfaces, the ζ-potential of 

the CeO2 colloids is a key factor for their catalytic activity.8 The ζ-potential can be adjusted 

from +41 mV to +28 mV by varying the reaction time for the synthesis of the nanoparticles 

(Figure 6-3). Similar to mesoporous ceria prepared under analogous conditions without 

Bi3+ substitution, the ζ-potential decreases with the reaction time, while the surface area 

(SBET) increases from 56 to 102 m2g-1. Figure 6-3 displays the effect of reaction time on 

ζ-potential and SBET.  

 

Figure 6-3. Effect of reaction time on specific surface area (SBET) and zeta potential (ζ-potential). 

 

SBET can be neglected in the haloperoxidase-like reaction, since electrostatic interactions 

play a dominant role. Therefore, a high ζ-potential is crucial for a good catalyst. Since BiCe-

1.5 h has the highest catalytic activity and ζ-potential, these nanoparticles were used for the 

preparation of the composites. 
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Synthesis and characterization of PES and PVDF nanoparticle composites 

BiCe-1.5 h nanoparticles were embedded in different polymer matrices, and the activity of 

the composites was evaluated. Poly(ethersulfone) (PES) and poly(vinylidene fluoride) 

(PVDF) were used as solid matrix-forming materials, while poly(vinylidene pyrrolidone) 

(PVP) was used as a pore-forming agent. To this end, the polymers were first dissolved in 

1-methylpyrrolidin-2-one (NMP), the Bi-substituted ceria particles (2wt% related to PES 

or PVDF respectively) were dispersed in the polymer solution and coagulated in a mixture 

of 7:3 v/v (H2O/EtOH).  

 

Figure 6-4. (A) SEM image of PES-BiCe spheres and EDX mapping at the (B) blue spot and the (C) brighter 

red spot. 

Scanning electron microscopy (SEM) of BiCe-1.5 h revealed the formation of the PES-

BiCe spheres. The SEM images of the PES spheres show a porous structure (Figure S6-1). 

Figure 6-4A show the surface of PES spheres with embedded BiCe-1.5 h particles that 

show a slightly higher contrast that the polymer matric due to their higher electron and 

mass density. EDX analysis (blue mark in Figure 6-4B blue) revealed mainly carbon, 

oxygen and sulfur, resulting from the elemental composition of PES. The brighter spot (red 

mark) shows the elements bismuth and cerium besides the elements of PES, indicating the 

incorporation of Bi0.2Ce0.8O1.9 nanoparticles into the polymer matrix (Figure 6-4B red). IR 

spectra of the composite beads (Figure 6-5A-B) show no difference between polymers with 

and without embedded BiCe-1.5 h. This indicates that the addition of BiCe-1.5 h 

nanoparticles had no effect on the polymer matrix, i.e., the polymer was not chemically 

degraded or modified. Since the vibrational band at 1500 cm-1, which originates from the 

pore-forming agent PVP (Figure S6-2), is still present after coagulation, we conclude that 

this component was not completely removed from the particles during coagulation. 
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Figure 6-5. FTIR spectra of the coagulated (A) PES based and (B) PVDF based composites. 

 

The oxidative bromination activity of the polymer containing mesoporous Bi0.2Ce0.8O1.9 

nanoparticles is shown with the the phenol red assay. The composites with incorporated 

BiCe-1.5 h are referred to as PES-BiCe and PVDF-BiCe in the sequel.  

 

 

Figure 6-6. UV/Vis spectra of a phenol red assay in the presence of PES and PVDF, PES-BiCe and 

PVDF-BiCe composites in the absence and in the presence of H2O2 together with images of the 

reaction mixtures after 0 h and 24 h. 

 

Coagulated polymer particles with and without BiCe-1.5 h were added to a mixture of 

phenol red and KBr. The reaction was initiated by addition of H2O2. After 24 hours of 

reaction time, tetrabromophenol blue had formed as indicated by a change in absorbance 

UV/Vis spectra and the color change of the supernatants after 0 h and 24 h (Figure 6-6). 
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These changes in color and absorption were observed only for PES-BiCe and PVDF-BiCe 

composites in the presence of H2O2. Pure PES and PVDF beads did not show a color change 

due to the formation of tetrabromophenol blue after adding H2O2. No oxidative bromination 

occurred in the absence of H2O2, i.e., peroxide is essential to initiate the reaction. 

 

Effect of CaO2 on oxidative bromination reaction  

Since oxidative bromination with BiCe-1.5 h requires the presence of peroxides, the 

preparation of depot systems liberating H2O2 is essential for future applications. Calcium 

peroxide (CaO2) is a promising candidate because it dissolves in aqueous environment to 

form Ca(OH)2 and H2O2.
10,11 The release of H2O2 from an aqueous 30 mM CaO2 solution 

was evaluated in comparison to a 30 mM H2O2 solution using the phenol red assay. Freshly 

prepared solutions of H2O2 or CaO2 were added to a mixture of phenol red, KBr and BiCe-

1.5 h to initiate the reaction. Figure 6-7A shows absorbance spectra of a phenol red assay 

after 120 min in the presence of H2O2, CaO2 and in the absence of any oxidant. The reaction 

rate in the presence of CaO2 was slower than in the presence of H2O2 (phenol red assay, 

Figure 6-7B) because the hydrolysis of CaO2 to Ca(OH)2 and H2O2 is a rate-determining 

step. However, the slow release of H2O2 makes CaO2 a promising compound for depot 

formation. Due to the slow H2O2 release, the incorporation of CaO2 into the polymer matrix 

is possible even in aqueous media despite the coagulation process, since the CaO2 dissolves 

only slighty during the manufacturing process. In addition, the slow release of H2O2 extends 

the lifetime of the depot. 

 

Figure 6-7. (A) UV/Vis spectra of the haloperoxidase-assay using BiCe-1.5 h as catalyst in the 

absence of H2O2 addition (blank), with CaO2 and H2O2
 addition after 2.0 h of reaction time. (B) 

Time-dependent change in absorbance at λmax = 590 nm after CaO2 and H2O2
 addition monitored 

over a period of 2 h.  
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Preparation of BiCe composite depots for oxidative bromination  

CaO2 was used as depot substance in polymer beads to generate H2O2 because of the 

promising results in the activity studies. The polymer beads were synthesized using the 

coagulation method as described before. For this purpose, CaO2 and BiCe-1.5 h were 

dispersed together in polymer solutions and coagulated. PES/PVDF beads and PES/PVDF 

beads containing either CaO2 or BiCe-1.5 h only were prepared as blank samples. 

 

Figure 6-8. FTIR spectra of the coagulated (A) PES based composites with CaO2 and BiCe as well 

as (B) PVDF based composites with CaO2 and BiCe. 

The incorporation of CaO2 into the polymer matrix had no discernible effect on the IR 

spectra. Only the amount of PVP was variable, apparent from the different intensity of the 

band at 1500 cm-1. Since PVP is simply the pore-forming component that dissolves during 

coagulation in aqueous solution, different amounts of PVP may be present in the polymer 

beads.(Figure S 6-2) The FTIR spectra of CaO2 containing depots in Figure 6-8 show no 

band at 3642 cm-1 which is characteristic for O−H stretching vibration in Ca(OH)2.
19,20 

Since Ca(OH)2  had not yet formed in the depot beads during the coagulation process, it 

can be assumed that CaO2 was incorporated in the polymer matrix, i.e., the depot formation 

was successful. The release of H2O2 from the PES and PVDF depots was again performed 

using the phenol red assay. For this purpose, the composites were placed in a vial containing 

a phenol red/KBr mixture (Figure 6-9C+D), and the absorbance change of the supernatant 

at λ = 590 nm was monitored over a period of 24 hours (Figure 6-9A+B). 

Pure PES and PVDF beads as well as beads containing CaO2 and BiCe-1.5 h only showed 

no change in absorption spectra over a 24 h period, indicating no transformation of phenol 

red to bromophenol blue. Changes in color and absorption were only observed for PES-

BiCe-CaO2 and PVDF-BiCe-CaO2 composites. Figure S6-3 shows the UV/Vis spectra after 

0 and 24 h of reaction time. 
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Figure 6-9. (A) Time-dependent change in absorbance at λmax=590 nm in the presence of phenol 

red, KBr and PES, PES-BiCe, PES-CaO2 and PES-BiCe-CaO2 over a 24 h period. (B) Time-

dependent change in absorbance at λmax = 590 nm in the presence of phenol red, KBr and PVDF, 

PVDF-BiCe, PVDF-CaO2 as well as PVDF-BiCe-CaO2 over a 24 h period. C, D) Images of the 

phenol red assay in the presence of the composite with different composition after 0 h and 24 h. 

Initially, all phenol red solutions were yellow, after 24 h of reaction time the solution color 

changed to a green/blue color, indicating the formation of tetrabromophenol blue. 

Accordingly, both BiCe-1.5 h and CaO2 are required for catalysis of the oxidative 

bromination reaction. The result shows that H2O2 is released from the depot substances in 

PES and PVDF polymer beads. Since CaO2 reacts alkaline, the application is initially 

limited to buffered media. Therefore, the next step was to investigate the photocatalytic 

generation of H2O2 under neutral conditions. 
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Synthesis of a catalyst for the photochemical generation of H2O2 

In addition to the preparation of hydrogen peroxide-releasing depots, attempts were made 

to produce hydrogen peroxide photochemically. The intention was to consume the 

generated H2O2 for the BiCe-catalyzed oxidative bromination of phenol red. This approach 

is based on the coupling of two independent heterogeneously catalyzed reactions. The 

corresponding reaction course of the coupling reaction is shown schematically in 

Figure 6-10. Graphitized carbon nitride (g-C3N4) is promising photocatalyst for the 

generation of H2O2 in aqueous solution.15,21 The first step of the process consists of the 

photochemical generation of H2O2 from water and molecular oxygen (O2) in aqueous 

solution using a g-C3N4 catalyst.15,21 The photogenerated H2O2 is used subsequently for an 

oxidative bromination reaction in which the substrate molecule phenol red is brominated 

in the presence of BiCe-1.5 h and bromide ions to form the blue dye tetrabromophenol blue. 

 

Figure 6-10. Schematic representation of the coupled catalytic reactions. The graphitized carbon 

nitride catalyzes the production of H2O2 from water and oxygen by UV irradiation. The ceria 

catalyst subsequently performs the bromination of the phenol red to tetrabromophenol blue in the 

presence of H2O2 and KBr. 

The performance of g-C3N4 can be improved by incorporation of a biphenyl diimide species 

(BDI).15 This modification leads to a reduction in the band gap energy and shifts it into the 

visual range.  
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The synthesis of g-C3N4 modified with biphenyl tetracarboxylic dianhydride (BTCDA) is 

shown in Figure 6-11. Melem was prepared from melamine, which was subsequently 

reacted with BTCDA in a ratio of 1:2.5 to yield the modified g-C3N4/BDI. 

 

 

Figure 6-11. Synthesis of g-C3N4/BDI using melamine, melem and BTCDA as starting materials. 

FTIR spectra of g-C3N4/BDI and all other starting materials are shown in Figure 6-12. The 

signals in the high wavenumber region 3100−3650 cm-1 are assigned to the asymmetric and 

symmetric N−H stretching vibrations of melamine and melem, respectively. For melem, 

the signal intensity of the stretching vibration is lower because there are fewer NH2 groups 

per mole in the molecule compared to melamine. The other major signals in melamine and 

melem spectra in the range of 1100−1700 cm−1 (1424 cm−1 and 1577 cm−1) can be 

associated with C−N/C=N stretching and N−H/NH2 bending vibrations linked with ring 

deformations.22,23 The sharp signal at 814 cm−1 is associated with the out-of-plane bending 

mode. Both, the C−N/C=N stretching and the out-of-plane bending signals are particularly 

characteristic of triazine structures. The FTIR spectrum of BPTCA and g-C3N4/BDI show 

the characteristic vibrational bands of the imide carbonyl groups at 1774 cm-1, 1725 cm-1, 

and 722 cm-1.24 The spectrum of the final product g-C3N4/BDI contains the bands of the 

triazine backbone and those of the BDI linker, indicating a successful synthesis. Surface 

area measurements revealed a very small surface area of 2.9 m2g-1 and a zeta potential 

measurements a highly negative  potential of -22.3 mV. 
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Figure 6-12. FTIR spectra of melamine, melem, BTCDA and g-C3N4/BDI. 

 

Photochemical H2O2 production 

The g-C3N4/BDI product had a beige to slightly yellowish color, indicating an absorption 

in the visible range. Since photochemical excitation is crucial for photocatalytic H2O2 

generation, the band gap energy of the product was determined. A band gap of 2.86 eV was 

derived, which corresponds to the energy of light with a wavelength of 434 nm. To 

demonstrate the photochemical generation of H2O2, g-C3N4/BDI was dispersed in Milli-Q 

water, sonicated for 10 min and subsequently stirred vigorously to introduce oxygen. The 

reaction mixture was then irradiated by two LEDs with a wavelength of 365 nm, as these 

have sufficient energy to excite g-C3N4/BDI. A quantitative determination of the H2O2 

concentration was performed using the FOX assay (“Ferrous Oxidation - Xylenol 

Orange”).25–27 A FOX solution consisting of xylenol orange and Fe2+ ions exhibits an 

absorbance maximum between λmax = 420–460 nm.25 Depending on the solvent a violet 

colored Fe3+-xylenol orange complex (Fe3+-XO) with an absorbance maximum at 

λmax = 540-600 nm is formed in the presence of Fe3+ ions.25 Addition of H2O2 leads to an 

oxidation of Fe2+ to Fe3+ resulting in the formation of a violet complex. First, different 

amounts of H2O2 were added to the FOX reagent and the solutions were mixed properly. 
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After 15 min of reaction time, the absorbance was measured at λmax = 580 nm for all 

concentrations to obtain a calibration curve by linear regression (Figure 6-13A).  

To measure the H2O2 production ability of prepared g-C3N4/BDI, H2O2 concentrations for 

samples that were irradiated (or not irradiated, control) over a period of 4 h were calculated 

using the linear equation in the inset of Figure 6-13A. UV/Vis spectra of the FOX-assay in 

presence of g-C3N4/BDI are displayed in Figure 6-13B. With increasing irradiation time, 

an increase in absorption at 580 nm and a shift of the absorption maximum of the Fe3+-XO 

complex to higher wavelengths were observed. This is due to an increasing Fe3+ 

concentration in solution,26 resulting from an increasing H2O2 concentration. Figure 6-13C 

shows the concentrations of H2O2 in the irradiated and non-irradiated samples over a period 

of 4 h.  

 

Figure 6-13. (A) Calibration line for H2O2 concentration determined via FOX-assay. Absorbance 

at λmax = 580 nm was plotted against H2O2 concentration. Linear regression was used to determine 

the linear equation (inset). (B) UV/Vis spectra of the FOX assay for an irradiated g-C3N4/BDI 

sample at 0-4 h. (C) Time-dependent change in H2O2 concentration for an irradiated g-C3N4/BDI 

sample and a dark reference sample. 

A strong increase of the hydrogen peroxide concentration was observed for a reaction time 

of up to 3 h, which then flattens out from 4 h resulting in an equilibrium H2O2 concentration 

of approximately 40 µM. This is due to the decomposition of H2O2 by the catalyst, which 

occurs at high H2O2 concentrations.15 However, the amount of photogenerated H2O2 is 

sufficient to allow a coupling with the BiCe-1.5 h catalyzed haloperoxidase reaction. The 

concentration used in the haloperoxidase assay is approximately 25 µM, which is reached 

in the model setup between 1 and 2 h of irradiation.  
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Coupling reaction 

Since the photochemical in-situ generation of hydrogen peroxide using graphitized carbon 

nitride was successful, this process was coupled in the next step with a haloperoxidase 

reaction catalyzed by BiCe-1.5 h to circumvent the external addition of H2O2. The g-

C3N4/BDI and BiCe-1.5 h were spatially separated from each other by a Nadir® dialysis 

membrane, since the particles would agglomerate otherwise due to their different surface 

charges (i.e.,  potentials), thereby forming inactive aggregates. A glass tube with holes was 

designed for this coupling purpose (Figure 6-14A), which was wrapped with the dialysis 

membrane and immersed in a beaker containing an aqueous phenol red/KBr solution and 

BiCe-1.5 h catalyst nanoparticles. Figure 6-14B+C show the schematic and the actual 

reaction setup. 

 

Figure 6-14. (A) Specially designed glass tube for coupling reaction. (B) Schematic overview of 

the reaction setup, and (C) digital image of actual reaction setup. 

Milli-Q water and g-C3N4/BDI were added together with a magnetic stirrer into the glass 

tube. Acceleration of the H2O2 production was accomplished by irradiation of the glass tube 

from above with a 365 nm wavelength LED. Aliquots of the reaction medium in the outer 

compartment were taken every hour (1 h, 2 h, 3 h, 4 h, 5 h, 6 h, 24 h) and UV/Vis spectra 

were recorded. As a controls, the reactions were performed once without BiCe-1.5 h in the 

outer compartment, once without g-C3N4/BDI in the inner compartment, and once in the 

dark. Figure 6-15A shows the UV/Vis spectra of the dual catalysis reaction at different 

reaction times. Absorbance at 430 nm decreases with time indicating a decrease of the 
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phenol red concentration. The absorbance at 590 nm increases which is associated with the 

formation of tetrabromophenol blue.  

 

 
Figure 6-15. (A) Recorded time-dependent UV/Vis spectra of the coupled H2O2 

generation/haloperoxidase reactions with g-C3N4/BDI, and BiCe-1.5 h under irradiation after 1 h, 

2 h, 3 h, 4 h, 5 h, 6 h and 24 h. (B) Time-dependent change in absorbance at λmax = 590 nm for the 

coupled reaction with all components (grey), without g-C3N4/BDI (green), without BiCe-1.5 h 

(blue), dark control (orange). 

 

The reaction was carried out several times under different conditions to demonstrate that 

both inorganic catalysts (g-C3N4/BDI and BiCe-1.5 h) are needed for a successful oxidative 

bromination reaction. In Figure 6-15B, the absorbance at a wavelength of 590 nm is plotted 

against time, as this range indicates the progress of the bromination. Figure 6-15A+B shows 

that the absorbance increases significantly during the coupled reaction. From the third hour 

onwards, a low concentration of tetrabromophenol blue was observed. No absorbance 

change was visible in the controls. These results clearly show that (i) both inorganic 

catalysts (g-C3N4/BDI and BiCe-1.5 h) are required for the oxidative bromination reaction 

and (ii) that both reactions can be coupled successfully. g-C3N4/BDI photochemically 

produces H2O2, which reacts in the follow-up step with bromide and phenol red in the 

presence of BiCe-1.5 h to tetrabromophenol blue. Basically, this setup eliminates the need 

for external addition of H2O2. 
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6.4. CONCLUSION 

Hydrothermally prepared bismuth-doped mesoporous ceria exhibits significantly higher 

catalytic activity in a haloperoxidase-like reaction than undoped ceria. The influence of 

reaction time on the catalytic properties of the nanoparticles was investigated. Correlations 

between the catalytic activity and surface properties such as  potential and surface area 

were examined. The BiCe-1.5 h sample showed the highest catalytic activity, and was 

therefore further applied in depots, and for the reaction cascade of photochemical H2O2 

generation and haloperoxidase reaction.  

To have an independent and constant supply for H2O2, the bromination of the phenol red 

was carried out in the presence of CaO2 instead of H2O2. This showed a successful, although 

slower, conversion to tetrabromophenol blue. Aiming for a sustained H2O2 release, CaO2 

was incorporated successfully into different polymer matrices together with BiCe-1.5 h 

nanoparticles. This approach turned out to be a simple and effective procedure to release 

H2O2 slowly and steadily over a long period of time via a depot substance. The spatial 

proximity of the depot substance to the catalyst leads to the bromination of phenol red and 

finally to the production of a haloperoxidase mimicry compound.  

Finally, an attempt was made to produce H2O2 in-situ via photocatalysis to couple two 

independent reactions, the photogeneration of H2O2 and the haloperoxidase reaction. 

Therefore, a heterogeneous photocatalyst, a modification of the graphitized carbon nitride 

g-C3N4/BDI, was synthesized. UV irradiation of g-C3N4 lead to the generation of H2O2 in 

micromolar amounts. The resulting H2O2 was used for the bromination of phenol red in the 

presence of BiCe-1.5 h and bromide ions. For this purpose, the two heterogeneous catalysts 

were spatially separated by a dialysis membrane. This prevented the agglomeration of the 

nanoparticles and at the same time ensured the exchange of the soluble reactants, which led 

to the formation of a successful reaction cascade.  
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6.5. EXPERIMENTAL SECTION 

MATERIAL AND SYNTHESIS 

Chemicals 

Cerium nitrate hexahydrate (99.5%, CAS: 10294-41-4), bismuth nitrate-pentahydrate 

(98%, CAS: 10035-06-0), calcium peroxide (65%, CAS: 1305-79-9), melamine (99%, 

CAS: 108-78-1), and calcium acetate (CAS: 114460-21-8) were purchased from Alfa 

Aesar. Hydrogen peroxide (hydrogen peroxide 35% pure, stabilized (34-36%, 

CAS: 7722-84-1) as well as ethylene glycol (≥99%, CAS: 107-21-1) were purchased from 

Roth. Phenol red (CAS: 143-74-8) was purchased from Sigma-Aldrich and acetic acid 

glacial (HAc; 99.5%, CAS: 64-19-7) from VWR. Potassium bromide (99+%, CAS: 7758-

02-3), poly(vinylpyrrolidone) (PVP, Mw = 58000 g/mol, CAS: 9003-39-8) and ammonium 

iron sulfate hexahydrate (99+%, CAS: 7783-85-9) from Acros Organics. Absolute ethanol 

(99%, CAS: 64-17-5) was purchased from Fisher Scientific, poly(ether sulfone) (PES, 

Mw = 58000 g/mol, CAS: 25608-63-3) from Good Fellow, poly(vinylidene fluoride) 

(PVDF, CAS: 24937-79-9) from Fluorochem, 1-Methyl-2-pyrrolidinone (NMP, CAS: 872-

50-499) Iris Biotech GmbH, biphenyl tetracarboxylic dianhydride (BTCDA) (99%, CAS: 

2420-87-3) from JK Chemicals and xylenol orange tetrasodium salt (XO, CAS: 3618-43-

7) from Merck. 

 

Synthesis of mesoporous Bi0.2Ce0.8O1.9 nanoparticles. Mesoporous Bi0.2Ce0.8O1.9 

nanoparticles were synthesized hydrothermally in a modified procedure according to Liang 

et al.28 For this purpose, 223 mg Bi(NO3)3·5 H2O (0.46 mmol) and 799 mg Ce(NO3)3·6 

H2O (1.84 mmol) was transferred into a Teflon inlay and dissolved in 2 mL of a 1:1 mixture 

of water and acetic acid while stirring. 30 mL of ethylene glycol were added and stirred for 

another 5 min. The Teflon inlay was transferred to a metal autoclave and heated to 180 °C 

for different time periods (1.5 h, 2.0 h and 2.5 h). After different reaction times, the hot 

autoclaves were removed from the oven. The cooled solutions were centrifuged at 

9000 rpm for 20 min, the nanoparticle precipitate was washed three times with Milli-Q 

water and dried in vacuum at 40 °C.  

Synthesis of polymeric H2O2 depot beads. A PES stock solution consisting of 3.6 g PES, 

1.4 g PVP and 15 g NMP was prepared by dissolving all components at room temperature 

under stirring for several hours. 2.0 g PES stock solution was then mixed with the depot 

substance (15 mg CaO2) and/ or BiCe-1.5 h nanoparticles (8 mg). The freshly prepared 

https://commonchemistry.cas.org/detail?ref=10294-41-4
https://commonchemistry.cas.org/detail?ref=10294-41-4
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solutions were dropped into a H2O/ethanol (7:3 v/v) mixture using a syringe pump, 

resulting in the formation of small polymer spheres by coagulation. The spheres were 

placed on a filter paper to dry. 

PVDF stock solution consisted of 3.34 g PVDF, 1.3 g PVP and 13.93 g NMP was prepared 

similarly to PES stock solution. 2.00 g PVDF stock solutions were then mixed with the 

depot substance (15 mg CaO2) and/ or BiCe-1.5 h nanoparticles (8 mg). The as-prepared 

solutions were added to water using a syringe pump, resulting in the formation of small 

polymer spheres by coagulation. The spheres were placed on a filter paper to dry. 

Synthesis of g-C3N4/BDI. The synthesis of the modified g-C3N4/BDI was carried out 

according to Kofuji et al.15 Melamine (3.028 g) was heated to 425 °C in a porcelain crucible 

for 3.5 h at a heating rate of 7 °C/min. The resulting melem (502 mg, 2.3 mmol) was 

mortared with 3,3',4,4'-biphenyltetracarboxylic acid dianhydride (BPTCA) (1693 mg, 

5.8 mmol) for 10 min and then heated in a porcelain crucible for 5 h at 380 °C at 7°C/min. 

This resulted in the formation of g-C3N4/BDI, which displayed a light beige color. 

Haloperoxidase-like reaction monitoring using the phenol red assay. The 

haloperoxidase-like activity of mesoporous Bi0.2Ce0.8O1.9 and the composites nanoparticles 

were determined using the phenol red assay. The oxidative bromination reaction of phenol 

red (PR) to tetrabromophenol blue (TBPB) was observed spectrophotometrically.  

For mesoporous Bi0.2Ce0.8O1.9 a mixture of nanoparticles (25 µg mL-1), PR (50 µM) and 

KBr (25 mM) was prepared, and the reaction was initiated by adding H2O2 (300 µM) or 

CaO2 (300 µM), respectively. The change in absorbance at λTBPB = 590 nm was measured 

over a period of 10 min. The concentration of TBPB was calculated using Lambert-Beer´s 

law. 

For CeBi-composite materials five composite beads were added to 2 mL of a PR (50 µM) 

and KBr (25 mM) mixture. The reaction was initiated using H2O2 (300 µM). The UV/Vis 

spectra of supernatants were measured after 0 and 24 h respectively.  

For the depot materials: The depot materials were added to 2 mL of a PR (50 µM) and KBr 

(25 mM) mixture. The UV/Vis spectra of supernatants were measured after different 

reaction times.  

For the coupling reaction: A beaker was filled with 100 mL of mesoporous Bi0.2Ce0.8O1.9 

nanoparticles (50 µg mL-1), PR (50 µM) and KBr (25 mM) mixture. A glass tube with holes 
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encased in a membrane was placed in the beaker. The glass tube was filled with a g-

C3N4/BDI dispersion (2 mg mL-1). Then the glass tube was irradiated from above with a 

LED (λ = 365 nm). At different reaction times, 2 mL of the reaction mixture was taken and 

examined using UV/Vis spectroscopy. 

FOX (‘ferrous oxidation−xylenol orange’) assay for H2O2 quantification.25,26,29 To 

prepare the FOX solution, 24.5 mg of ammonium iron sulfate hexahydrate and 17.92 mg 

xylenol orange tetrasodium salt were first dissolved in 25 mL of a 250 mM sulfuric acid 

(cXO=1 mM and cFe = 2.5 mM). The final FOX solution was obtained by a 1:10 dilution 

with Milli-Q water with cXO=0.1 mM and cFe= 0.25 mM. For calibration, 100 µL of 

different concentrated H2O2 solutions were added to 1900 µL of a FOX solution. To this 

end, a 3 mM H2O2 solution was prepared as stock solution and diluted to concentrations 

from 0-600 μM for later calibration. (Table 6-2) 

Table 6-2. H2O2 solutions with different concentrations prepared with a 3 mM stock solution. H2O2 

solutions were used for the calibration curve using FOX-assay. 

V(3 mM H2O2)  / 

μL 
V(H2O) / μL 

c(H2O2)calibration / 

μM 

c(H2O2)final in FOX-Assay/ 

μM 

0 200 0 0 

10 190 150 7.5 

20 180 300 15 

30 170 450 22.5 

40 160 600 30 
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CHARACTERIZATION 

Transmission electron microscopy. A FEI Tecnai 12 TWIN microscope with LaB6 source 

at 120 kV was used together with a Gatan US1000 CCD camera (16 bit, 2048 x 2048 pixels) 

and the Gatan Digital Micrograph software for transmission electron microscopy. Samples 

were prepared by dropping nanoparticle dispersions with a concentration of 1 mg/ml onto 

a carbon coated copper grid.  

Powder X-ray diffraction. X-ray powder diffraction patterns were recorded using a STOE 

Stadi P diffractometer with a Dectris Mythen 1k detector in transmission mode with Mo 

Kα1 radiation. 

BET surface area. A 3P-Micro-300 instrument was used to determine the specific surface 

area. The measurements were performed with a 3P-Micro-300 instrument. Data analysis 

was performed using e 3P Surface Area & Pore Size Analyzer System 10.03.02 software. 

Nitrogen at 77.4 K was used as the analysis gas. 

Zeta potentials. A Malvern Zetasizer Nano was used for ζ-potentials determination. 

Nanoparticle dispersions (0.5 mg/mL) were measured in disposable capillary cells 

(DTS1070). Data analysis was performed using Malvern Zetasizer software 8.01.4906. 

UV/Vis spectroscopy. For kinetic measurements an Agilent Cary 3500 spectrophotometer 

was used. UV/Vis measurements of the supernatants (CeBi-composite materials, depot 

materials, coupling reaction) were carried out on a Cary Varian 5G UV-VIS-NIR 

spectrometer. 

Band gap analysis. Diffuse reflectance was measured on a Cary Varian 5G UV-VIS-NIR 

spectrometer. The sample was prepared on Magic Scotch Tape. The band gap energy was 

determined by the Kubelka-Munk30 approach via graphical application using the 

Origin8Pro software. 

IR. The infrared spectra were measured on a Nicolet iS10 FT-IR infrared spectroscope from 

Thermo-Fisher. Data analysis was performed using the OMNIC and Origin8Pro software. 

Scanning Electron Microscopy. The composite beads were attached to aluminum holders 

with carbon film pads. SEM images were acquired using an FEI Nova NanoSEM 630 

equipped with an EDAX-Pegasus X4M instrument (for EDX measurements).  
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6.7. SUPPORTING INFORMATION 

 

 

Figure S6-1. SEM image of PES beads at different magnifications. 

 

 

 

 

 

Figure S6-2. IR spectra of the starting materials PES, PVDF and PVP, as well as the resulting 

PES/PVDF beads after coagulation.  
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Figure S6-3. UV/Vis spectra of phenol red assay in presence of PES, PVDF, PES-BiCe, and PVDF-

BiCe composites, PES-CaO2 and PVDF-CaO2 composites as well as PES-BiCe-CaO2 and PVDF-

BiCe-CaO2 composites after 0 h and 24 h. 
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 ADDITIONAL PROJECTS 

 

7.1. POROUS ALGINATE-CEROXIDE HYDROGELS FOR  

WATER TREATMENT 

-Manuscript in preparation- 

Due to population growth and climate crisis, the availability of clean and cheap drinking 

water is a modern-day problem. Many of the world’s remaining water sources are already 

polluted and need to be purified with new technologies. Nanotechnology based water 

purification systems are widely used to remove pollutants from water. In this project, a 

hydrogel-based system for water purification was developed. For this purpose, porous 

alginate-based nanomaterials were produced, which adsorb organic pollutants and can thus 

remove them from the water. Differently charged organic dyes were used as model 

pollutants. In addition, inorganic cerium oxide nanoparticles were embedded in the 

hydrogel matrix in order to degrade the adsorbed organic pollutants later by photocatalytic 

dye decomposition and render them harmless. 

 

 

Personal contributions:  

Project initiation, project development and coordination, initial lab work, supervision of 

Johannes Berg in research module. 

 

Collaboration partners:  

XXX, XXX, Eva Pütz, XXX, XXX, XXX, XXX 
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7.2. NEW CERIUM BASED STRUCTURE 

 

Ethylene glycol based CeO2 synthesis is widely used to generate highly dispersible and 

catalytic active mesoporous cerium oxide nanoparticles. When adjusting the reaction 

conditions a transformation from ceria nanoparticles to crystalline cerium-based 

coordination polymers was observed in the X-ray powder diffractograms. Automated 

diffraction tomography (ADT) measurements were used to solve the structure. The initial 

approaches of the structure solution revealed a compound with the cubic space group Ia3̄d 

with the lattice parameter a = 30.14 Å. As the full crystal structure determination is still 

incomplete, more data sets must be collected, and a thermogravimetric analysis coupled 

with differential scanning calorimetry and mass spectrometry (TGA-DSC-MS) is needed. 

In particular, new ADT data have to be collected to clarify the final composition and 

structure of this new coordination polymer.  

 

 

Figure 7-1. (A) PXRD patterns at different reaction times indicating a change from cerium oxide 

nanoparticles to a crystalline material. (B, C) Initial structure solution revealed from ADT 

measurements and visualized with VESTA. The oxygen atoms are shown in red and the 

coordination polyhedron for the cerium ions in yellow. 

 

Personal contributions:  

Project initiation, project development and coordination, initial lab work. 

 

Collaboration partners:  

Eva Pütz, XXX, XXX, XXX 
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 CONCLUSION AND OUTLOOK 

Marine algae protect themselves from bacterial attack by oxidatively brominating signaling 

molecules with the help of their haloperoxidase enzymes. This process interrupts bacterial 

communication and prevents the formation of biofilms. Ceria nanoparticles can mimic these 

natural enzymes. The aim of this work was the synthesis and optimization of ceria 

nanoparticles, as well as the preparation of functional nanomaterials with antibiofouling 

activity.  

The first study investigated how the surface properties of different cerium oxides affect the 

catalytic performance in the oxidative bromination reaction. For this purpose, ceria 

nanoparticles with three different morphologies (nanorods, nanospheres and nanocubes) 

were prepared and their surfaces were compared in terms of Lewis acidity,  potential and 

BET surface area. Raman spectroscopy was used to investigate the stability of the surface-

bound H2O2 substrate. The catalytic activities of the nanoparticles were determined and 

compared based on the oxidative bromination of the phenolic monoterpene thymol by 1H 

NMR spectroscopy. A high Lewis acidity, a high product of -potential and BET surface 

area, and a high stability of the surface-bound hydrogen peroxide contribute to an 

acceleration of the bromination reaction.  

In the second project the surface properties BET surface area and -potential were tailored 

simply by adjusting the reaction time. For this purpose, the growth process of mesoporous 

CeO2 nanoparticles was investigated in detail using SAXS. By varying the reaction time, 

the BET surface area and -potential could be strongly tuned in a reproducible and 

predictable fashion. The surface charge (-potential) correlates with the Ce3+/Ce4+ ratio at 

the catalyst surface, which was determined by XPS spectroscopy. Nanoparticles with high 

zeta potential and small Ce3+/Ce4+ ratio were obtained at shorter reaction times, while longer 

reaction times resulted in nanoparticles with large BET surface area and higher Ce3+/Ce4+ 

ratio. The catalytic activity of the ceria nanoparticles was investigated in the two enzyme-

like reactions (haloperoxidase-like and peroxidase-like reaction). In haloperoxidase-like 

reactions, the nanoparticles with high zeta potential showed higher activity because the high 
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-potential facilitated the transfer of the halide to an organic substrate. In contrast, the 

peroxidase-like reaction is less affected by the -potential because this reaction does not 

involve strong electrostatic interactions. Here, the BET surface area and Ce3+/Ce4+ ratio 

must be increased to facilitate electron transfer to the substrate molecule and thus provide 

a strong catalyst for peroxidase-like reactions. 

After optimizing the ceria nanoparticles for a haloperoxidase-like reaction, the third project 

investigated the potential application of the nanoparticles in antifouling paints. In this 

context, highly dispersible nanoparticles with high -potential and large BET surface area 

were synthesized in n-butyl acetate. The haloperoxidase-like activity of the nanoparticles 

was investigated using the phenol red assay. Additionally, biofilm tests were carried out 

which showed a reduction of the biofilm formation by up to 80% for the Gram-negative 

bacteria Pseudomonas aeruginosa, Klebsiella pneumoniae, Methylobacterium 

mesophilicum and Phaeobacter gallaeciensis in the presence of the ceria nanoparticles. 

Quorum quenching activity of CeO2 was confirmed using the reporter strain A. tumefaciens 

A136 confirmed. To gain insight into the processes occurring within the bacterial culture 

in the presence of CeO2, LC-MS measurements of the bacterial supernatants were 

performed. The supernatants of the bacterial culture Pseudomonas aeruginosa showed that 

the concentration of signaling molecules (C4-HSL and 3-oxo-C12-HSL) was strongly 

reduced in the presence of CeO2. Moreover, the bromide concentration in the bacterial 

culture decreased in the presence of CeO2, indicating the consumption of bromide for the 

oxidative bromination reaction. It could be shown that the brominated signaling molecules 

are degraded by the bacteria and thus cannot be detected by LC-MS. However, the 

brominated compound HQNO (2-heptyl-4-hydroxyquinoline N-oxide) was detected for the 

first time in the presence of CeO2, lending strong support to the oxidative bromination 

mechanism. HQNO is known to be responsible for biofilm formation in Pseudomonas 

aeruginosa and Staphylococcus aureus. To demonstrate the applicability of the 

haloperoxidase enzyme mimic in everyday applications the ceria nanoparticles were 

incorporated into polyurethane coatings and their antifouling effects were investigated. 

Even embedded in the coatings, the nanoparticles still showed strong biofilm inhibition and 

thus quorum quenching activity, as demonstrated by the crystal violet staining test and SEM 

as well as CLSM images. 

In the last project, in-situ H2O2 generation was investigated to circumvent the external 

addition of H2O2 and to open additional application areas for haloperoxidase-mimetic 
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composites. Two different approaches were chosen. First, an H2O2 depot was created by 

embedding an H2O2-releasing substance together with mesoporous Bi0.2Ce0.8O1.9 

nanoparticles in a polymer matrix. The generation of H2O2 by the polymer deposit was 

qualitatively assessed using phenol red assays in the presence of KBr. In addition, the 

generation of H2O2 by photochemical catalysis was investigated. For this purpose, 

graphitized carbon nitride (g-C3N4/BDI) was prepared as a catalyst and its H2O2 generating 

effect was determined using the FOX assay. Irradiation of g-C3N4/BDI produced H2O2, 

which then contributed to the oxidative bromination of phenol red in the presence of KBr 

and Bi0.2Ce0.8O1.9. 

In summary, this work identified the activity-determining surface properties of ceria 

nanoparticles in terms of peroxidase and haloperoxidase-like reactions. To apply the active 

CeO2 nanoparticles in antifouling applications, they were functionalized to allow a 

homogeneous incorporation in matrix materials. CeO2 nanoparticles also showed 

significant activity in coatings and polymer matrices. 

The results show that ceria-based composites are promising materials to produce biofilm 

inhibiting surfaces without using biocides or toxins. In particular, the biofilm formation of 

Gram-negative bacteria was highlighted and demonstrated using the hospital pathogens 

Pseudomonas aeruginosa and Klebsiella pneumoniae, as well as Methylobacterium 

mesophilicum and Phaeobacter gallaeciensis as examples. Unfortunately, the nanoparticles 

did not show any biofilm inhibitory effect on Gram-positive bacteria such as 

Staphylococcus aureus. Therefore, further research is needed to develop nanoenzymes that 

can also inhibit peptide-based communication of Gram-positive bacteria. Initial tests also 

showed an effect of the nanoparticles on fungi. Further studies need to be conducted to 

investigate exactly how and whether CeO2 nanoparticles affect fungal growth, sporulation, 

or hyphal formation.  

Bismuth substitution can increase the activity of CeO2 nanoparticles significantly. Here, the 

influence of substitution level on the Lewis acidity could be investigated in more detail. In 

addition, bismuth-substituted cerium oxides with different morphologies were synthesized 

and investigated to see whether they behave similar to pure CeO2 in terms of their 

properties. Further synthesis strategies must be developed to functionalize the nanoparticles 

specifically according to the desired applications to ensure a facile incorporation into the 

surrounding matrix. The influence of functionalization on catalytic activity needs additional 

investigation. To extend the application range of CeO2 coatings, simultaneous embedding 

of CeO2 and g-C3N4/BDI in coatings would be a feasible option. For this purpose, g-
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C3N4/BDI would have to be functionalized. Its antifouling application might be extended 

to air/solid interfaces, such as food packaging and door handles. 
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 APPENDIX 

 

9.1. LIST OF FIGURES 

Figure 1-1. Schematic biofilm formation process. (I) Attachment of organic molecules forming a 

conditioning film. (II) Reversible attachment of bacteria. (III) Formation of extracellular 

polymeric substance (EPS). (IV) Colonization of small microorganims (V) Attachment of 

larger organisms.3 .................................................................................................................... 1 

Figure 1-2. Signaling molecules acyl-homoserine lactones and 3-oxo-acyl-homoserine lactones as 

autoinducers-1 (AI-1) and furanosyl compounds as autoinducers-2 (AI-2) isolated from 

Gram-negative bacteria Delisea pulchra.5 ............................................................................... 3 

Figure 1-3. Simplified LuxIR based Quorum Sensing system found in Gram-negative bacteria. 

AHL’s (purple and grey) are produced by LuxI enzyme. After binding of AHL to LuxR 

receptor, the LuxR-autoinducer complex activates gene regulation.6 ...................................... 4 

Figure 1-4. Strategies against biofouling based on (I) contact biocide, (II) biocide release, (III) 

electrostatic repulsion forces, (IV) low surface energy and (V) steric repulsion forces.21 ...... 7 

Figure 1-5. Illustration of the disruption of bacterial communication by Quorum Quenching in 

Gram-negative bacteria. The autoinducers-1, AHLs (triangles), are produced by LuxI 

enzyme. After diffusion out of the cell, QQ enzymes chemically modify the AHLs 

(pentagon). The formed compounds cannot bind to LuxR receptor, the LuxR-autoinducer 

complex is not formed and no gene regulation ocurs.8 ............................................................ 9 

Figure 1-6. Enzymatic AHL inactivation by Quorum Quenching enzymes. Degradation (acylase, 

deaminase, lactonase and modification (oxidoreductase, haloperoxidase) pathways with 

reaction products.8 ................................................................................................................. 10 

Figure 1-7. (A) Schematically quorum sensing mechanism of Agrobacterium tumefaciens A136. 

AHL detection lead to formation of AHL-TraR complex, which initiates traI-lacZ activation 

and consequently the production of β-galactosidase. (B) Reaction of β-galactosidase with 

X-Gal (5-bromo-4-chloro-3-indolyl-β-D-galactopyranoside) and ONPG (o-nitrophenyl-β-

D-galactopyranoside) to form the colored products 5,5'-dibromo-4,4'-dichloroindigo and o-

nitrophenol.8,29,30 .................................................................................................................... 11 
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Figure 1-8. General reactions of the enzymes haloperoxidase and halogenase.33 .......................... 12 

Figure 1-9. Active sites of heme-thiolate chloroperoxidase from fungus Caldariomyces fumago34 

and vanadium-dependent bromoperoxidase discovered in Ascophyllum nodosum.31 ........... 12 

Figure 1-10. Proposed catalytic formation of HOX catalyzed by a vanadium-dependent 

bromoperoxidase isolated from the brown algae Ascophyllum nodosum. 31,33,41,42 ................ 13 

Figure 1-11. Enzymatic degradation pathway of 3-oxo-acylhomoserine lactone. First, double 

bromination occurs at the α-position, followed by a double basic hydrolysis leading to the 

cleavage of a fatty acid and the lactone ring.26,27 ................................................................... 14 

Figure 1-12. A selection of commonly used nanozymes (FeOx, Au, V2O5, CeO2, hyperbranched 

polymers and fullerenes), which exhibit enzyme-like activity. General reaction pathways of 

peroxidase, catalase, superoxide dismutase and oxidase are shown schematically.68–71 ....... 15 

Figure 1-13. Crystal structure of CeO2 (Fm3̄m) created with Diamond Ver.4.6.5. ........................ 17 

Figure 2-1.Schematic overview of the scientific goals, focusing first on identifying the surface 

properties that determine reaction rates to develop nanocatalysts with optimal enzyme-like 

properties and then on using these nanocatalysts in everyday antibiofouling applications. .. 28 

Figure 3-1. TEM (A-C) and high resolution (HR)TEM (D-F) images of CeO2-x  nanoparticles with 

reduced fast-Fourier transformation (FFT). (A, D) nanorods, (B, E) nanospheres, (C, F) 

nanocubes. (G) Experimental powder X-ray diffraction patterns (PXRD) of CeO2-x nanorods 

(red line), nanospheres (black line) and nanocubes (purple line). Tics indicate theoretical 

positions of Bragg intensities................................................................................................. 35 

Figure 3-2. 31P-NMR spectra for different CeO2-x morphologies after TMP addition. .................. 38 

Figure 3-3. Raman spectra of CeO2-x  (A) nanorods, (B) nanospheres and (C) nanocubes after 

H2O2 (35%) addition recorded every 5 min over a period of 20 min with a corresponding 

image of the CeO2-x nanocrystals before and after H2O2 addition. (D) Raman spectra 24 h 

after H2O2 addition. The inset shows a magnification of the spectrum in the range of 800-900 

nm. ......................................................................................................................................... 41 

Figure 3-4. (A) Stacked 1H-NMR spectra of oxidative thymol (cyan) bromination to 4-

bromothymol (blue) and 2,4-dibromothymol (red) catalyzed by CeO2-x nanorods. (B) 

Normalized proton signal intensities of thymol (red), 4-bromothymol (blue) and 2,4-

dibromothymol (cyan) during the reaction. (C) Decrease of the normalized thymol proton 

signal during oxidative bromination reaction using CeO2-x nanocubes (violet), nanospheres 

(black) and nanorods (red) as catalyst over a period of 15 min. (D) Oxidative bromination of 

thymol to 4-bromothymol and 2,4-dibromothymol. .............................................................. 43 

Figure 3-5. (A) Reaction rate (k) scales with the 31P-NMR signal position for different CeO2-x 

nanocrystal morphologies. (B) Linear correlation of SBET  ζ-potential and k for three 

different morphologies. ......................................................................................................... 45 
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Figure 4-1. TEM images of mesoporous CeO2-x nanoparticles formed after (A) 2.0 h, (B) 2.5 h, 

(C) 3.0 h and (D) 3.5 h of reaction time. (E) Powder X-ray diffraction patterns of CeO2-x 

particles formed after 2.0 h, 2.5 h, 3.0 h and 3.5 h. Red ticks indicate the calculated reflection 

positions for CeO2-x based on structural data from the ICSD data bank (ICSD# 88752). Blue 

ticks indicate the calculated reflection positions for Ce(C2O4)(HCO2) based on structural data 

from the ICSD data bank (ICSD# 43450). ............................................................................ 77 

Figure 4-2. Schematic representation of the formation of mesoporous CeO2-x nanoparticles and 

their degradation. ................................................................................................................... 78 

Figure 4-3. Effect of reaction time on specific surface area (SBET), pore diameter and pore volume 

of CeO2-x nanoparticles. ......................................................................................................... 79 

Figure 4-4. Fits of the small angle X-ray scattering data and particle radii histograms for 

mesoporous CeO2 nanoparticles formed after reaction times of (A) 2.0 h, (B) 2.5 h, (C) 3.0 h 

and (D) 3.5 h. ......................................................................................................................... 80 

Figure 4-5. Particle radii histograms derived from small angle X-ray scattering data with 

cumulative abundance (right y-axis) for mesoporous CeO2-x nanoparticles formed after (A) 

2.0 h, (B) 2.5 h, (C) 3.0 h and (D) 3.5 h of reaction time. ..................................................... 81 

Figure 4-6. (A) XPS survey spectra using non-monochromatized Al K excitation for mesoporous 

CeO2-x nanoparticles formed after different reaction times. The XPS lines of Ce and O are 

marked. Additional signals marked with * belong to Au, which was brought in by sputtering 

of the sample holders before preparation. (B) XPS spectra of the Ce 3d and (C) O 1s regions.

 ............................................................................................................................................... 83 

Figure 4-7. Effect of reaction time on the Ce3+/Ce4+ ratio and ζ-potential. .................................... 85 

Figure 4-8. TMB-Assay showing the PO-like activity of CeO2-x particles. (A) Time-dependent 

UV/Vis spectra. Absorption changes are due to oxidation of TMB to TMBox (B) TMBox 

formed over a period of 10 min. Inset: Reaction rates kPO of mesoporous CeO2-x 

nanoparticles synthesized at different reaction times. (C) Scheme of PO- catalyzed TMB 

oxidation. ............................................................................................................................... 86 

Figure 4-9. Phenol red-Assay showing haloperoxidase-like activity of CeO2-x particles (A) Time-

dependent UV/Vis spectra showing absorption changes displaying oxidative bromination of 

phenol red (λmax(PR)=430 nm) to bromophenol blue (λmax(TBPB)=590 nm) with CeO2-x. (B) 

Formed TBPB over a period of 10 min. Inset: Reaction velocities kHPO of mesoporous CeO2-x 

nanoparticles synthesized at different reaction times. (C) Scheme of haloperoxidase 

catalyzed oxidative phenol red bromination. ......................................................................... 87 

Figure 4-10. Reaction rates of peroxidase and haloperoxidase-like of mesoporous CeO2-x 

nanoparticles normalized to (A) ζ-potential and (B) SBET. The highest reaction rate was set to 

100%. ..................................................................................................................................... 89 
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Figure 5-1. (A) TEM images of CeO2 NCs and (B) X-ray powder diffraction pattern of a CeO2 

sample. Due to the small crystallite sizes in the nanometer range, the reflections are 

broadened. Red ticks indicate the calculated reflection positions for CeO2 based on structural 

data from the ICSD data bank (ICSD# 88752). ................................................................... 111 

Figure 5-2. HPO-like activity of CeO2 NCs using phenol red assay. (A) Time-dependent UV/Vis 

spectra showing absorption changes of λmax(PR) = 430 nm and λmax(TBPB) = 590 nm 

displaying the oxidative bromination of phenol red (PR) to tetrabromophenol blue (TBPB) 

with CeO2 NC. (B) Michaelis-Menten kinetics with Hill-Fit of the CeO2 NCs (blue) and MPs 

(green). The reaction rates for the CeO2 NCs was significantly higher due to their larger BET 

surface area compared to CeO2 MPs. .................................................................................. 113 

Figure 5-3. Quantification of the biofilm formation from different bacteria (P. aeruginosa, K. 

pneumoniae, M. mesophilicum, P. gallaeciensis and S. aureus) in the absence (left) an in the 

presence of CeO2 NCs, KBr and H2O2 (right) via a crystal violet staining assay. Each 

experiment was performed in triplicate. Controls (left boxes) using only KBr and H2O2 

showed no inhibitory effects. ............................................................................................... 115 

Figure 5-4. Detection of long chain AHLs using A. tumefaciens A136 as biosensor strain 

expressing β-galactosidase. (A) Reporter strain after 8 h of reaction with 10μM 3-oxo-C12-

HSL (positive control), 10μM 3-oxo-C12-HSL with CeO2 NCs, KBr and H2O2, LB medium 

(negative control) in the presence of X-Gal producing the blue dye 5,5'-dibromo-4,4'-

dichloro indigo. (B) Hydrolytic cleavage of X-Gal by β-galactosidase. (C) Reporter strain 

after 8 h of reaction time with 3-oxo-C12-HSL (positive control), with AHL and CeO2 NCs, 

KBr and H2O2, buffer Z (negative control) in the presence of ONPG producing yellow o-

nitrophenol. (D) Hydrolytic cleavage of ONPG by β-galactosidase (E) Expression of β-

galactosidase after AHL detection of A. tumefaciens 136. .................................................. 117 

Figure 5-5. Normalized bromide concentrations in bacterial supernatant and the effect of 

nanoparticle catalyst on bromide concentration after addition of 30 µM and 30 mM sodium 

bromide. ............................................................................................................................... 118 

Figure 5-6. Degradation curves of different signal molecules in MilliQ-water with CeO2 

nanocrystals, sodium bromide and H2O2 addition. The actual concentration (c) at the discrete 

time interval was divided by the initial concentration (c0). Blank reaction B0 shows the 

substrates in MilliQ-water without any addition and B1 with addition of H2O2 and sodium 

bromide. Degradation curves of (A) C4-HSL (B) 3-OH-C10-HSL (C) 3-oxo-C12-HSL and (D) 

time-trend from the produced DAHSL and DAHS from 3-oxo-C12-HSL degradation 

experiment. .......................................................................................................................... 119 

Figure 5-7. Effect of 3-oxo-C12-HSL, C4-HSL and DAHSL (1 nM-10 μM) on biofilm formation 

and growth behavior measured at OD600. All values are normalized to a control without CeO2 

NCs, Br– and H2O2. .............................................................................................................. 120 
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Figure 5-8. Spike Experiments with DAHSL in Pseudomonas aeruginosa (PA14) supernatant. 

Different recoveries of DAHSL measured after 24 h incubation of samples with several 

variations and combinations of PA 14, H2O2, CeO2 NSs and DAHSL solutions (10 nM and 

100 nM) are shown. ............................................................................................................. 121 

Figure 5-9. (A,C) Fragment spectra of HQNO in positive ion mode with proposed structures for 

the fragments. (B,C) Fragment spectra of Br-HQNO in positive ion mode with proposed 

structures for the fragments ................................................................................................. 122 

Figure 5-10. SEM image of steel plates painted with (A) PUR lacquer and (B) PUR lacquer 

containing incorporated CeO2 NCs. Digital images of LEGO bricks (C, D) and quartz slides 

(E, F) painted with a PUR lacquer (C, E) and a PUR lacquer containing incorporated CeO2 

NCs (D, F). .......................................................................................................................... 124 

Figure 5-11. Quantification of the biofilm formation of (A) K. pneumonia, (B) M. mesophilicum 

and (C) P. gallaeciensis incubated for 72 h with steel plates coated with lacquers containing 

0% (left), 0.625% (middle) and 1% (right) of CeO2 NCs by a crystal violet staining assay. 

Each experiment was performed in triplicate. ..................................................................... 125 

Figure 5-12. (A) CLSM images of P. aeruginosa biofilms grown on steels plates coated with PUR 

lacquer containing 0% (positive control), 0.625 wt% and 1 wt% CeO2 NCs in LB medium. 

The scanned surface is shown on the left, and the thickness of the corresponding biofilms on 

the right. (B) Image of crystal violet stained biofilm (P. aeruginosa) grown after 72 h 

incubation on coated (B) coated children's LEGO toys and (C) quartz glass slides. ........... 127 

Figure 5-13. SEM image of a P. aeruginosa biofilm grown on steel plates coated with PUR 

lacquer containing (A, D) 0% (positive control), (B, E) 0.625 wt% and (C, F) 1 wt% CeO2 

NCs. P. aeruginosa was cultured in LB medium at 30 °C for 72 h. The white substance 

between bacteria is crystallized salt from the culture medium. ........................................... 128 

Figure 5-14. CLSM imaging of green-fluorescent cells (MG-63 GFP) grown on cell-adhesive 

Petri dishes (control) and on PUR lacquer coated quartz glass slides containing 0% and 1% 

CeO2 NC. Imaging was performed after (A) 24 h and (B) 72 h. ......................................... 129 

Figure 6-1. TEM images of mesoporous Bi0.2Ce0.8O1.9 nanoparticles formed after (A) 1.5 h, (B) 

2.0 h and (C) 2.5 h of reaction time. (D) Powder X-ray diffraction pattern (PXRD) of 

mesoporous Bi0.2Ce0.8O1.9 at different reaction times. Red ticks indicate the calculated 

reflection positions for CeO2 based on structural data from the ICSD data bank (ICSD# 
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Figure 6-2. (A) Time-dependent UV/Vis spectra of a haloperoxidase-assay showing absorption 

changes due to oxidative bromination of phenol red (λmax(PR)=430 nm) to tetrabromophenol 

blue (λmax(TBPB) = 590 nm) with BiCe-1.5 h. (B) Tetrabromophenol blue (TBPB) for due to 
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Figure 6-3. Effect of reaction time on specific surface area (SBET) and zeta potential (ζ-potential).

 ............................................................................................................................................. 162 
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P. aeruginosa Pseudomonas Aeruginosa 
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ROS reactive oxygen species 
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S. aureus Staphylococcus Aureus 
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TBPB tetrabromophenol blue 
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vmax maximum reaction rate in enzyme kinetics  
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